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State diagram for wall adhesion of red blood cells
in shear flow: from crawling to flippingf

b
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Red blood cells in shear flow show a variety of different shapes due to the complex interplay between
hydrodynamics and membrane elasticity. Malaria-infected red blood cells become generally adhesive
and less deformable. Adhesion to a substrate leads to a reduction in shape variability and to a flipping
motion of the non-spherical shapes during the mid-stage of infection. Here, we present a complete
state diagram for wall adhesion of red blood cells in shear flow obtained by simulations, using a particle-
based mesoscale hydrodynamics approach, multiparticle collision dynamics. We find that cell flipping at
a substrate is replaced by crawling beyond a critical shear rate, which increases with both membrane
stiffness and viscosity contrast between the cytosol and suspending medium. This change in cell
dynamics resembles the transition between tumbling and tank-treading for red blood cells in free shear
flow. In the context of malaria infections, the flipping—crawling transition would strongly increase the
adhesive interactions with the vascular endothelium, but might be suppressed by the combined effect of
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1 Introduction

Adhesion is an essential element of the function of biological
cells, e.g. as a prerequisite for migration or to achieve mechanical
cohesion across a monolayer of endothelial cells. Both of these
aspects play an important role in the processes of extravasation,
for example when adhesive white blood cells leave the blood
circulation to follow the signs of inflammation in the surrounding
tissue." In contrast, healthy red blood cells (RBCs) are not
adhesive as their main function is to circulate passively within
the vasculature and to distribute oxygen in the body by tempora-
rily binding it to their hemoglobin. However, this situation
changes dramatically when RBCs become infected by the malaria
parasite, which uses them to shield itself from the immune
system and to metabolize the hemoglobin.> The parasite makes
infected RBCs (iRBCs) adhesive by establishing a system of
adhesive knobs on the surface of iRBCs. This increases the
residency time of parasites in the vasculature and protects iRBCs
from clearance by the spleen. However, it also increases adhesive
interactions with the endothelium and therefore, can lead to
inflammation. Despite the high medical relevance of the adhesive
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increased elasticity and viscosity contrast.

interaction between iRBCs and the vascular endothelium, little is
known about the exact nature of this interaction, partially due to
a complex interplay between hydrodynamic flow and cellular
characteristics such as the shape, elasticity, viscosity, and adhe-
sion strength.

To understand the interaction between iRBCs and an adhe-
sive substrate, it is helpful to consider the related case of
white blood cells in more detail. Leukocyte adhesion in flow
has been studied extensively, using both in vitro flow chamber
experiments and computer simulations.? The initial capture of
leukocytes from shear flow is mediated by binding of glyco-
protein PSGL-1 to P-selectin on the endothelial cells, while
further interactions between integrins and ICAM molecules
lead to firm adhesion and migration of leukocytes.”” It has
been shown that the PSGL-1:P-selectin bond behaves like a
catch-slip bond, meaning that bond lifetime increases till a
threshold shear rate after which it decreases.® On the modeling
side, adhesion-dynamics simulations of cells have been pioneered
for rigid spherical particles homogeneously covered with adhe-
sion receptors”® and later extended to also include spatially
resolved ligand and receptor positions.'”™* These models
predict dynamic states such as rolling adhesion, firm adhesion
or transient adhesion as a function of model parameters,
including on- and off-rates of receptor-ligand bonds as well
as shear rate of the flow. Corresponding state diagrams have
been determined from simulations over a wide range of model
parameters. Further extensions of adhesion-dynamics simula-
tions for leukocytes concern the role of cell deformability,
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which is essential to ensure a sufficiently large contact area."?
However, rolling adhesion can also be suppressed by increased
deformability, as this can lead to concave shapes in the contact
region.”

Interestingly, the adhesive interaction of iRBCs with the
endothelium strongly resembles that of leukocytes."* The dead-
liest form of human malaria is caused by the parasite Plasmodium
falciparum. The blood stage of infection proceeds in three stages:
ring (0-24 hours post infection), trophozoite (24-36 hpi), and
schizont (40-48 hpi) stages. At the end of the schizont stage,
iRBCs burst and release around 20 new parasites into the
bloodstream, which then infect fresh RBCs. During the infec-
tious cycle, iRBC develops thousands of adhesive protrusions
on its surface, called knobs, starting in the late ring stage
(around 15 hpi). Knobs were visualized with scanning electron
microscopy’® and atomic force microscopy.'® Host-cell modifi-
cation also includes membrane stiffness and shape of an iRBC.
Using confocal microscopy, it was shown that an iRBC almost
retains its discocyte shape till the early trophozoite stage, after
which it gradually transforms into a spherical shape.'”*® Using
optical tweezers, it was shown that the shear modulus of iRBC
increases by one order of magnitude, from around 5 uN m ™" to
around 50 uN m~"."° PfEMP-1, the adhesive receptor produced
by the parasite, resides at the knobs and can bind to the ligands
at the endothelial cells such as ICAM-1 or CD36. It is believed
that ICAM-1 participates in rolling of iRBCs, whereas CD36 is
responsible for their firm adhesion, and that both of them work
synergistically in iRBC cytoadhesion.?*™* iRBCs with a non-
spherical shape and the ability to deform under shear give rise to
a complex adhesion dynamics. Using mesoscopic simulations,?
it has been predicted that iRBCs flip under shear flow at physio-
logical shear rates. Later, this was confirmed using flow chamber
experiments and further simulations, correlating iRBC velocity
and parasite position inside the cell.****

Despite these recent advances in understanding and simu-
lating the adhesive interactions of iRBCs with a substrate,*® a
systematic investigation is still lacking of how the interplay of
hydrodynamic flow, cell shape and deformability determines
the interaction of RBCs with an adhesive substrate. Here, we
present a comprehensive study of RBC adhesion, using the
multiparticle collision dynamics (MPCD) method*”*® for the
fluid dynamics and triangulated networks**™" for the RBC
membrane shape and deformability, and provide an adhesion
state diagram with a special focus on the roles of membrane
shear elasticity and hydrodynamic shear rate. As a main feature,
we identify the transition between flipping and crawling (compare
Fig. 1). While flipping implies a vertical movement of the
geometrical center of the cell with respect to the wall, crawling
defines a dynamic state in which this center keeps about the
same height from the wall and the cell membrane rotates
around it. Interestingly, these two dynamic states and the
transition between them strongly resemble the tumbling and
tank-treading of RBCs in unbounded shear flow.**** While the
first case corresponds to an elastic body (like a solid ellipsoid)
moving in shear flow, the second is typical for a viscous body
(like a fluid droplet) in shear flow. The latter is also similar to a
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Fig. 1 Snapshots of a crawling (a) and a flipping (b) cell in shear flow (see
also Movies S1 and S2, ESIf). The shear rate is j = 460 Hz (3* ~ 430). The
shear moduli are 5 uN m~*and 25 uN m~ (or I' ~ 2870 and I' ~ 14 370)
for the crawling and the flipping cell, respectively. The increased elasticity
effects a transition from crawling to flipping.

viscous drop sliding down an inclined plane.** RBCs in free
shear flow not only tumble and tank-tread, but also roll, swing,
form trilobes and multilobes, depending on the shear rate and
the viscosity contrast between the cytosol and suspending
medium.?® For iRBCs, however, substrate adhesion restricts
the range of possible shapes in comparison to those in free
shear flow. We show that flipping and crawling are the two
main types of motion which should be expected in this case.

By using MPCD with angular momentum conservation,
we are also able to investigate the effect of viscosity contrast
on RBC adhesion and find that an increase in viscosity contrast
shifts the transition to higher shear rates. This finding has a
direct biological relevance, because iRBCs are characterized by an
increased internal viscosity, which might suppress the flipping-to-
crawling transition at physiological shear rates, in addition to the
effect of increased membrane shear modulus. Together, these
effects keep the adhesive interactions with the endothelium low,
thus possibly avoiding a strong inflammatory response.

This article is organized as follows. First, we describe methods
and models used in simulations. Then, we identify the different
dynamic states using order parameters that help us to distinguish
them. Consequently, we present the simulated state diagram as a
function of shear rate and membrane shear modulus, and discuss
the effect of viscosity contrast on the state diagram and RBC
adhesion.

2 Methods and models

2.1 Multiparticle collision dynamics

Hydrodynamic interactions are implemented through the multi-
particle collision dynamics (MPCD) approach, a technique which
also incorporates thermal fluctuations.?””*® We employ a MPCD
version with the Andersen thermostat and angular momentum
conservation (MPC-AT + a).*°® The MPCD fluid consists of
point particles with mass m, position r(t) and velocity v(t). The
particles are sorted into the cells of a cubic lattice with lattice
constant a, which also sets the basic length scale in the system.
The dynamics proceed in two steps: streaming and collision.
Particles are moved ballistically during the streaming step as

ri{t + Ateq) = ri(t) + vi{)Atea, (1)
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where At.q4 is the collision timestep. During the collision step,
particle velocities are altered as

(1/Ne) D vy

Jjecell

(2)
ml™! Z {r,-@ X <v_,- — v;an) }] X Fig,

Jjecell

vV =y + Vi

where v, is the center-of-mass velocity of the cell to which
particle i belongs and v;*" is a thermal velocity drawn from
Maxwell-Boltzmann distribution. The last term is the correc-
tion term for angular momentum conservation, where I is
the moment of inertia tensor for all particles in the cell and
Tjc = I — Ty is the position vector of particle j with respect to
center of mass of the cell.

Viscosity of the fluid depends on the choice of collision
timestep At.q, mass m, and the particle density p. It has two
contributions: kinetic viscosity 7, which results from particle
streaming, and collision viscosity #., which results from the
momentum transfer among the fluid particles during the
collision step. The total fluid viscosity is # = fyin + #col. FOr
large particle densities, the viscosity contributions are given
by36,37

pkB TAtq p 1
= | 3
Nkin B3 [p — 5/4 PN ( )
Cmlp—=1/5)
Heol = 24aAth . (4)

For small collision timesteps At.q, the kinetic viscosity #yi, can
be neglected and the collision viscosity #., provides main
contribution to the total viscosity, i.e. § ~ #col.

2.2 Deformable RBC model

The RBC membrane is modeled as a two dimensional triangu-
lated meshwork of springs.>**° The meshwork comprises
N = 751 vertices with positions {r;} and velocities {v;}.*"***°
Total number of edges is N. and number of triangles is N,. The
total potential energy of the system is given by

V(ixit) =

The first term is an in-plane elastic energy of the network,

1n plane + Vbend + Varea + Vvol (5)

Ne 2 3
Vin-plane = Z kB Tim (3Xi — ZXi ) + ]&’ (6)
p p(1 — xi) 4
where the first part is a worm-like chain potential describing an
attractive interaction and the second term is a short-ranged
repulsive potential. In the first term, p is the persistence length,
/; is the extension of edge i, /;,, the maximum edge extension,
and x; = /;// . In the second term, k, is the force coefficient.
The second term in eqn (5) represents bending energy of the
triangular mesh,

Voend = > s (1 — cos(6; — 0p)), @)

i=1
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where Ky, is the bending coefficient, 0; is the angle between two
triangles having a common edge, and 0, ~ 5.66° is the preferred
angle which depends on the mesh size.*" The bending coefficient
Kp is related to the bending modulus «. of the Helfrich curvature-
elasticity model** as rp, = (2/v/3)ke.
The last two terms in eqn (5),
surface area and volume of the RBC:

Varea k A AO Z

Varea and V., constrain

2

2A0 ®

ky(V = Vo)?

Vool =
vol P VO )

where k,, kq and k, are the constraint coefficients for total
surface area A of the cell, local area 4; of each triangle, and total
volume V of the cell, respectively. We choose these coefficients
such that surface area and volume of the RBC fluctuate within
1% of their desired values (i.e. Ao, AY and Vo)

For a regular hexagonal network, shear modulus y,, Young’s
modulus Y, and Poisson’s ratio v are derived in terms of model

parameters as>'*°
VBT xo 1 1\ V3K ©)
0 4o 21— x0)*  4(1—xp)* 4 262’
4K o
= 10
K+ puy (10)
Kok (11)
K+

where K = 2y + ky + kq is the area compression modulus and
Xo = /o//m with an equilibrium length 7, of each edge.
We employ a stress-free membrane model,***° in which each
edge has its own equilibrium length 7 set according to
distances in the initial membrane triangulation. This also leads
to individual values of the maximum extension %, = x, with
Xo = 2.2, the persistence length p;, and the force coefficient ki,
for each spring with a fixed p,. The Poisson’s ratio v is selected
to be approximately 0.96, leading to a nearly incompressible
membrane with Y ~ 4u,.

Solvent particles interact with the membrane in two ways:
(i) membrane vertices are included in the collision step together
with fluid particles and (ii) fluid particles are subject to bounce-
back reflection at membrane triangular plaquettes. This means
that internal and external fluids are separated and do not mix.
Thus, distinct viscosities for the internal and external fluids
(i.e. n; and n,) can be employed, allowing different viscosity
contrasts 4 = n;/n, in simulations.

2.3 Adhesive interactions

We employ adhesive bond dynamics between the cell membrane
and the substrate. Ligands are distributed on a square lattice at
the substrate with equal spacing 6x = §y = 0.3a. All membrane
vertices act as receptors. For each time step A¢;q, new bonds
can be formed and existing bonds can dissociate. Each receptor
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binds to the nearest ligand at the substrate with a constant
on-rate x.,, whenever the distance between them is smaller
than the critical distance of r.q = 0.38a. Every existing bond
can break with a force dependent off-rate kg = Kogexp(F/Fq)
according to Bell’s model.”” Here, Fy is the internal force scale,
which is determined to be about 10 pN for a PfEMP-1:CD36
bond.** In addition, each bond breaks if its length becomes
larger than 2r.q, to avoid non-physically large bond extensions.
For receptor-ligand bonds, we employ a harmonic force
model:""** F(/) = ky(¢ — r,), where 7, is the bond’s equilibrium
length. At each time step, new bonds are formed between
possible partners with a probability P, = 1 — exp(—KonAtma)
or existing bonds break with a probability P,y = 1 —
exp(—KoffAtma). On- and off-rates are chosen to be shear-rate
dependent such that x.,/7 = 0.5 and x3g/j = 0.5. Even though
such a choice introduces shear dependence for both the pre-
factor and exponential force term in the Bell’s model, the
exponential force term dominates at all shear rates.

2.4 Simulation setup and parameters

All flow simulations are performed in a domain of size 50a x
25a x 25a with a ~ 0.81 um. Periodic boundary conditions are
employed along the x (flow) and y (vorticity) directions, whereas
hard-wall boundary conditions are employed in the z (flow
gradient) direction. Solvent particles are reflected from the
walls using bounce-back collisions, which are insufficient for
achieving no-slip boundary conditions at the walls, and are
therefore complemented by adding ghost particles within the
wall layers of thickness a.** Since the collision step requires not
only velocities but also positions of the particles, ghost particles
within the walls are generated explicitly and their positions are
drawn randomly from a uniform distribution. To generate
shear flow, ghost particles are assigned a velocity v = jze,,
resulting in a required shear rate 7. In all simulations, the shear
rate is characterized by a dimensionless shear rate,
3

= o = 27, (12)
Ke
where t = 5,D,’/%. is the characteristic relaxation time of a RBC.
Stiffness of the cell is represented by the Féppl-von Karman
number,

r_ dpy D N YDr27

13
Ke Ke (13)

since Y =~ 4u, for a nearly incompressible membrane
considered here.

To connect model units of all relevant parameters to physical
units, we match corresponding length, force, and time scales.*
The key parameters used in simulations are shown in Table 1.
Furthermore, we employ the particle number density of p = 25/a’
for both internal and external fluids. The mass of each membrane
vertex is set to M = pa’m. The RBC shape is chosen to be discocyte
with a reduced volume of about 0.64 and an effective size
D, = \/Ay/n ~ 8.1la. Even though the shape of iRBCs is signifi-
cantly affected during intra-erythrocytic parasite development,
iRBCs retain their nearly discoid shape with a small parasite
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Table 1 Simulation parameters in model and physical units. In simula-
tions, length is measured in units of the lattice constant a, energy in units of
kgT and the time in units of \/ma?/kgT. In all simulations, we select a = 1,

m =1, kgT = 0.1 and Areq = 0.0032\/ma?/kg T

Parameters Model units Physical units
Lattice constant, a 0.81 um
Membrane area, A, 205.24> 134 pmz
iRBC diameter, D; = \/Ay/n 8.1a 6.5 pm

Shear modulus, p, 770kgT/a* 5uNm*
Bending modulus, x. 70kgT 3x107%]
Plasma viscosity, 1, 310y/mkgT/a> 1 mPas

RBC relaxation time, t = ,D;*/k. 2337 /ma?[kgT 0.93's

RBC volume, V, 177a° 93 um?®

Spring constant, 8000kgT/a” 5.2 x 10 °Nm !
Force scale, Fy 2000kgT/a 10 pN

Critical distance, r.q 0.38a 310 nm

Ligand spacing, d 0.375a-0.5a 300-400 nm

bump at the side until trophozoite stage.'® To eliminate inertial
effects, we choose flow parameters such that the Reynolds
number is always less than unity. For a typical value of shear
rate = 0.3y/kgT/ma?, the Reynolds number becomes Re =
Dp/ano ~ 0.4. In simulations, only the shear modulus y, is
varied in order to alter the membrane stiffness, whereas the
bending modulus is kept constant with .= 70kgT =
3 x 107" J. As initial condition, the cell is placed close to the
wall at a distance of a/8 (or about 100 nm) and let to adhere.
Then, the flow is started and the analysis of RBC behavior is
performed after a time of 6.5t to make sure that the cell has
reached a steady adhesive dynamics.

3 Results

3.1 Distinct dynamic states

Adhesion dynamics of round cells in shear flow has extensively
been explored in the past in the context of leukocytes or late
stage malaria-infected blood cells using Stokesian dynamics.”>***
In these studies, cell deformation was neglected, which is a fair
assumption as leukocytes or late stage iRBCs are close to spherical
in flows with physiologically relevant shear stresses. To ensure
that a sufficiently large contact area can be formed in a non-
deformable cell model, one has to allow for a large binding range.
In order to study the effect of the contact area on cell adhesion
in more detail, leukocyte deformability has explicitly been
considered in adhesive dynamics simulations for round reference
shapes.">'® However, for early or mid-stage iRBCs (rings or
trophozoites), cell shape is still mainly biconcave and deforma-
tions around this shape have to be considered.****

The two major dynamic states that we observe are crawling
and flipping. Fig. 1 presents snapshots of a cell, exhibiting
crawling and flipping dynamics. Both trajectories are for the
same shear rate, 7 = 460 Hz (7* ~ 430), but crawling is obtained
for a RBC with a shear modulus of yo =5 uN m ' (I" ~ 2870),
whereas flipping is shown for a cell with a shear modulus of
to=25uNm " (I' ~ 14 370). The crawling state is characterized
by a continuous membrane rotation and the cell’s deformed

This journal is © The Royal Society of Chemistry 2019
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shape remains nearly unchanged, making a small angle with
respect to the flow direction. In contrast, pure flipping does not
have much membrane rotation, but cell shape undergoes
strong changes in time. To quantify the both dynamic states,
we measure different quantities which can help us distinguish
these states, such as (1) inclination angle, (2) translational
velocity, (3) deformation index (DI), and (4) contact area. The
inclination angle is defined as the angle between the cell’s long
axis (in the flow vs. shear gradient plane) and the flow (or x)
direction. To measure the orientational axis, we employ the
gyration tensor given by

G = (1/N) Z (rix = ric) - (rix = 17¢) (14)
%

where the summation runs over all membrane vertices, i and j
stand for x, y, or z-components, and ;. is the ith component
of center of mass of the RBC. The cell’s orientational axis is
most reliably determined by the eigenvector with the smallest
eigenvalue, because the choice of eigenvector that corresponds
to the largest eigenvalue leads sometimes to an inconsistent
cell orientation direction, as there are two similar major axes
for discocytic shape of the RBC.

The deformation index is defined as DI = |L — H|/(L + H),
where L and H are maximum extensions of the cell in x and z
directions, respectively. Fig. 2 shows all four measured quan-
tities for the crawling and flipping states. The time-implicit plot
of inclination angle versus deformation index in Fig. 2(a) shows
that movements and deformations oscillate in a similar manner
in both cases, but that they are much more pronounced in the
case of flipping. Even though it captures the essential character of
flipping, the eigenvector of the gyration tensor with the smallest
eigenvalue does not always faithfully represent the orientation
of a flipping RBC, as this dynamics involves complex cell
deformations which may result in over- or underestimation of
the inclination angle. The plots of RBC-velocity and contact
area shown in Fig. 2(b) demonstrate that significant oscilla-
tions only exist in the flipping case, while the crawling case is
characterized by essentially constant values of velocity and

(a) 0.50]
0.451
=
o
Y
0.401
Crawl
— Flip
0.351 . : :
0.2 0.3 0.4 0.5

DI(t)
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contact area. We also see that crawling has larger contact area
and smaller velocity than flipping, and thus corresponds to
stronger adhesion. For flipping, we see that velocity and contact
area are out of phase by 180° as periodic cell deformations
during flipping with low and higher contact zones correspond
to high and lower velocities, respectively. The oscillatory nature
of the translational velocity for the flipping motion has already
been predicted in simulations®® and further confirmed in flow
chamber experiments.>*

The other relevant adhesion states observed in simulations
are firm adhesion and complete detachment from the wall.
Firm adhesion is observed at low shear rates, while RBC
detachment occurs mainly at high shear rates. These two states
generally depend on the overall binding strength of the cell and
shear stress exerted by the flow, but only mildly on the cell
deformability. For this reason, these two states are also well
known for leukocytes, whose adhesive state diagram is mainly
governed by bond kinetics. Therefore, the positioning of these
two states in the state diagram for iRBCs should resemble
that of the adhesion diagram for leukocytes.'* Different from
leukocytes, cell rolling is not observed here due to the non-
spherical (biconcave) shapes used in simulations for iRBCs.
However, in the late (schizont) stage, iRBCs become spherical
and can exhibit rolling motion.>*

3.2 State diagram

Fig. 3 presents the central result of our study, the adhesive state
diagram of iRBCs in shear flow. The diagram is plotted as
a function of the dimensionless shear rate j* and the cell
stiffness characterized by the Féppl-von Karman number I
The range of dimensionless shear rates 7* € [100;1100] in Fig. 3
corresponds approximately to j € [110;1200] s~ and shear
stresses from 0.1 Pa to 1.2 Pa, which mainly span typical
conditions in venules. Cell stiffness is varied by changing the
shear modulus o, from 5 uN m™* (I' ~ 2870), which is the
average value for a healthy RBC (see Table 1), to 35 uN m™*
(I' ~ 20120), representing the stage of a late trophozoite."
Here, the viscosity contrast A = n;/n, between internal and
external fluids is set to unity. Note that the state diagram in

(b) v, Crawl

A, Crawl
Vv, F“p — A(‘,y Fllp
1007 L 60
E =
- o
~ 501 e

04 :
400 500 600
At

Fig. 2 (a) Time-implicit plot of inclination angle 0(t) versus deformation index DI(t) and (b) velocity v (left y-axis) and contact area A. (right y-axis) against
dimensionless time 7t are shown for representative trajectories of crawling and flipping motion. The shear rate is 7 = 460 Hz (7* ~ 430) in both cases.
Crawling and flipping motion is for cells with a shear modulus of uo = 5 pN m™ (I' ~ 2870) and po = 25 uN m~2 (I' ~ 14 370), respectively.
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Fig. 3 Adhesive state diagram for the viscosity contrast A = 1 as a function
of dimensionless cell stiffness characterized by the Foppl-von Karman
number I' and the dimensionless shear rate 7*. The state diagram com-
prises the dynamic states: crawling (green hexagons), flipping (blue stars),
firm adhesion (black diamonds), and free motion (red triangles). Dashed
lines between the states are drawn schematically for visual guidance.

Fig. 3 is simulated for a shear-dependent on-rate x,,/y = 0.5 and
off-rate x%/7 = 0.5.

The state diagram in Fig. 3 shows that firm adhesion occurs
at small shear rates, as expected. A state is considered to be
firm adhesion whenever the average velocity of an iRBC is
smaller than 5 um s~ ' (see Table 2). The detachment of iRBCs
typically happens at high shear rates, but may also occur at
moderate 7* values for stiff cells (or large I'). Occurrence of the
other two states (i.e. crawling and flipping) strongly depends on
the cell stiffness. In particular, the region of iRBC crawling
widens in terms of the cell stiffness (quantified by I') with
increasing shear rate. To uniquely identify the crawling and
flipping states, we employ two measures: (i) deformation index
DI and (ii) standard deviation g, of the cell velocity. Note that
both quantities can also be measured easily in flow chamber
experiments. Fig. 4 presents the deformation index and the
standard deviation of velocity normalized by the average RBC
velocity (v). o,/(v) in Fig. 4(a) varies between 0.1 and 0.8. For the
crawling state, ¢,/(v) is generally small, as the iRBC exhibits
relatively stable motion with a nearly constant velocity. In case
of flipping, a,/(v) is always larger than 0.4 due to the oscillating
behavior of iRBC velocity. Note that for iRBCs moving very
slowly with a velocity of a few um s, ¢, characteristic is not
very useful as they typically flip only 1-2 times over the whole
time of observation. The deformation index in Fig. 4(b) does
not change much and is close to 0.45 for the crawling state,
whereas DI is less than 0.35 for flipping. For comparison,

Table 2 Criteria for the characterization of different dynamic states of
iRBCs. Upq is the free cell velocity close to the substrate

Definition State

1

(V) < 5ums~ Firm adhesion

a,/(v) < 0.4 or DI > 0.42 Crawling
o,/(v) > 0.4 or DI < 0.42 Flipping

(v) =~ Ung Detachment
Soft Matter
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deformation index of an undeformed biconcave RBC (diameter
d ~ 8 ym and height of 2 ~ 3 um) is close to DI = (d — h)/(d + h)
~ 0.45. During flipping motion, the iRBC experiences repeated
dynamics with strong shape deformations (see snapshots in
Fig. 1(b)), which results in DI to oscillate between 0.2 and 0.5
(see Fig. 2(a)) with an average value close to 0.3. Therefore, by
selecting threshold values for these two characteristics (0.4 for
ay/(v) and 0.42 for DI), as shown in Table 2, both the crawling
and flipping states can be uniquely distinguished. In fact, the
conditions in Table 2 were already used to determine various
adhesive states in simulations and construct the state diagram
in Fig. 3. Note that changes in bond properties, such as the
spring constant and bond kinetic rates, will affect boundaries
between different adhesive states, but the overall diagram structure
is expected to be qualitatively similar to that presented in Fig. 3.

3.3 Effect of viscosity contrast

Viscosity contrast 4 between internal and external fluids
strongly affects the dynamics of vesicles*®™*® and RBCs***%*°
in shear flow. Here, the role of viscosity contrast on adhesion
dynamics is investigated. A larger viscosity of the internal fluid
is introduced by increasing the mass of fluid particles inside
the RBC, since the collisional part of viscosity in MPCD
depends linearly on the particle mass while the kinetic part
can be neglected for small collision timesteps (see eqn (3)). This
implies that the viscosity contrast 1 = ni/y, ~ m/m,. For a
healthy RBC, cytosol viscosity is found to be about 5 mPa s at
room temperature,® although it may change for different
temperatures.”® Thus, the typical viscosity contrast for healthy
RBCs is 4 = 5. For iRBCs, the presence of parasite is expected
to further increase the viscosity contrast due to the parasite-
induced generation of new structures inside iRBCs.

Fig. 5(a) shows average velocities of the cell as a function
of dimensionless shear rate 7* for three viscosity contrasts
2 =1, 10, and 20. The cell’s shear modulus is yo =5 pN m™*
(I' ~ 2870) in all cases, ensuring that the RBC remains in the
crawling state. We find that the adhesive behavior of a RBC is
qualitatively similar for all viscosity contrasts; however, an
increase in the viscosity contrast leads to a slight decrease in
the cell’s translational velocity. For crawling dynamics, an
increase in the viscosity contrast affects two characteristics,
resulting in (i) a decrease of the membrane’s rotational
speed and (ii) a slight change in the average inclination angle.
The decrease in membrane rotational speed arises from an
increased dissipation inside the RBC due to an increased
internal viscosity. A further significant increase in the internal
viscosity is likely to eventually prohibit the crawling motion and
initiate flipping. An increase in 4 also leads to a decrease in the
average inclination angle, ie., the cell lies more flat on the
substrate. For 4 = 1, the average inclination angle is (0) ~ 10°,
while for 4 = 20 it becomes (f) ~ 7°. For a tank-treading RBC in
simple shear flow, Keller-Skalak®® or similar theories®*>* also
predict that the inclination angle decreases with increasing
viscosity contrast until the RBC eventually stops tank-treading
and starts to tumble like a rotating solid body. Fig. 5(b)
presents the adhesive state diagram for the viscosity contrast

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 (a) Standard deviation g, of RBC velocity and (b) deformation index as a function of the dimensionless shear rate j* and Foppl-von Karman
number I'. The red triangles representing the detachment state and black diamonds corresponding to firm adhesion are excluded from the colormap.
Dashed lines indicate schematically the boundaries between different adhesive states, and are identical to those in Fig. 3.
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Fig. 5 (a) Mean translational velocities as a function of the dimensionless shear rate for three viscosity contrasts 4 = 1, 10, and 20. The shear modulus of
the cellis uop = 5 uN m~2 (I' ~ 2870). (b) Adhesive state diagram for 1 = 20, while all other parameters are kept same as for 1 = 1in Fig. 3. Different dynamic
states are crawling (green hexagons), flipping (blue stars), firm adhesion (black diamonds), and free motion (red triangles). Dashed lines between the states

are drawn schematically for visual guidance.

A = 20. Interestingly, this state diagram is quite similar to that
in Fig. 3 for A = 1. Two notable differences in the state diagram
for 4 =20 in comparison to that for A =1 are (i) an expansion of
the firm-adhesion region toward larger shear rates and (ii) a
reduction of the crawling region in favor of the flipping state.
These changes in the state diagram are due to an increased
dissipation with increasing viscosity contrast, such that membrane
dynamics slows down, favoring RBC flipping and firm adhesion.
Therefore, under certain conditions (e.g: close to the crawling-to-
flipping transition) an increase in the viscosity contrast may initiate
a transition from crawling to flipping dynamics.

4 Discussion and conclusions

Motivated by malaria-infected RBCs, we have systematically
studied the adhesion dynamics of RBCs in shear flow, using
mesoscale hydrodynamics simulations and a model of the RBC
membrane with bending and stretching elasticity. Our main
result is a state diagram which spans a wide range of shear

This journal is © The Royal Society of Chemistry 2019

rates and Foppl-von Karman numbers, and comprises four
adhesive dynamic states: firm adhesion, crawling, flipping and
detachment, depending upon the cell stiffness and applied
shear rate. We have shown that RBCs generally crawl at high
shear stresses and flip at low shear stresses. The critical shear
stress that defines this transition increases with the membrane
shear stiffness.

Our simulations predict that healthy RBCs would crawl for
nearly all shear rates if they were adhesive. However, in contrast
to white blood cells, they are not adhesive, and only become so
during a malaria infection. Once iRBCs become sufficiently
adhesive so that they show significant adhesive interactions
with the substrate, they are already so stiff that they exhibit
flipping. In recent flow chamber experiments,**> iRBCs at the
trophozoite stage were indeed shown to flip at shear stresses in
the range of 0.03-0.1 Pa. Even though at high enough shear
stresses, crawling of trophozoites should theoretically be possible,
this would require high enough ligand densities to avoid cell
detachment. Therefore, our conclusion is that an increased
cell stiffness (i.e. shear modulus) is the main mechanism that

Soft Matter
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Table 3 Distinct dynamic states for mid-stage iRBCs and late-stage iRBCs for various parameter regimes as predicted from our simulation results. Note

that late-stage iRBCs resemble leukocytes

Conditions

Mid-stage iRBC Late-stage iRBC

Low 7

Moderate 7 & I' or moderate & Kop
High y & low I' or high j & low kop
Very high 7§

determines the flipping motion of iRBCs, which is consistent
with a similar conclusion in ref. 23. In case of spherical cells
such as leukocytes, an increase in shear stress always leads to
an unstable rolling state such as transient adhesion or detach-
ment state, whereas for non-spherical iRBCs, it generally results
in stable adhesion states. Nevertheless, at very high shear
stresses, hydrodynamic lift forces dominate over adhesion
and would detach cells from the substrate in any case.
Table 3 summarizes the predicted conditions which describe
the different states for both leukocytes and iRBCs.

Crawling dynamics is qualitatively similar to tank-treading
of vesicles and RBCs in simple shear flow. Tank-treading of
vesicles and RBCs has been studied extensively both in
experiments®>******%” and numerical simulations.?>>*>%>
A theoretical model for vesicle dynamics was first proposed
by Keller and Skalak,*® where a fluid-filled particle with a fixed
ellipsoidal shape in simple shear flow was considered. This
model was further extended by others®* by adding an addi-
tional elastic-energy barrier for membrane rotation, which
represents the effect of shape memory for RBCs due to spectrin
network elasticity.®® The extended model predicts tumbling at
low shear rates as an unsteady solid-like rotation and tank-
treading at high shear rates, resembling the motion of a droplet
in shear flow. The elastic-energy barrier for membrane rotation
(or shape memory of a RBC) determines the tumbling-to-tank-
treading transition for RBCs.

The underlying physical mechanism for the flipping-to-
crawling transition is the same as that for the tumbling-to-
tank-treading transition, except that the adhesion to a substrate
alters the free-flow situation and leads to an additional friction
for the membrane rotation. Dissimilar to the RBC adhesive
behavior, which shows flipping at low shear rates and crawling
at high shear rates, is the existence of other RBC dynamics
and shapes (e.g. swinging, rolling, trilobes) in free shear
flow besides tumbling and tank-treading.?**%>*37°* From the
adhesive state diagram in Fig. 3, the threshold value of shear
rate for flipping-to-crawling transition increases linearly
with the cell stiffness characterized by the Foppl-von Karman
number I'. For instance, for RBC with a shear modulus of
Mo =5uNm " (I' ~ 2870) the threshold shear rate is j* ~ 300,
whereas for 1, = 15 pN m™" (I" =~ 8620), the threshold value is
about 7* ~ 800. However, the boundary between crawling and
flipping states is not very sharp. In the state diagram, the points
that are close to the crawling-to-flipping boundary may possess
both flipping and crawling characteristics at the same time. For
example, a flipping cell may exhibit a non-zero membrane rotation,
while a crawling RBC may occasionally flip near the transition.

Soft Matter

Firm adhesion Firm adhesion

Flipping Rolling adhesion
Crawling Transient adhesion
Detachment Detachment

Viscosity contrast between internal and external fluids plays
an important role for RBC dynamics in free shear flow.*>*%>°
For example, a high enough viscosity contrast suppresses tank-
treading at high shear rates and generally leads to multilobe
dynamics. For the adhesion of iRBCs, we find that the effect of
viscosity contrast 4 is relatively weak, even for such high values
as / = 20. Similar to an increase in membrane shear modulus, a
high viscosity contrast stabilizes the flipping state. Therefore,
we conclude that the simultaneous increase in shear modulus
and viscosity contrast occurring for iRBCs enforces flipping and
not crawling dynamics of infected cells. Crawling of iRBCs is
expected for conditions of strong adhesion, which in fact may
potentially occur locally in vivo.

Even though our model system is inspired by mid-stage
malaria-infected RBCs, we employ only a few specific assump-
tions, making our study general enough for the wall adhesion
of biconcave capsules in shear flow. The assumption of disco-
cytic RBC shape is fair enough up to mid-trophozoite stage,
after which an iRBCs changes toward a spherical shape."® Our
simulations have shown that changes in shear modulus and
viscosity contrast have important effects on the cell dynamics
and its adhesive interactions with the substrate. In the future, it
would be interesting to consider the effect of an inhomoge-
neous knob density at the surface of iRBCs on their adhesive
dynamics, since the knob density is not constant and changes
during different parasite development stages.®> Furthermore,
one might consider to go beyond single-cell adhesion and
investigate wall binding of iRBCs in blood flow at higher
densities of both RBCs and iRBCs, and also with other blood
components being present.
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