11.1 Continuum- and Particle-Based Modeling
of Human Red Blood Cells

Xuejin Li, Huijie Lu, and Zhangli Peng

Abstract Computational modeling and simulations can tackle a broad range of
morphological, mechanical, and rheological problems relevant to blood and blood
cells. Here, we review some continuum-based and particle-based computational ap-
proaches towards the modeling of healthy and diseased red blood cells (RBCs) with
focus on the most recent contributions, including the three-level multiscale RBC
model coupled with the boundary integral method of surrounding flows and two-
component RBC models with explicit descriptions of lipid bilayer, cytoskeleton,
and transmembrane proteins.

1 Introduction

Blood is a bodily fluid that delivers oxygen and nutrients to living cells and takes
away metabolic waste products from those same cells. It is composed of blood cells
suspended in blood plasma, which makes up about 55% of the volume of whole
blood. Blood plasma is the liquid component of blood, which contains mostly water
and other substances like dissolved proteins, glucose and clotting factors. Blood
cells are mainly red blood cells (also called erythrocytes or RBCs), white blood cells
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(also called leukocytes or WBCs), and plasma (also called thrombocytes). Taking
together, these three kinds of blood cells add up to a total 45% of the volume of
whole blood. In particular, RBCs are the most common type of blood cells, with
each cubic millimeter (1 mm?) of blood containing about 4-6 million RBCs.
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Fig.1 Schematic representation of the morphology of (a) a normal RBC and (b) its two-component
membrane structure (Li et al 2017a).

A normal RBC is a nucleus-free cell; it is essentially a cell membrane encapsu-
lating a hemoglobin solution. Upon maturation, it adopts a unique biconcave shape
of approximately 8.0 um in diameter and 2.0 pm in thickness (Fig. 1a). The RBC
membrane consists three basic components: a lipid bilayer, a cytoskeletal network
and transmembrane proteins such as glycophorins AD, band 3, and some substo-
ichiometric glycoproteins (e.g., CD44, CD47) (Fig. 1b). The deformability of an
RBC is determined by the elasticity, geometry and viscosity of the RBC membrane.
A normal RBC is highly deformable allowing it to squeeze through capillaries as
small as 3 microns in diameter without any damage. Several pathological condi-
tions, including malaria, sickle cell disease, hereditary spherocytosis and elliptocy-
tosis, can alter the shape and deformability of circulating RBCs, leading to possi-
ble vascular obstruction. Over the past few decades, computational models, such as
continuum-based and particle-based RBC models, have been proven to be an im-
portant tool in accurately resolving a broad range of biological problems associated
with RBCs (Abkarian and Viallat 2008, Vlahovska et al 2011, Li et al 2013, 2017b).
Actually, there is a great variety of modeling approaches since no universal solution
for all blood flow related problems. In this chapter, we overview the computational
approaches towards the modeling of RBCs focusing on the most recent contribu-
tions.

For the most problems, the surrounding blood plasma plays a significant role
in the RBC dynamics. The accurate modeling of the fluid-structure interaction be-
tween the RBCs and the surrounding flow is crucial to predict the physics. There are
three major groups of numerical methods in the existing literature to study motion
and deformation of RBCs in flow (Pozrikidis 2010, Barthés-Biesel 2016, Freund
2014). In the first group of methods, boundary integral equations are used to rep-
resent the Stokes flow and coupled to the membrane (Walter et al 2010, Pozrikidis



Multiscale modeling of human RBCs 3

1992), which is usually modeled as meshes or spectral elements (Zhao et al 2010)
either by enforcing the membrane equilibrium equation directly (Pozrikidis 1992) or
by the finite element method based on the virtual work principle (Walter et al 2010,
Peng et al 2011). This type of methods has been known to be very precise in var-
ious studies of simple shear flow and plane hyperbolic flow (Barthes-Biesel 2016,
Freund 2014). In the second group of the immerse-boundary type methods, the fluid
domain is solved using either the finite difference method (Yazdani et al 2011) or
the lattice Boltzmann method (LBM) (Sui et al 2008), and the capsule membrane is
solved using continuum methods such as finite element method (FEM). The force
from capsule membrane nodes is distributed to the fluid domain as Dirac delta func-
tions, which are approximated by smooth functions sharply varying over a few fixed
grid meshes. The precision of these methods may be reduced as the methods do
not treat the membrane as physical boundaries but as approximated Dirac functions.
In the third group, particle methods such as dissipative particle dynamics (DPD)
Pivkin and Karniadakis (2008), Peng et al (2013), multi-particle collision dynam-
ics (MPCD) (Noguchi and Gompper 2005, McWhirter et al 2009), and smoothed
particle hydrodynamic (SPH) method (Hosseini and Feng 2012) are used, and the
capsule and RBC membranes are modeled as triangular networks of particles with
bond, angle, and dihedral interactions (Discher et al 1998). In addition to these
three groups, phase-field methods (Du et al 2004) and arbitrary Lagrangian Eule-
rian (ALE) method using FEM (Barber et al 2011, Ni et al 2015) are used as well to
study capsules and vesicles.

2 Continuum-based models

Continuum-based models provided useful insights in many aspects of RBC me-
chanics by adopting the robust and accurate numerical methods developed in the
well established continuum mechanics community Barthes-Biesel (2016). The cell
membrane is typically 7.5-10 nm in thickness; hence it is usually treated as a
two-dimensional viscoelastic material embedded in a three-dimensional space. Tra-
ditionally, continuum-based RBC models treat RBC membrane and intracellular
hemoglobin solution as homogeneous materials, using boundary integral method
(BIM) (Ramanujan and Pozrikidis 1998, Lac et al 2004, Zhao et al 2010, Veera-
paneni et al 2011), immersed boundary method (IBM) (Peskin 2002, Doddi and
Bagchi 2009, Yazdani and Bagchi 2011, Fai et al 2013), and fictitious domain
method (FDM) (Shi et al 2014, Hao et al 2015). These continuum-based models de-
scribe the modeling system using locally-averaged variables, such as density, stress,
and velocity, with ordinary and partial differential equations governing flow dynam-
ics and fluid mechanics. Blood flow in microcirculation normally falls in the Stokes
regime where inertial effects are negligible, hence making BIM a popular technique
for addressing multiphase flow problems. The BIM method exploits the fact that
the equations of fluid motion are linear and can be recast into an integral equa-
tion for the evolution of the interface (Ramanujan and Pozrikidis 1998, Lac et al
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2004, Zhao et al 2010, Veerapaneni et al 2011). Among other continuum solvers,
the IBM has become very effective in addressing fluid-structure problems (Peskin
2002, Fai et al 2013). There are several numerical extensions of IBM depending on
the choice of the structural and fluid formulations. For example, the front-tracking
method (Doddi and Bagchi 2009, Yazdani and Bagchi 2011) used a first-order finite
element triangulation of cell membrane, while the full Navier-Stokes equation has
been solved using projection splitting scheme. More recently, FDM for solving cou-
pled fluid-structure systems by introducing a Lagrange multiplier over the solid do-
main has been used (Shi et al 2014, Hao et al 2015). This multiplier acts as a penalty
term that imposes the kinematic constraint in the solid domain. Another computa-
tional challenge is to include the membrane thermal undulations; progress in this di-
rection has been made by introducing a stochastic formulation for IBM (Atzberger
et al 2007).
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Fig. 2 Two-component RBC model using three-level hierarchical multiscale continuum method
(Peng et al 2010).

These continuum-based RBC models allow the study of blood flow dynamics on
macroscopic length and time scales. However, the RBC membrane is considered
as a uniform continuum media in these continuum models, and the detailed molec-
ular structure was not considered. Recently, multiscale RBC models that include
sufficient molecular details have been developed. For example, Peng et al. have de-
veloped a three-level multiscale model of RBCs and coupled it with a boundary el-
ement model to study the dynamic response of RBCs in tube and shear flows (Peng
et al 2010). For the RBC membrane, we built a three-level multiscale model to sim-
ulate its viscoelastic behaviors at different length scales, including single protein
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scale, protein complex scale and cell scale. For the fluids surrounding the RBC, we
used a boundary element approach to study the fluid dynamics based on the Stokes
equation of viscous flow (Peng et al 2011).

The dynamics of RBCs involves physics at different length scales. For example,
in the whole cell level, RBCs may undergo tank-treading motions in shear flow in
the micro meter scale (Fischer et al 1978, Tran-Son-Tay et al 1984). In the protein
complex scale, junctional complexes of RBCs may experience fluctuations due to
mode switching (Lee and Discher 2001, Zhu et al 2007). In the protein level, tension
may induce spectrin unfolding in the nanoscale (Rief et al 1999, Zhu et al 2007).
We developed a multiscale framework to investigate the physics in different length
scales, including three models at three different length scales, and coupled them
together using a hierarchical multiscale approach, as shown in Fig. 2.

AtLevel I, Zhu and Asaro developed a model of spectrin using Monte-Carlo sim-
ulation (Zhu and Asaro 2008). Spectrin is the major RBC cytoskeleton protein that
forms a triangular network. Rief et al. applied AFM to stretch a single spectrin and
found that it can be modeled accurately using a nonlinear constitutive model called
worm-like chain (WLC) (Rief et al 1999, Discher et al 1998, Li et al 2005). Besides
that, it was found that if the spectrin is stretched beyond its contour length, multiple
protein domains may unfold to increase the contour length. In order to capture the
full mechanical behavior of the spectrin, Zhu and Asaro took into account its do-
main unfolding feature by employing a Monte-Carlo method, as the probability of
the unfolding is a function of the loading (Zhu and Asaro 2008). By simulating the
unfolding of the spectrin, Zhu and Asaro got consistent force-displacement curves
as in the AFM experiment (Rief et al 1999). In addition, the effect of stretching rate
is also quantified. After these force-displacement curves are obtained, the informa-
tion is passed as a database to the next level model (Level II).

At Level II, Zhu et al. developed a 3D junctional complex model with molecu-
lar details using Brownian dynamics (BD), which is a basic protein complex unit in
the RBC cytoskeleton (Zhu et al 2007). In the junctional complex, an actin protofila-
ment is associated with six or five spectrins. Zhu et al. built an exact geometry model
based on the state-of-the-art understanding of the molecular structure of a junctional
complex, including the binding sites between spectrins and actins (Sung and Vera
2003). They simulated thermal fluctuations of the RBC membrane using this model
(Zhu et al 2007), and predicted the area and shear moduli of the cytoskeleton, as
functions of membrane deformation (Zhu et al 2007, Peng et al 2010), which can be
passed to the next cell level model (Level III).

At Level III, Peng et al. developed a whole cell model of RBCs using finite ele-
ment method (FEM) and considered the normal and tangential interactions between
the lipid bilayer and the cytoskeleton (Peng et al 2010, 2011). The cytoskeleton
may slide against the lipid bilayer (Fischer 1992, Dodson III and Dimitrakopoulos
2010), since the cytoskeleton is connected to the lipid bilayer through transmem-
brane proteins such as band 3 and glycophorin C, which can move freely within the
lipid bilayer. In order to describe the bilayer—cytoskeletal interaction accurately, we
modeled the RBC membrane as two distinct layers. We employed an inner layer to
present the cytoskeleton with finite area and shear stiffnesses, and negligible bend-
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ing stiffness, and an outer layer to represent the lipid bilayer with zero shear stiff-
ness, huge area stiffness, and significant bending stiffness. Vertical elastic interac-
tion and tangential viscous friction between the lipid bilayer and the cytoskeleton
are simulated using a contact algorithm based on the penalty method (Malone and
Johnson 1994). The bilayer—cytoskeletal friction coefficient is estimated based on
the Stokes-Einstein relation and experimentally measured diffusivities of band 3
and glycophorin C in the lipid bilayer (Kapitza et al 1984, Kodippili et al 2009,
Tomishige 1998). Reduced integration shell elements based on Mindlin theory were
used to simulate both the outer and the inner layers (Peng et al 2010).

Besides the elasticity, we also considered the viscosities of the lipid bilayer and
the cytoskeleton, which play significant roles in dynamics processes such as tank-
treading. For example, it has been demonstrated that without considering the mem-
brane viscosity, the predicted tank-treading frequency cannot match the experimen-
tal measurement (Fedosov et al 2011a, Peng et al 2011). Different from the existing
study (Fedosov et al 2011a), we consider the viscosities of the lipid bilayer and
the cytoskeleton separately using a generalized Voigt-Kelvin stress-strain relation
(Evans and Skalak 1980). Furthermore, we modeled the sliding between the bilayer
and the skeleton as a viscous friction force. The viscous fluids surrounding the cell
are incorporated in the following boundary element model of Stokes flow.

We applied a boundary element method to simulate the Stokes flows inside and
outside of the RBC and coupled it with FEM to study the fluid-structure interaction.
We used a staggered algorithm with explicit time integration (Peng et al 2011). For
the interface dynamics in the Stokes flow with zero Reynolds number, we applied
the boundary integral equation (Pozrikidis 1992) so that the velocity v/ is given as

2
T 1+A

1
- m/pﬁ: G(x,x0) - At/ (x)dI"(x)
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where I'/? is the membrane surface and ¥/ is the prescribed undisturbed velocity
field of the shear flow. The vector At/ = t/"! —t/% is the discontinuity in the in-
terfacial surface traction, where t/>! is the traction in the outside surface I'%! of
the interface, and t/-2 is the traction in the inside surface I'/%2 of the interface. The
surface traction is related to the nodal force through the principle of virtual work
(Walter et al 2010). ff denotes the principal value integration.

G is the Green’s function for velocity. Its components are

8i (xi — x0,) (x; —xo,)
Gij(x,Xp) = ’ ; 2
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where 6; ; 1s Kronecker’s delta. T is the Green’s function for stress. It can be written
as
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Extensive validations have been conducted in each level to verify the models, such
as optical tweezers stretching (Peng et al 2010), micropipette aspiration (Peng et al
2010), tank-treading and tumbling of RBCs in shear flow(Peng et al 2011). More im-
portantly, the effect of stress-free cytoskeleton state on the tank-treading behavior
has been compared with the available experiments in details (Dupire et al 2012, Peng
et al 2014, 2015). Besides validations, we predicted correlation between the occur-
rence of spectrin unfolding and increase in the mechanical load upon individual
skeleton—bilayer pinning points and related it to the vesiculation process (Knowles
et al 1997). The simulation results also show that during tank-treading the protein
density variation is insignificant for healthy RBCs, but significant for cells with a
smaller bilayer—cytoskeletal friction coefficient, which may be the case in heredi-
tary spherocytosis (Walensky et al 2003). We also predicted two different modes
of motions for RBCs in shear flow (Peng and Zhu 2013) and studied the effect of
stress-free state on the tank-treading motion (Peng et al 2014, 2015, Dupire et al
2012). We showed that the cell maintains its biconcave shape during tank-treading
motions under low shear rate flows, by employing a spheroidal stress-free state in
the cytoskeleton (Peng et al 2014). Furthermore, we numerically confirmed the hy-
pothesis that, as the stress-free state approaches a sphere, the threshold shear rates
corresponding to the establishment of tank treading decrease. By comparing with the
experimental measurements (Dupire et al 2012), our study suggests that the stress-
free state of RBCs is a spheroid that is close to a sphere, rather than the biconcave
shape applied in existing models (Peng et al 2014). In addition, we also quantified
the stability phase diagram of different motion modes in high shear rate flows and
explored the effect of stress-free state on the phase diagram (Peng et al 2015).

3 Particle-based models

Particle-based models treat both the fluid and the cell membrane as particulate
materials, and they can model critical biophysical processes involving the RBCs
at cellular and sub-cellular scales, such as membrane fluctuations and the defec-
tive membrane structure. Several particle-based RBC models, including molecular-
detailed composite RBC models (Li and Lykotrafitis 2012, 2014, Tang et al 2017)
and coarse-grained RBC models (Discher et al 1998, Li et al 2005, Noguchi and
Gompper 2005, Pivkin and Karniadakis 2008, Pan et al 2010, Fedosov et al 2010,
Peng et al 2013), have been developed and employed to quantify the structural, me-
chanical, and rheological properties of RBCs in health and disease.

Generally, the molecular-detailed composite RBC models describe explicitly
lipid bilayer, cytoskeleton, and transmembrane proteins using coarse-grained molec-
ular dynamics (CGMD) (Li and Lykotrafitis 2012, 2014). They are able to cap-
ture the membrane-related structural problems in RBCs. Specifically, the spectrin
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Fig. 3 Two-component RBC model at protein resolution(Tang et al 2017, Li and Lykotrafitis 2014)
and coarse-grained level (Peng et al 2013).

tetramer in the the composite membrane model is represented by a chain of 39
beads (grey particles in Fig. 3a) connected by spring bonds (Li et al 2007). The
corresponding potential has the form,

Vs s __ —ko( r,yqs)Z (4)
where ko and r;,* are the spring constant and equilibrium distance between two
spectrin partlcles respectively. Spectrin particles that are not connected by the
spring potential interact with each other via the repulsive term of Lennard-Jones
potential, given by

48[<ﬁ)12—(ﬁ)6}+6 rij <1
Vrep(rij) = Tij Tij o 5
0 r,-j Z riqs

where ¢ is the energy unit and o;; is the length unit, and r;; is the distance between
spectrin particles. To couple the lipid bilayer and spectrin network, actin junctional
complexes are connected to the glycophorin C and the middle beads of the spectrin
network are bonded to the band-3 complexes which are specifically rendered in
yellow particles. These bonds are modeled as harmonic springs, given by

Ve = —ko(r— ) (6)
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where rg,* = 10 nm is the equilibrium distance between an actin and a spectrin
particle.

These molecular-detailed composite membrane models have been successfully
to study some issues associated with RBC membrane defects, such as the multiple
stiffening effects of nanoknobs on malaria-infected RBCs (Zhang et al 2015, Chang
et al 2016), the vesiculation of mature RBCs in hereditary elliptocytosis and sphe-
rocytosis (Li and Lykotrafitis 2015), and the diffusion of transmembrane proteins
in normal and defective RBC membrane (Li et al 2016). However, modeling only a
portion of the RBC membrane does not efficiently depict the whole-cell character-
istics strongly related to RBC mechanics and rheology.

More recent efforts have focused on this approach, leading to a two-component
whole-cell model (OpenRBC) at protein resolution with explicit descriptions of lipid
bilayer, cytoskeleton, and transmembrane proteins (Fig. 3a) (Tang et al 2017). In the
OpenRBC, the modeled RBC is generated from a triangular mesh of cytoskeleton
that resembles the biconcave disc shape of a normal RBC, where the lipid molecules
and mobile band-3 particles are randomly placed on triangular faces. The modeled
RBC system is also optimized by a velocity quenching algorithm to avoid the over-
lap of particles. It can simulate an entire RBC with a resolution down to single
protein level, which offers unique tools for the qualitative and quantitative predic-
tions of dynamic and mechanical properties of healthy and pathological RBCs be-
yond available experimental measurements, such as the vesiculation of RBCs in
hereditary spherocytosis and elliptocytosis (Tang et al 2017), and rupture of RBCs
in splenic passage (Li et al 2018). However, at present, they are computationally
very expensive for large-scale applications such as modeling whole blood involv-
ing a large number of RBCs. On the other hand, coarse-grained whole-cell model
provides the opportunity to significantly reduce the computational complexity. For
example, a three-dimensional multiscale RBC (MS-RBC) model has been devel-
oped and successfully applied to RBC simulations at different length scales (Pivkin
and Karniadakis 2008, Fedosov et al 2010).

In the MS-RBC model, the cell membrane is modeled by a 2D triangulated net-
work with N, vertices connected by springs, where each vertex is represented by
a DPD particle. The RBC membrane model takes into account the elastic energy,
bending energy, and constraints of fixed surface area and enclosed volume, which is
defined as

V=V,+V,+V,+V, (N

where V; is the elastic energy that mimics the elastic spectrin network, given by

Vsz[

i€springs

y 1| 3V3ksTLxg 433 — 9%+ 6 ®
A 64p (1-x3) |’

octriangles " &
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where kpT is the energy unit, A, is the area of triangle ¢ formed by three vertices.
Also, x; = I;/L, xo = lo/ln, where [; is the length of spring i, Iy and I, are the
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equilibrium spring length and maximum spring extension, and p is the persistence
length.

The cell membrane viscoelasticity is imposed by introducing a viscous force on
each spring, which has the form,

Fi = =7 vij— ¥ (vij - ei))eij. ®

— tr dW,"
FRdt = W(vzwwgﬂ/:&f—ﬂwl) e, (10)

where 7 and 7€ are dissipative parameters; v;; is the relative velocity of spring

ends, and dWifj = dej - tr[dWiSj]l /3 is the traceless symmetric part of a random
matrix representing the Wiener increment.
The bending resistance of the RBC membrane is modeled by

V= Z kp [I—COS(ea[;—e())], (11)
o, pair

where k;, is the bending modulus constant, 6,4 is the instantaneous angle between
two adjacent triangles having common edge, and 6 is the spontaneous angle. In
addition, the RBC model includes the area and volume conservation constraints,
which mimic the area-incompressibility of the lipid bilayer and the incompressibil-
ity of the interior fluid, respectively. The corresponding energy terms are given by

kakpT (A —Ao)? kokgT (V —Vp)?
=T ora, T (12)
0 0
where k, and k, are the area and volume constraint coefficients. Here Ag and V;, are
the equilibrium area and volume of a cell, respectively.

The MS-RBC model is multiscale, as the RBC can be represented on the spec-
trin level, where each spring in the network corresponds to a single spectrin tetramer
with the equilibrium distance between two neighboring actin connections of ~ 75
nm. On the other hand, for more efficient computations, the RBC network can also
be highly coarse-grained with the equilibrium spring lengths of up to 500~600 nm.
In addition, being constructed from a coarse-grained molecular dynamics (CGMD)
approach, the MS-RBC model can naturally include membrane thermal fluctua-
tions (Fedosov et al 2011b, Chang et al 2017). Such formulations are compatible
with coarse-grained mechanical descriptions of the RBC membrane with the advan-
tage of including the viscosity of the RBC membrane without additional cost. Thus,
the particle-based whole-cell models can resolve subcellular and cellular scales.

A two-component particle-based whole-cell model, which separately accounts
for the lipid bilayer and cytoskeleton but implicitly includes the transmembrane pro-
teins, has been developed and implemented using DPD (Fig. 3b) (Peng et al 2013).
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In this two-component whole-cell model, the cell membrane is modeled by two
distinct components, i.e., the lipid bilayer and the spectrin network. Specifically,
through the DPD approach, each component is constructed by a two-dimensional
triangulated network, which is analogous to the one-component whole-cell model;
however, the lipid bilayer of the two-component whole-cell model has no shear stiff-
ness at healthy state but only bending stiffness and a very large local area stiffness,
whereas the cytoskeleton has no bending stiffness but possesses a finite shear stiff-
ness. In addition, this unique two-component whole-cell model takes into account
the bilayer-cytoskeleton interaction potential, which is expressed as a summation of
harmonic potentials given by

kps(d;—divo)?
Vigg = Z %’ (13)
Jj'€1...Nps

where kp; and Ny, are the spring constant and the number of bond connections be-
tween the lipid bilayer and the cytoskeleton, respectively. d;; is the distance be-
tween the vertex j of the cytoskeleton and the corresponding projection point j/ on
the lipid bilayer, with the corresponding unit vector n;y; d; v o is the initial distance
between the vertex j and the point j', which is set to zero in the current simulations.
Physical view of the local bilayer-cytoskeleton interactions include the major con-
nections via band-3 complex and ankyrin, as well as the secondary connections via
glycophorin C and actin junctions, here we consider them together as an effective
bilayer-cytoskeleton interaction and model it as a normal elastic force, ff].,, and a

tangential friction force, ffj,. The corresponding elastic force on the vertex j of the
cytoskeleton is given by

kps(div—dipo)n; s d;y <d.

E ) Mos\4jj 770057 Ji ¢

fii’_{o dy>d, (14)
i =

where d. ~ 0.2 um is the cutoff distance. The tangential friction force between the

two components is represented by

f}pj/ = —fos[Vjy — (vjj-mjpm;i], (15)

where fp, is the tangential friction coefficient and v, is the difference between the
two velocities.

The two-component whole-RBC model is capable of simulating the interactions
between the lipid bilayer and the cytoskeletal network of human RBCs (Peng et al
2013, Li et al 2014, Chang et al 2016). Furthermore, it is computationally more
efficient than the two-component OpenRBC model for blood flow modeling. Herein,
the two-component whole-cell RBC model has been used in simulations of blood
flow and quantified the existence of bilayer-cytoskeletal slip for RBC membrane in
pathological state (Peng et al 2013, Li et al 2014).
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4 Summary

To summarize the continuum-based and particle-based models of RBCs, we list the
main features and applications of some existing mesoscale RBC models in Table 1.
The main differences are the molecular details considered and the length scales these
model can reach. The two-component CG model focused on the detailed bilayer—
cytoskeletal interaction and transmembrane protein diffusion, but it is too expensive
to employ it to study a whole cell with current methodology. The two-component
DPD model studied the whole cell behavior and explored the bilayer—cytoskeletal
interaction in a simplified way. The three-level multiscale approach is developed to
bridge three models in different length scales, but due to the information passing,
some information is lost, such as the thermal fluctuations in the whole cell level.

Table 1 Comparison of different RBC models.

RBC Models AMain Characteristics Examples of Application
Two- t CGMD
wo COI:‘PMH — & N o » Transmembrane protein diffusion
odel . e
composi e.m ( epmjhce— c yer mo > RBC membrane defects
Lykotrafitis 2012, 2014, *  Small piece of membrane

» RBC membr: resiculati
Zhang et al 2015) membrane vesiculation

» Micropipette vesiculation

Three-level nmltiscale model ¢« FEM.LD and MC

(Peng et al 2010, 2011)

OpenRBC model (Tang et al
2017)

One-component DPD model
(Pivkin and Karniadakis 2008,
Fedosov et al 2010)
Two-component DPD model
(Peng et al 2013, Liet al
2014)

Two-component MPCD
model (Noguchi and Gompper
2005, McWhirter et al 2009)
LBM model (Zhang et al
2008. Reasor et al 2012)
Contimmm model
(Ramanujan and Pozrikidis
1008, Dao et al 2003, Yazdani
and Bagchi 2011Freund 2013)

Spanning from protein fo cell

One-particle-thick bilayer model
Bilayer-cytoskeletal interaction
Whole-cell level

Coupled with fluids

Systematic coarse-graining
Whole-cell level

Bilayer-cytoskeletal interaction
Whole-cell level
Coarse-graining model
Whole-cell level
Fluid-structure interaction

Whole-cell level

Uniform property
No molecular details

Dynamics of junctional complexes
Spectrin unfolding

RBC vesiculation
RBC lysis

Membrane thermal fluctuations.
Tank-treading motion
Microfluidics
Bilayer—cytoskeletal slip
Bilayer tethering

Membrane thermal fluctuations

Tube flow
Tank-treading motion

Blood rheology
Cell margination
Large-scale blood flow modeling

Tank-treading
Optical tweezers stretching

There are still plenty of room to improve these models. For example, only one-
way coupling has been done for the three-level multiscale RBC model, and two-way
coupling can be added to study how the deformation in the macroscale can influence
the dynamics of the proteins in the microscale. In addition, future effort will be put
on how to improve the efficiency of the two-component CGMD RBC model in
order to apply it in the whole cell scale and couple it with fluid motion. Such sim-
ulations could shed light on the coupling of biology, chemistry, and mechanics (the
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“triple-point”). To make model predictions more reliable, it would require further
mesoscopic validation and reliability testing of these models against experimental
and clinical studies. Moreover, smoothed dissipative particle dynamics (SDPD) and
smoothed particles hydrodynamics (SPH) have been also applied to study RBCs
models (Hosseini and Feng 2012, Fedosov et al 2014, Muller et al 2015). Com-
pared to conventional DPD, SDPD adopt advantages from smoothed particles hy-
drodynamics (SPH) (Van Liedekerke et al 2013), such as thermal consistency and
specification of viscosity.

Since the RBC is a model system for cell mechanics and biological membranes,
RBC models can be applied in other systems as well. For example, recently we
extended the two-component RBC DPD model to study the blood vessel walls by
considering the isotropic matrix and the anisotropic collagen fibers separately (Wit-
thoft et al 2016). Furthermore, we can also apply RBC models to study the lipid
bilayer and the actin cortex network or the intermediate filament network in general
eukaryotic cells, because some of them share similar structures as the spectrin net-
work of RBCs, such as the auditory outer hair cells and the nucleus lamina (Alberts
et al 2002, Boal 2012).
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