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Abstract

The stress distribution along the trajectories of passive particles released in turbulent flow
were computed with the use of Lagrangian methods and direct numerical simulations. The
flow fields selected were transitional Poiseuille-Couette flow situations found in ventricular
assist devices and turbulent flows at conditions found in blood pumps. The passive particle
properties were selected to represent molecules of the von Willebrand factor (vWF) protein.
Damage to the vVWF molecule can cause disease, most often related to hemostasis. The
hydrodynamic shear stresses along the trajectories of the particles were calculated and the
changes in the distribution of stresses were determined for proteins released in different
locations in the flow field and as a function of exposure time. The stress distributions indi-
cated that even when the average applied stress was within a safe operating regime, the
proteins spent part of their trajectories in flow areas of damaging stress. Further examination
showed that the history of the distribution of stresses applied on the vVWF molecules, rather
than the average, should be used to evaluate hydrodynamically-induced damage.

Introduction

The distribution of hydrodynamically induced stresses on small particles, such as colloids,
micelles and molecules (surfactants or proteins) that circulate in turbulent flow fields, can
have an effect on their functionality. In this study, high Schmidt number particles that move
due to flow advection and Brownian motion are considered, using the von Willebrand factor
(vWFE), a protein that circulates in the body with blood, as a case study. Changes in the config-
uration of the vWF concatemers can cause disease, most often related to hemostasis. In blood
that flows in physiological conditions such changes do not occur, but when blood circulates
through medical devices or through implanted devises like artificial heart valves, or ventricular
assist devices (VADs), the conformation of the vWF molecule can change because of hemody-
namic stresses. It is important, therefore, to obtain information and quantitative data, not only
for the average stresses but also for the whole statistical distribution of stresses on such
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particles. The reasons leading to the use of medical devices is cardiovascular disease (CVD),
the leading cause of mortality [1]. The projected cost of CVD in the United States for 2030,
both direct and indirect, is estimated to be $915 billion, up from $314.5 billion in 2010 [2]. For
patients with the most advanced stage of heart failure (HF), it has often been necessary to
resort to medical devices, like VADs, to improve blood circulation [2-4], while patients with
heart valve disease often need to receive artificial valve implants [5]. However, both VADs and
artificial valves are associated with device-related hemostatic complications that commonly
affect patients’ recovery and life quality after implantation.

The vWEF is a long polymeric protein with 2050-residue monomers linked head-to-head
and tail to tail into concatemers of up to 200 monomers [6-8]. If the protein molecule under-
goes damage because of shear flow (e.g., cleavage, or changes in the way the protein folds) then
its efficacy is diminished, leading to a blood disorder [9-13], called the Von Willebrand disease
(vWD). Frequent nosebleeds, easy bruising and difficulty to form thrombus after a small
scrape or cut are common symptoms for people with vWD. This common disorder affects up
to 1% of the US population, and 20-30% of patients with VADs [13]. There is a critical shear
stress beyond which vWF starts to deform at about 5 Pa [9].

Computational modeling of the vWF has focused mainly on coarse-graining approaches,
since molecular dynamics are not practical for modeling molecules of size as large as the vWF.
In coarse graining, the atoms that form the vVWF molecule are grouped in clusters or beads,
and the interaction between such clusters is calculated as the simulation advances in discrete
time intervals [14, 15]. Such modeling is usually focused on the molecular interactions between
the vVWF and the surrounding fluid or the adhesion process of the vVWF to the vascular vessel
walls. The microenvironment around the vVWF can be thus modeled, but the behavior of a
large number of molecules in a blood flow domain is not practical with coarse graining.

Recently, there have been several studies focusing on the unraveling and cleavage of vWF in
shear and elongational flow. Fu et al. pointed out that the activation of vWF underwent two-
step conformational transition: elongation from compact to linear form, and a tension-depen-
dent local transition to a state with high affinity for GPIbo. [12]. Carlo et al. carried out experi-
ments to separate the effects of shear stress from the effects of ADAMTS-13 and found that
ADAMTS-13 cleavage is distinct from shear stress for VWF degradation. When the purified
vWEF protein was exposed to supraphysiologic shear stress, high-molecular weight vWF multi-
mers degraded into low molecular weight multimers but the amount of generated vWF was
not in large quantities [16]. Bortot et al. have shown that the cleavage of vVWF as facilitated by
the turbulent flow conditions leads to the functional deficiency of vVWEF [17]. Sharifi et al.
adopted the scission theory for polymers on biological multimers providing an understanding
of flows producing strong extensional forces on vVWF and resulting to cleavage, especially in
turbulent flow [18].

In the present work, direct numerical simulation (DNS) was used to obtain the details of
the flow field in biologically relevant turbulent and transitional flows. A Lagrangian method
for tracking the trajectories of vWF surrogate particles in space and time was applied. It should
be very clear that the molecular structure of the vWF was not obtained with this numerical
approach, but the contribution of our work was to show with detailed calculations the level of
hydrodynamic stresses and their distribution on particles that move the same way as vVWF mol-
ecules would move in a turbulent flow field. It is not feasible to conduct molecular dynamics
in Reynolds number flows comparable to the ones applied herein, which are representative of
the Reynolds number in cardiovascular devices, as it is not feasible to conduct molecular com-
putations for the time duration presented herein. We also offer result for plane Poiseuille flow
and for Poiseuille-Couette flow. As Bortot et al. have pointed out, most prior studies (both
experiments and computations) have been conducted under laminar flow conditions, even
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though turbulence is needed to cause severe damage to vVWF [17]. In the present work progress
toward covering this knowledge gap is reported—-the shear stress along the particle trajectories
was calculated providing not only average stresses, but the distribution of stresses. Further, the
determination of stresses when particles were injected at different locations in the flow field
was possible. While the computations were conducted using dimensionless equations, the
results were related to cases of actual biomedical devices. Furthermore, the effects of the his-
tory of particle motion were explored. In prior work, we have examined the history of exten-
sional stresses [19], but the focus herein was exclusively on shear stresses and on probing the
idea that in turbulent flow fields predictions of average stresses or wall shear stresses are not
enough to predict the levels of protein damage due to shear stress.

Computational approach

We employed an in-house DNS to solve the Navier-Stokes equations in a channel without
using any turbulence modeling. This DNS has been verified with experimental results and has
been employed in prior publications [19-21]. The current studies not only cover Poiseuille
flow (PF) but also Poiseuille-Couette flow (PC) in the transitional regime. We choose the PC
flow for simulation because it occurs in left ventricular assist devices (LVAD), where rotating
parts contribute a Couette character of the flow and the pressure drop contributes a Poiseuille
flow character to the flow. We wanted to examine different types of flows, and Couette flow
serves this purpose with its different structure close to the wall than Poiseuille flow. The coher-
ent turbulent flow structures are larger in Couette flow, and the time and length scales of these
flow structures differ from PF even at the same Reynolds number [22]. In addition, the Rey-
nolds number for the PC flow field in our study is in the transition range, not in the fully tur-
bulent flow regime. Therefore, results for two cases, one corresponding to blood pumps with
fully turbulent flow and one corresponding to LVADs, can be provided.

The simulations were conducted in dimensionless units, using the kinematic viscosity of
the fluid, v, and the friction velocity of the fluid, u , to normalize the Navier-Stokes equations.
The numerical scheme has been described in details elsewhere-it is based on a pseudospectral
method that employs Fourier transforms for the velocity in the periodic streamwise and span-
wise directions, and Chebyshev polynomial expansions in the wall normal direction. The rota-
tional form of the Navier-Stokes equation is solved, with the Marcus correction for the
calculation of the pressure [23, 24]. The dimensions of the computational box in the x (stream-
wise), y (wall-normal) and z (spanwise) directions were 307h x 2h x 47h for the PC flow and
167h x 2h x2mh for the fully turbulent PF, where h was the half-channel height. The flows were
periodic in x and z, with no-slip boundary conditions at the channel walls. The bottom wall of
the PC flow channel was moving in the negative x direction with velocity 7.78 in wall units,
and the top wall was moving with the same velocity but in the positive x direction. The number
of mesh points was 512x128x128 for the PC flow and 1024x256x128 for the PF. Since the goal
here is not to explore the rheological behavior of blood, but the values of the stresses in a flow
field, the assumption of a Newtonian fluid at high shear rates was reasonably made [25-27].
The time step for the simulations was At = 0.075 for the PC flow and At = 0.1 for PF.

The friction Reynolds number, Re, was 80 for the PC flow and Re, = 300 for the fully turbu-
lent PF. VADs operate in rather low Reynolds numbers [28, 29] with PC flow in the annular
space between the rotor and the shell of the VAD device. Typical annular spacing in axial flow
VAD:s is in the range from 1mm to 5mm [30-33]. Choosing a PC with channel width equal to
1.5 mm for Re, = 80 and assuming blood viscosity pu = 0.0035 Pa s, the shear stress at the wall,
Ty» Was calculated to be 35.16 Pa, with friction velocity u* = 0.183 m/s. The Reynolds number
for turbulent PF can be related to the Reynolds number for flow in the typical centrifugal
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Table 1. Parameters of the simulations for Poiseuille and Poiseuille-Couette flow and scaling information for
transforming quantities in viscous wall units to dimensional quantities.

Parameters Poiseuille flow (PF) Poiseuille-Couette flow (PC)
Computational box size 167h x 2h x 2nth 30mh x 2h x 47th
Computational box mesh 1024 x 256 x 128 512x 128 x 128
Time step, At 0.1 0.075
Viscous time scale, t* 2.1x107% s 5.13x107° s
Viscous length scale. I* 2.5x10° m 9.4x10° m
Friction Reynolds number, Re, 300 80
Computational box size 167h x 2h x 2mth 30mh x 2h x 47th
Friction velocity, u* 0.1193 m/s 0.183 m/s
Wall shear stress, 7,, 14.95 Pa 35.16 Pa
Position of release, Y, 1.5, 3, 5, 10, 15, 75, 300 0, 3,5, 15 and 80
Channel width 1.5x107 m 1.5x107 m
Number of particles 800,000 500,000

https://doi.org/10.1371/journal.pone.0273312.t001

blood pump that was offered as part of the Food and Drug Administration critical path initia-
tive for simulations [25, 34-36]. The case of flow of blood at 7 It/min at Re = 3661 in a 1.5mm
diameter pipe corresponds to a mean velocity of 1.990m/s, which when compared to the mean
velocity of 16.68 in viscous wall units of the Re, = 300 simulation gives u* = 0.1208 m/s and T,
= 14.95Pa. Note that the friction velocity and the shear stress at the wall are related as u* = (t,,/
p)"/2, where p is the density of the fluid (p = 1050kg/m” for blood). Table 1 is a summary of the
simulation conditions and the scaling factors for transforming the values presented herein
from viscous wall units to dimensional quantities for the PC and the PF cases described above.
Based on Table 1 the computational domain for the PF is 37.70 x 1.5 x 4.71 mm? and for the
PC flow it is 70.78 x 1.5 x 9.45 mm”.

Lagrangian scalar tracking (LST) of mass markers that represented vWF molecules dispers-
ing in the flow field was conducted after the flow reached stationary state using the particle
tracking algorithm of Kontomaris et al. [37]. These markers were assumed to be passive, which
we define as particles whose trajectories are affected by the flow field and by their Brownian
motion, but their presence in the flow does not affect the velocity of the surrounding fluid.
While the particles may change internal conformation under stress (such as vVWF molecules
would), they were assumed to continue to not affect the flow field around them. Prior compu-
tational work has also made the assumption that vWF is a passive particle [17].

Mass markers were injected instantaneously at different locations in the flow, at Yo =0, 3,
5, 15, 80 wall units away from the bottom channel wall for the PC flow and at Yo =0, 1.5, 3, 5,
10, 15, 75, 300 for the PF simulation. Possible bias because of the initial velocity field was miti-
gated by releasing markers from 20 lines spanning the x-z plane at every Yo value. These lines
were placed along the z direction and were uniformly spaced along the x direction, with the
first line starting at x = 0. We injected 100,000 markers at every Yo from locations that were
equally spaced in the spanwise direction, z. The streamwise location reported herein was calcu-
lated in relation to the point of origin of each marker and was calculated by subtracting the ini-

—
tial position xo, as (x-x,). The position vector designated as X (X, t) corresponded to the
position of each marker, given that this marker was released at position x; at time t = to = 0.

—
The velocity of this same marker in the Lagrangian was V (x_, t), and it was related to the

Eulerian velocity, U, of the fluid at the marker location as V)(ﬁ, t) = ﬁ[?(fg ,1),t]. The
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markers moved because of convection in the flow field, using the relation

X (%)

En (1)

and because of molecular diffusion. The convection was simulated by integrating Eq (1) with a
second order scheme (Adams-Bashforth) and the diffusion was simulated by adding a random
jump of each marker at the end of the convective motion [19, 38]. The random movement was
determined by random selection of the particle jump utilizing a Gaussian statistical distribu-
tion. According to the Brownian motion theory developed by Einstein, the random jump
should follow a Gaussian probability density function that has an average value of zero and a
variance that depends on the diffusion coefficient of the particle. Utilizing the Schmidt num-
ber, Sc = v/D, where D is the molecular diffusivity of the vVWF in blood, the standard deviation,

o, for the Brownian motion in each space direction was found as (¢ = /2A¢/Sc), where At is
the time step of the simulation. Assuming that the hydrodynamic radius of a vWF molecule
was 1.8 x10™® m (based on a molecule with molecular weight of 20,000KDa [39]), and that the
dynamic viscosity of blood was 0.0035 Pa s, the Stokes-Einstein relationship produced a diffu-
sivity coefficient D = 3.6119x10™'? m?/s, and a Schmidt number of 914,179 (the blood kine-
matic viscosity was taken as v = 3.30189x10° m*/s). In order to be able to use the Stokes-
Einstein equation, the vWF particles were assumed to be spherical. Possible changes of the
vWE shape in the flow field were not accounted for the diffusivity calculations. The use of a
particle diameter in the Stokes-Einstein equation was justified by the assumption that the most
important contributions to the motion of the vWF were convection and Brownian motion,
while drag effects were not important. Prior researchers have also assumed that the vWF can
be treated as a sphere [18, 40]. Others have implied in their analysis that the vVWF is spherical,
for example Pushin et al. [41] assumed that the forces acting on the vVWF could be calculated as
stress multiplied by the area of a circle (i.e., the circle is the projected area of a sphere on the
stress plain). Further, it is known that when mechanical stresses are low, interdomain attrac-
tion between the vWF molecular regions lead to a collapsed conformation [42]. Therefore,
instead of updating the protein diffusivity of the trajectories of modified proteins as they might
unfold in flow, it was assumed that small changes in the protein size (within an order of magni-
tude), would have negligible effects on the probability density functions for stresses. The justi-
fication for this was based on prior results regarding the dispersion of high Sc particles in
turbulent flow. We have seen that particles with Sc > 2,400 behave quite the same in terms of
statistical quantities, such as the mean particle velocity, the Lagrangian autocorrelation coeffi-
cient, and the rate of dispersion [20, 43].

Since the velocity of the vWF markers was assumed to be equal to the velocity of the fluid at
the marker location, it was assumed that the shear stress acting on each marker was equal to

the shear stress based on the Eulerian velocity at the marker’s position in the Eulerian frame-

duyf 4+ -
o> where u"is the

streamwise velocity in wall units and y* is the dimension normal to the channel wall. The
transformation to dimensional stress was done by multiplication of the dimensionless stress by
the scale 7,,, appearing in Table 1. This was the largest component of the stress tensor acting
on the particles, and this is what is reported from now on in this manuscript. Statistical analysis

work. In dimensionless form, the shear stress was calculated as t+ =

to find the average stress as a function of time and to calculate the probability density function
followed, once the statistical sample space from the stress on each of the 100,000 individual
particles was calculated at each time step and for each location of particle release.

The history of shear stresses was calculated using a Lagrangian integration of the shear
stress components. The time integral of the shear stress along the trajectory of each particle
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was calculated, and then the distribution of the Lagrangian integral was determined as a func-
tion of time. The effects of the history of the stresses on the hemolysis of red blood cells have
been calculated with the same approach [25, 44, 45]. Investigating the history of the stress on
each molecule is important, since there is evidence that the vVWF can stretch or unfold under
stress, even when it is exposed to stress for small time intervals [41]. These deformations have
been reported to be irreversible. Small stresses applied for long time periods can result in
cleaved or deformed vWF, as can high stresses experienced for shorter time periods.

Results and discussion
Transitional Poiseuille-Couette flow

Fig 1 is a display of the average location of the vVWF surrogate particles as they moved in the
flow field. This is the trajectory of the center of mass of the cloud of the particles as a function
of time in the X, Y space, where X is the average (x-x,) position of all particles released at the
same distance Yo from the channel wall, and Y is the average y position of these particles. The
averages were calculated at each time step of the simulation, from time 0 to 300 in wall units.
The bottom wall of the channel was moving in the negative x direction and the top wall in the
positive x direction, so the average particle position was in the negative X region at early times.
The Poiseuille part of the motion started to be effective in moving the particle cloud as the par-
ticles dispersed in the flow field at later times. For particles released at the center of the chan-
nel, the Poiseuille effect dominated and the X values were positive. One would need to keep
the data in this figure in mind when discussing the stresses, because the stress distribution was
affected by the location of the particle cloud. Fig 2 is an illustration of the trajectories of indi-
vidual particles released at different locations in the computational box.

90
70 : -
60 - Pt
o ’/" 4 ’
50 _ s //
> // d
40 £ ) Yo = 80
’/ ,’ -==Yo=15
30 "l B 2 [ pa—— Yo=5
20 : _’I ......... Yo=23
S
“ \
10 -,..-- \\\ o
0 - . - .
-1000 0 1000 2000 3000 4000 5000
(X-Xo)

Fig 1. Average position of the vVWF markers in the Poiseuille-Couette velocity field. Results for particles released
within the viscous wall layer (Yo = 3 and 5), within the buffer region (Yo = 15) and at the center of the channel (Yo =
80) are presented.

https://doi.org/10.1371/journal.pone.0273312.9001
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Fig 2. Trajectories of individual vWF markers in the Poiseuille-Couette velocity field. Examples of particles
released at Yo = 3 (yellow circle), Yo 5(red circle), Yo = 15 (green start), Yo = 80 (pink star) are shown.

https://doi.org/10.1371/journal.pone.0273312.9002

The average shear stress on the vVWF particle locations as a function of time is presented in
Figs 3 and 4. The stress was the highest close to the wall, as expected. The shear was dominated
by the mean velocity gradient, which in viscous wall units has the value of one by definition.
Since the vWF particles mostly stayed in this region, the average stress did not change dramati-
cally over 600 time units. However, when the vVWF injection was farther away from the wall,
the average stress showed variation. As the average position of the particles moved away from
the wall (see Fig 1), the average stress took lower values. For release at the buffer region,

Yo = 15, the average stress was roughly 40% of the maximum value, and for release in the cen-
ter of the channel the stress was much lower-about 10% of the maximum value. However,
when one considers the dimensional value of the stress, it was higher than 5 Pa-the critical
stress that can cause damage to the vWF molecular configuration. Fig 3 is a plot of the average
of the absolute value of the stress. In this way, whether the vVWF underwent stress in the posi-
tive or negative x-direction is not important. Average of the stress by accounting for positive
and negative stresses is shown in Fig 4.

One of the questions that this paper aims to answer is whether the average stress provides a
complete picture of the stresses that the vWF molecules undergo in this flow field. The full dis-
tribution of stresses is presented in Fig 5 at specific time instances after particle injection.
While the stress distribution for release at the channel bottom wall did not change much with
time, as seen in Fig 5A, when the release point for the vWF was at a distance from the wall, the
distribution changed. As the particles moved on average away from the wall after their release
(see Fig 1), the probability density function (PDF) for the stress distribution increased its vari-
ance (it became wider). The particles did not all undergo the same stresses, but they spent
some time in areas of high stress (higher than the average) and some time in areas of low stress.
The stress on particles released at the center of the channel followed a distribution that was

PLOS ONE | https://doi.org/10.1371/journal.pone.0273312  August 29, 2022 7/19


https://doi.org/10.1371/journal.pone.0273312.g002
https://doi.org/10.1371/journal.pone.0273312

PLOS ONE

Flow-induced shear stress distribution along VWF particle trajectories

40 1.2
30 K Yo =0
\\ -o,... ceeesee YO =3 0.8
25 | \\ -==-Yo=5 1™
—_ AN -=-Yo=15
© \
a 20 } Mo ---Yo=80 1 06
i N Critical Shear Stress +
15 L S .""..
AN Seel 1 04
10 i ~ -o - ~s_-~~‘~- '-....-....,.““"
adit -—— - :‘:‘:._.__- 02
o —— === ===
o & : - 0
0 200 t+ 400 600

Fig 3. Average of absolute shear stress as a function of time for vWF particles injected at different initial locations. The
abscissa in dimensionless viscous parameters and in dimensional units is shown.

https://doi.org/10.1371/journal.pone.0273312.9003

narrower for all times. This is expected, when one considers the average particle position as
seen in Fig 1. The mean velocity gradient was not as large as in other regions of the channel,
resulting in a more symmetric distribution (Fig 5D).

The injection location was important in determining what stress a vVWF particle would
undergo as it moved in the flow field. It was also apparent that a particle would experience dif-
ferent stresses depending on its trajectory. Thus, the history of stresses was not the same for
every particle in the flow. In other cases of blood flow, the history of stresses on particles, spe-
cifically red blood cells (RBCs) is important and can lead to cell trauma. The well-known phe-
nomenon of RBC hemolysis has been modeled with power law models that incorporate the
level of stress and the time of exposure of RBCs to such stresses. Furthermore, data by Zhus-
supbekov et al. [46] indicate that the unfolding of vVWEF also follows the power law model. In
their study, a constant percentage of vVWF unfolding occurred either when the stress was high
and the time of exposure was low, or when the inverse occurred. Other indirect evidence by
Heidari et al., [14] showed that the change in protein conformation with time and shear rate
follows a power law model. In Fig 3 of their work, they plotted the radius of gyration of the
vWE versus a characteristic time scale multiplied by the shear rate.

Our hypothesis was that the VWF undergoes a similar process—the longer it was exposed to
high stresses, the higher the probability of reconfiguration and damage. It is important, there-
fore, to investigate the history of stresses and observe the distribution of stress histories. A
power law model is a reasonable approximation for modeling the effects of time of exposure to
stress, even though the details of the mechanism of vVWF cleavage and elongation are not
explicitly modeled. The power law exponents are not known, so the calculations herein were
carried out with the assumption that the exponents are equal to one. The distribution of the

PLOS ONE | https://doi.org/10.1371/journal.pone.0273312  August 29, 2022 8/19


https://doi.org/10.1371/journal.pone.0273312.g003
https://doi.org/10.1371/journal.pone.0273312

PLOS ONE Flow-induced shear stress distribution along vVWF particle trajectories

40 1.2
35 EMam A~ A AN NV NN A A
1 1
—Yo=0
30 N\.".... ceeseee YO =3
N --Yo=5 1 038
25 | N
_ — -Yo=15
é 20 F - \ ...°'.-.. — -+ Yo =80 4 06
b Mo “+....,— Critical Shear Stress iy
15 _,\ \ \ .. .
N S o 1 04
10 B \ ~ ~ - . ........
N — e - Tteeeeen..,
S~ — T==<_o_402
5 — —_—
0 — 1 L 1 1 L 0
0 100 200 300 400 500 600

t+

Fig 4. Average of actual shear stresses. The abscissa in dimensionless viscous parameters and in dimensional units is
shown. One can adjust the dimensional stress axis at the same Re by considering a new channel width with a new
corresponding mean velocity to recalculate 7,, and u*, and using the dimensionless values presented.

https://doi.org/10.1371/journal.pone.0273312.9g004

history of the stress on particles at two different times after their injection is presented in Fig 6.
The integrated stress became larger over time, and the distribution was displaced to larger val-
ues as time advanced. Further, the variance of the distribution increased, indicating that there
were particles that underwent much higher stresses than others. For example, there were parti-
cles that underwent much higher stresses while traveling in the same flow field, even when
released form the same location. In Fig 6B, as an example, some particles experienced an inte-
grated stress of 100 t*, and others saw 500 T* or more (recall that multiplying by 35.16 Pa
yields the integrated stress in SI units). In all instances, the vVWF particles experienced high
stresses, above the critical value of 5 Pa [9].

Fully turbulent Poiseuille flow

In medical devices that help with blood circulation outside the body, like dialysis machines,
the flow can be in the turbulent regime. Fig 7 is a display of the average location of the vVWF
surrogate particles as they moved in a fully turbulent flow field and Fig 8 is an illustration of
trajectories of individual particles released at different locations. The average position of the
VWEF cloud after injection at different locations in the channel provided information for the
particle trajectories on average. Since there was no Couette component of the flow, the parti-
cles moved in the positive x direction. Particles released at the center of channel (Yo = 300) did
not have a reason to move above or below the center (on average), but particles released closer
to the wall tended to move on average away from it, because of the boundary that the wall pre-
sented to them. Closer to the wall, the mean velocity of the fluid in the x direction was smaller,
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the edge of the viscous wall subregion (Yo = 5), (C) release within the buffer region (Yo = 15) and (D) release at the channel center.

https://doi.org/10.1371/journal.pone.0273312.9005

and the extent by which they moved in the x direction was mostly affected by the magnitude of
the mean flow in the streamwise x direction.

The average of the absolute value of the shear stress on the vWF particle locations as a func-
tion of time is presented in Fig 9. The average of the actual shear stress is shown in Fig 10,
while the actual stress distribution at different times is presented in Fig 11. The qualitative
behavior of the average stresses as a function of the location of particle injection was similar to
the case of Poiseuille-Couette flow. The thick green line indicating the critical shear stress for
vWEF damage crosses through the stress profiles. Depending on the location of release, and on
the time elapsed since the release, the particles move from regions with stresses below the
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https://doi.org/10.1371/journal.pone.0273312.9006

critical value to regions above the critical point and vice versa. This was even more pro-
nounced when examining the full distributions of the stresses. There was a probability that a
vWEF particle would experience below or above critical stresses, depending on the time since
release and depending on the location of release.

The history of stresses on a particle was also important in this case. As seen in Fig 12, as
time advanced, the distribution of the history of the stresses increased in its variation. The
VWE particles did not all have the same exposure to damaging stress, but instead experienced a
range of stresses that became wider as time advanced.
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Conclusions

The distribution of shear stresses induced on vWF surrogate particles injected in silico to com-
putationally obtained velocity fields that are found in blood flow through biomedical devices
and implants was calculated in detail. A Lagrangian approach, where individual vWF particles
were followed in time and space while monitoring the hydrodynamic stresses, was applied.
With this approach, details on the stresses and their distribution as a function of the location
of particle release and the type of flow (transitional and fully turbulent) were obtained. It
should be noted here that the model for the vWF is a simplification of an actual medical device,
in the sense that the interactions between the vVWF molecules and the surrounding beyond
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hydrodynamics are not considered, for example interactions between vWF proteins that come
in proximity to each other and might get entangled. However, an interaction like that, in the

framework utilized herein would mean that the Schmidt number of the entangled particle

would now be different, but the trajectory that the new particle would follow and the stresses
seen by this new particle would not be different than what is reported here. One can improve
upon the present model by incorporating a bead-and-spring model for the vVWF molecule and
modeling the configuration and orientation of the molecule under stress. Such an approach

could be the subject of a future study.
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Both Poiseuille-Couette flow and Poiseuille flow were found to result in potentially damag-
ing stresses. The distribution of stresses on the particles showed that particles have had a sto-
chastic exposure to stresses and these stresses could cause damage at different times during the
movement of the particles. Higher stresses were observed for particles injected close to the
channel wall, and exposure to lower stresses was observed for particles released at the center of
the flow field. A model for YWF damage, similar to the power law models for hemolysis [47,
48], could be developed by determining both the appropriate exponent for the dependence on
the time of exposure and the exponent for dependence on the observed stress. However, using
a deterministic model to predict the stresses either based on wall shear stress or based on aver-
age stresses would not be an accurate approach. Instead, a stochastic model for the level of
stresses and the probability of the vVIWF to be in regions of low or high shear stresses would be
needed, with data similar to those presented herein. Further research to predict the shear stress
distribution as a function of the flow conditions on the vVWF particles is necessary.

As already mentioned in the Introduction, the mechanism of unraveling within the protein
surrogate particle in our computations was not simulated-the details of the trajectories of such
surrogate particles are calculated and the shear stresses along the individual trajectories of
such surrogate particles are calculated and analyzed statistically. While changes at the molecu-
lar level may occur on the vWF molecules depending on the magnitude of the hydrodynamic
stresses, these changes are assumed to not affect the fluid flow around them (i.e., they are
assumed to be passive throughout the calculations). The reader can use our dimensionless data
to obtain dimensional distributions of stresses and use other values of critical stress, based on
any molecular model, to determine the percentage of vWF that may be compromised. Since
the stress distribution results presented herein would apply to other cases of proteins with sim-
ilar diffusivity as the vVWF, or for small colloidal particles or micelles with high enough Schmidt
numbers, one could also apply the present results to more general situations. The difference
would be to determine from published work in the literature the level of the critical shear stress
needed to modify the structure of such small particles or macromolecules.
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