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Abstract of \Dissipative Particle Dynamics: theory, algoithms and application to
sickle cell anemia” by Huan Lei, Ph.D., Brown University, Mg 2012

Dissipative Particle Dynamics (DPD) is a mesoscopic simuian method, potentially
very e ective in simulating mesoscale hydrodynamics and &amatter. This thesis
addresses open theoretical and algorithmic questions of DRand demonstrates the
new developments with applications to blood ow in health asvell as in sickle cell
anemia. The rst part investigates the intrinsic relation d DPD to the microscopic
Molecular Dynamics (MD) method through the Mori-Zwanzig tleory. We provide a
physical explanation for the dissipative and random forcesy constructing a meso-
scopic system directly from a microscopic one. The relatiship between DPD and
MD is quanti ed and the many-body e ect on the hydrodynamics of the coarse-
grained system is discussed. We then address algorithmisuses and develop a sim-
ple approach for imposing proper no-slip boundary conditis for wall-bounded uid
systems and out ow boundary conditions for open uid systemm. The second part
deals with blood ow applications. First, we use DPD and muliscale red blood cell
models to investigate the transition of blood ow from Newtmian to non-Newtonian
behavior as the arteriole size decreases. Then, we developudti-scale model for the
sickle red blood cells (RBCs), accounting for diversity intepes and polymerization
of hemoglobin. Subsequently, we use this model to investtgaabnormal rheology
and hemodynamics of the sickle blood ow under di erent phyislogical conditions.
Despite the increased ow resistance, no occlusion was ohsel in a straight tube
under any conditions unless an adhesive dynamics model wapleitly incorporated
into our simulations. This new adhesion model includes botsickle RBCs as well as
leukocytes. The former interact with the vascular endothaim, with the deformable
sickle cells (SS2) exhibiting larger adhesion. The adhete8S2 cells further trap
rigid irreversible sickle cells (SS4) resulting in vaso-olasion in vessels less than
15m . Under in ammation, adherent leukocytes may also trap SS4etls resulting

in vaso-occlusion in even larger vessels.
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di erent morphologic states of deoxygentated SS-RBC by snaing
electron microscopy, reproduced from DK Kaul and H XueBlood,

1991 77:1353-1361, by permission. The label \B" correspantb the
original biconcave shape, whose morphological projectisgmshown in

Fig. 5.1, o oo, 100
Upper: tted surface of cell membrane for the sickle shapof SS-
RBC. Lower: For illustration purposes, the upper and lowergface

is shifted by 1 and 1 in the z direction respectively. The blue dots
represent the cell vertices obtained from the procedure deged in

the currentwork. . . . . . .. 102
Cell vertices (blue dots) and the tted surface of the celmembrane

for the elongated(upper) and granular (lower) shape of SS-RBC. . . . 102
Shear viscosity of the healthy blood and SS-RBC suspemss with Hct

= 45%. The dash lines represent the tted curve to the simulabn

0:

result by = be? °° + ¢, where is the shear rate. a, b and ¢

equal to 143 6:04;8:78 for healthy blood and 108, 5:5;239 for
deoxygenated SS-RBC suspension. The inset plot shows a stay

of the \granular* SS-RBCs inshear ow. . .. .. .......... 105
Shear viscosity of the sickle blood ow with di erent cdlmorphologies
reported in Ref. [87], Hct =40%. . . . . .. .. ... ... ...... 107
Increase of the ow resistance induced by the sickle bidaw for both
granular (a) and sickle (b) shapes. The inset plot shows a grehot

of the sickle cells in the tube ow. . . . ... ... .. ... ..... 110
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5.8 Cell orientation angle distributionf ( ) for healthy, sickle and gran-
ular cells in pipe ow. The cell orientation is de ned by the an-
gle between the ow direction (x) and the eigenvectorV1 of the
gyration tensor, as shown in the inset plot. The dash lines pe
resent the tted curves to the simulated results by superimpsed
gaussian wave functions. For the healthy celf ( ) = ae " + ¢,
wherea = 0:014b = 0:047p = 1:4;c = 0:002. For the granular
cell, f() = aje @l )* + ge @ 2)° \wherea, = 0:0315k, =
2942.c; = 0:012a, = 0:033h, = 44:75,¢c, = 0:018. For the elon-
gated cell,f () = ae 0 P + ge 20 ®)° 4+ 5,90 e %0 )

wherea; = 0:024 b, = 53:2;¢; = 0:02%,a, = 0:015b, = 70:3;¢c, =

0:015a3 = 0:025¢c3 = 0:2. The tting parameters are subject to the

constraint Rf( a =1, . 111
5.9 Sickle blood ow with adhesive dynamics. The green dotgpresent

the ligands coated on the vessel wall. The blue cells repres¢he

\active" group of sickle cell exhibiting adhesive interadbn with the

coated ligands. The red cells represent the \non-active" gup of

cells. Upper: a snapshot showing \active" group of cells oing into

the region coated with \ligands". Lower: a snapshot of the SRBCs

with local occlusion state. . . . . . . ... ... ... ......... 113
5.10 Mean velocity of the sickle blood at di erent stages ofhe adhesive

dynamics. The red and blue curve correspond to di erent presire

drop of 83 10*Pa=mand 135 1(PPa=mrespectively. . . . . . . . 115
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6.1 Sketches of typical cell shapes for deoxygenated SS-RBabserved

6.2
6.3

6.4

in experiments [24]. From left to right, the three sketchesepresent

the \sickle", \holly leaf" and \granular" shape of SS-RBCs. The
various cell morphologic states are mainly determined by éhspeci c
intracellular aligned hemoglobin polymer con gurations represented

by the solid lines. The dots represent the post-homogeneomscleus. 121
@Vbong=@7 near the equilibrium lengthly. . . . . . .. ... ... .. 128
Upper: successive snapshots of the sickle cell membranéhe di er-

ent development stages of the intracellular aligned hemadin poly-

mer domain with \linear" growth in x-direction. The left sketch
demonstrates the coarse-grained model for the aligned heglabin
polymer domain development: free sickle hemoglobin monoraggreen
color), represented by the DPD particles, can potentiallygin with the
pre-existed polymers (red color) with probability de ned ly Eq. (6.4).

A linear polymer con guration is adopted in the current casdo rep-
resent the speci c growth direction. Di erent polymer con gurations

are adopted to represent the various aligned hemoglobin paier do-
mains, as shown in Fig. 6.4 and Fig. 6.5. Lower: successivagshots

of the sickle cell with growing aligned hemoglobin polymerainain de-
ected in the z-direction (normal to the cell), resulting in the classical
\sickle" shape. . . . . . . . . .. 131
Successive snapshots of a SS-RBC with intracellulargaded hemoglobin
polymer domain of nite angular width. Two polymer branchesare

used to represent the angular spanning during the domain delep-

ment. The nal cell morphology resembles a \holly leaf" shap. . .. 132
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6.5 Successive snapshots of a SS-RBC with intracellulargeded hemoglobin
polymer domain of spherulite con guration, where the full @main is
lled with sickle hemoglobin polymers due to the high hetergeneous
nucleation rate during the growth procedure. The nal cell norphol-
ogy resembles a \granular" shape. . . . . .. ... ... ... ..... 13
6.6 Final morphologies of the \sickle" (top) and \holly leaf' (bottom)
shape of deoxygenated SS-RBC for di erent values of cell mbrane
shear modulus. The \sickle" shape of SS-RBC corresponds tow
mean corpuscular hemoglobin concentration value (32 g/dlgnd the
shear modulus of the cells shown above is set to 2040 3 and 70 o
according to experimental measurements [76]. The \hollyd¢" shape
of SS-RBC corresponds to medium mean corpuscular hemogitobon-
centration and the shear modulus is set to 3@, 60 o and 120 5. We
have also included a non-symmetric case in the fourth plot peesent-
ing a cell morphology with the post-homogeneous nucleus ohé cell
center with shear modulus 60q. . . . . . . . . . . . . . . ... ... 136
6.7 Instantaneous values of the Asphericity (solid lines)na Elliptical
shape factor (dash lines) of the \sickle" SS-RBC as the aligd hemoglobin
polymer domain develops. The red curves correspond to SS-®Riith
membrane shear modulus = 30 o and de ection angle ¢ = 179 .
The blue curves represent the SS-RBC with shear modulus= 60
and o=178:5 .. . . . . e 137
6.8 ASF and ESF for the various cell morphologies obtained. h€ label
\B",\G",\S", \H" and \E" represents the biconcave, granula r, sickle,
holly leaf and elongated shape, respectively. The snapskahow the
typical cell shapes for each type of SS-RBC morphology obtaid in
the presentstudy. . . . . . . . . .. ... 139
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6.9 Circular (CSF) and 2D elliptical shape factors (ELSF) fodi erent cell
morphologies obtained from both medical image process [{#d) and
present simulations (blue). The circle and square symbolgpresent
the shape factors of the granular and holly leaf SS-RBC. Theed
inverted triangle symbols represent both the \sickle" and e \elon-
gated" SS-RBC obtained from experiment as they are unclassi in
the experiment. The blue inverted triangle symbols represethe sim-
ulated \elongated" cells while the blue triangle symbols m@resent the
simulated \sickle" cells. . . . . . .. .. ... ... L.

6.10 Elongated shapes: with further aligned polymerizatioalong the spe-
ci ¢ direction, the granular cell (left) transforms into an \elongated"
cell with the cell center keeping the granular shape (upperght), re-
sembling the non-traditional \elongated" cell observed inRef. [24].
The lower right plot represents the nal cell morphology wih the high

growth rate imposed only on the upper right direction. . . . . .. ..

7.1 Successive snapshots of sickle red blood cells in sheay. Labels (a),
(b) and (c) represent a deformable SS2 cell, rigid SS3 celldaisC,
respectively. The arrow represents the ow direction. . .. . .. ..

7.2 Instantaneous velocity (left) and contact area (right)for the sickle
cells in shear ow conditions. Labels (a), (b) and (c) represnt the
simulation results of deformable discocyte, rigid discoty and ISC
cell, respectively. . . . . . . ..

7.3 Instantaneous contact area between the sickle cell arftktplate coated
with adhesive ligands. Labels (a), (b) and (c) represent th&imulation
results of discocyte with shear modulusg, 4:0 o and 1Q0 o, respec-

tively. Label (d) represents the case of ISC with shear modig of

XXVi



7.4

7.5
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7.7

Adhesive force between a sickle cells and the wall as adtion of the
membrane rigidity for two cell morphologies. The subplot stws a
sketch of the simulation set up, where a uniform lift force igpplied
onthe upperpartofanISC. . . . . ... ... ... .. ... ..... 162
Snapshots of blood cells in a cylinder tube @ = 10 m with H; =

30%. The blue and red cells represent the SS2 cells and the $SC
respectively. The subplot (a) represents the steady ow sta free of
adhesive interaction. Subplots (b-d) represent the snapsts of the
blood ow where adhesive interaction is applied to both the S2 cells

and the ISCs. Speci cally, (b) represents a snapshot where® SS2

cell adhere to the tube wall; (c) represents a snapshot whemgore

cells adhere to the tube wall; (d) represents a snapshot ofdiblood
occlusion state at the nal stage of the simulation. The sublpts (e-g)
represent the snapshots of the blood ow where adhesive indetion is

only applied to the ISCs. The subplot (f) shows a transient atesion
between ISC and the tube wall. Steady ow is recovered as thelt
detaches from the tube wall, as shownin(g). ... .. .. ... ... 6b
Instantaneous mean velocity of the blood ow in a cylindetube of

D = 10 m containing SS2 cells and ISCs. Adhesive interaction is
applied to both cell groups. The inset plots show several gpshots of

the blood ow in the simulation. . . . . . . ... ... ......... 166
Instantaneous mean velocity of the blood ow in a cylindetube of

D = 10 m containing SS2 cells and ISCs. Adhesive interaction is
only applied to the ISC group. The inset plots show two snapsis of

the blood ow in the simulation. . . . . . . . ... ... ... ..... 167
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7.8 Snapshots of the red blood cells in a cylinder tube Bf = 10 m with
H; = 30%. The blue and red cells represent the SS2 cells and héslt
cells, respectively. The subplot (a) represents the steadgw state
free of adhesive interaction. The subplots (b-d) represemnapshots
of the blood ow where adhesive interaction is applied to th&S2 cell
group. The SS2 cells adhere to the tube wall, as shown in the) @nd

(c). Healthy cells can squeeze through the adherent sites gfsown in

7.9 Instantaneous mean velocity of the blood ow in a cylindetube of

D =10 m containing SS2 and healthy cells. Adhesive interaction is

applied to the SS2 cell group. The inset plots show severalagshots

of the blood ow in the simulation. . . . .. ... ........... 168
7.10 Instantaneous mean velocity of the blood ow in a cylingr tube of

D =12 m, H; = 30%. Simulation parameters are similar to the case

showninFig. 7.6. . . . . . . . . . . .. ... 169
7.11 (a) Instantaneous mean velocity of the blood ow in a ciider tube
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Chapter 1

Introduction

1.1 Overview of Dissipative Particle Dynamics

The development of numerical modeling and simulation has emtly facilitated our
understanding of matter in condensed state. By imposing thelummy" interaction
principles and conservation laws withiocal particles/elements, numerical simulation
provides us a convenient tool to probe the evolution of the piical system with
microscopic details as well as extract the macroscopic prengpies of the systems on
global length scale. Dierent numerical simulation methods have &en developed
and applied to study the various physical systems on di erdnlength scales. At
the atomistic level, the density functional theory (DFT), developed in 1960's [70,
92] and improved in 1990's [15], can accurately calculateglground state of solid
matter and has been widely used to study the catalyst e ect imaterial sciences. At
the molecular level, the molecular dynamics (MD) method, [s®d on the empirical
interaction potential between the atomistic particles, ca successfully capture the
nucleation process and the following phase transition of ger-cooled water system
[109]. In the continuum region, numerical methods such asehnite element, spectral
element [79] and force coupling method [103, 110] have bedadely implemented in

the study of solid, uid and solid/ uid coupled systems.



Besides the physical systems discussed above, many inténgsphenomena of
condensed matter occur in physical and biological systema the mesoscopic level,
where both the atomistic and continuum methods show limitabn on numerical mod-
eling of these systems. On one hand, continuum approximatian general breaks
down on this length scale as it fails to capture the anisotrap feature of the local
mass and momentum transportation in such systems. On the ah hand, full rep-
resentation of such systems on atomistic level is prohibily expensive due to the
short time scale and large number of the microscopic parted. While the typical
time step in atomistic simulation is O(1)fs, many physical processes on this level
occur within the time scale O(1)s. Alternatively, several mesoscopic simulation
methods such as Brownian Dynamics (BD), Smooth Particle Hyddynamics (SPH)
and Dissipative Particle Dynamics (DPD) have been develogeto study the sys-
tems on this level. This thesis work mainly focuses on the tbey and numerical
applications of the DPD method.

Dissipative Particle Dynamics is a Lagrangian based partie method proposed
by Hoogerbrugge and Koelman [71] to simulate the complex hyxtlynamic processes
of isothermal uid systems. In this method, each DPD partict represents a coarse-
grained (CG) virtual cluster of multiple atomistic particles where the particle motion
is governed by the soft potential imposed between the DPD pi#les. Compared
with the classical MD method, the computational cost of the PD simulation is
greatly reduced due to the smaller number of simulation padles and the larger
computational time step. Moreover, the particle based fragwork enables us to easily
incorporate addition physical features into the systems ahextend its application
to complex uid systems such as polymer solutions [43], coitl suspensions [16] and
blood ow systems [125, 46], etc.

Di erent from the classical MD simulation, two additional force terms (dissipative
force and random force) appear in the governing equation di¢ DPD method. The

magnitude of the dissipative force between two DPD particteis proportional to their



relative velocities. It represents the energy dissipatiofrom a single DPD particle
to its neighbor particles. The random force term, on the conary, represents the
thermal perturbation on a single DPD particle from the surreinding environment.
Although the coupling of these two force terms determine ththermal temperature
of the uid systems (following the uctuation-dissipation theorem), we note that
they are not merely the thermostat forces as the ones introdad in the Nose-Hoover
thermostat. Instead, theoretical work shows that these twdorce terms originate
from the eliminated atomistic degrees of freedom during thearse-graining process,
see Ref. [115, 153, 90]. Following these studies, one questirises naturally: does
there exist a direct mapping between an atomistic system aredDPD system through
the coarse-graining process? We address this issue in that part of the thesis.
Starting from an atomistic system, we construct a CG systemithin the framework
of the Mori-Zwanzig theory [115, 153]. Simpli cation of theCG equations with
Markovian approximation results in a force eld similar to the DPD formulation.
Physical similarities and di erences between two systemsitlv di erent length scales
are identi ed.

Although the DPD systems show intrinsic relationship with he atomistic systems
as discussed above, we note that there is no unique relatibinsbetween the physical
units of the two systems [88, 97]. In practice, the parametgiof the DPD force terms
are usually chosen such that the fundamental properties (ogressibility, kinematic
viscosity, etc.) of the DPD systems match with the simulated systems. By pragrly
choosing the simulation parameters and imposing correct +ship boundary conditions
[126], the DPD simulations show consistent results with thatomistic/continuum
simulations in both periodic and wall bounded systems.g, see Ref. [88]. Following
this work, in the second part of this thesis, we aim to develop novel out ow
boundary conditions which enables us to simulate uid systas of multiple outlets
with di erent ow rates.

The third part of this thesis mainly focuses on the developnmé of a multi-scale



model of the sickle red blood cell, which is then used to studyne morphological

transition of the single cells as well as the abnormal rheg@g and hemodynamics of
the sickle blood ow. Remarkably, sickle cell anemia origates from an abnormal
amino acid in the hemoglobin molecule within the erythrocy, which is on the
length scale of O(1)nm; on the contrary, the hematological disorder of sickle blab
such as vaso-occlusion often occurs on the length scale ofil@(m . Due to the

large span of the length scale, MD simulation would be extregty expensive or even
beyond computation capacity for this system. Alternativey, the mesoscale DPD
method provides us a convenient tool to probe the biophysiceharacteristics of this

disease with reasonable computational complexity. We pre# some background

information of the sickle cell anemia in the next section.

1.2 Background information of sickle cell anemia

Sickle cell anemia is a genetic disease which can cause sgwgpes of blood disorder
such as vaso-occlusive crisis, splenic sequestrationisriBemolytic crisis,etc. In the
United States, this disease mainly a ects the Americans ofuUB-Saharan African
descent with the prevalence of 1 in 500 in the African-Ameiamn children. According
to the National Institues of Health [1], the average life exgctancy of the patients
with sickle cell anemia is round 50 years or beyond.

This disease is named by the special \elongated, sickledagie" cells identi ed
in the blood sample of an American-African patient, as rst @&scribed by James B.
Herrick [67] in 1910. In 1949, Linus Pauling and his colleags, for the rst time,
proposed that this disease is attributed to the abnormal heaglobin molecules within
the erythrocyte [123]. Subsequent studies [75] reveal that the sickle hemoglobin
molecule (HbS), the hydrophilic amino acid glutamic acid isubstituted by the hy-
drophobic amino acid valine at the 6 chain site. In hypoxia conditions, the

HbS molecules aggregate into polymerized state, resultimg the distortion of the



cell membranes. This process is well characterized by theutdde nucleation model

proposed by Ferroneet al. [51, 52]. According to this model, the formation of a HbS
polymer domain is triggered by the homogeneous nucleatiohtbe HbS molecules in
bulk solution and proceeds with the explosive growth via pgier elongation and het-

erogeneous nucleation on the pre-existing HbS polymers. tBoéhe homogeneous and
the heterogeneous nucleation rates show extremely high centration dependence
(with power between 40 and 100). Therefore, the intracellat HbS concentration

plays a predominant role in determining the nal con guration of polymer domain,

and therefore has a profound in uence on the cell morphology the deoxygenated

state.

Besides the abnormal cell morphology, sickle cell also elsits elevated cell rigidity
due to the intracellular polymerization. This results in the abnormal rheology and
hemodynamics of the sickle blood ow. Experimental inveggations show that sickle
cell suspensions exhibit larger shear viscosity in bulk sdre ow systems and elevated
apparent viscosity inex vivomicrovascular systems.

Remarkably, one of the most important clinical feature of tk sickle cell anemia
is the vaso-occlusive crisis, as this is the major cause oétmorbidity and mortality
of the SCD patients. Early studies suspect that the pathoplsiology of this crisis
is the sickling process of a single cell during the circulat in capillaries. However,
subsequent studies indicate that the vaso-occlusion cesis a far more complicated
process incorporating multiple inter-related factors [83L47].

In this thesis, we develop a multi-scale model of the sicklea blood cell within the
framework of the DPD method and use this model to investigattihe cell morpholog-
ical transition, the abnormal rheology as well as the vasoeolusion crisis introduced

above.



1.3 Outline

The thesis is organized as follows. In the rst two chapterswe discuss the new
capabilities of the DPD method. In the third chapter, we use e DPD method to
identify the non-Newtonian to Newtonian transition for blood ow. The rest of this
thesis is devoted to construct a multi-scale model of the &ie red blood cell and use
this model to quantify the biophysical characteristics ofhie sickle cell anemia.

In chapter 2, we review the DPD method as a coarse-grained (f@nalogue of
Molecular Dynamics (MD) and investigate the intrinsic reldionship between the MD
and DPD method by constructing a mesoscopic system directfiyom a microscopic
system. The dissipative and random force terms are computeding the Markovian
approximation. The many-body e ect on the coarse-grainedofce eld is identi ed
and discussed.

In chapter 3, we develop a no-slip boundary condition for thevall-bounded DPD
uid systems and an out ow boundary condition for open uid systems with multiple
outlets. The boundary methods are validated by comparing #h DPD simulation
results with the continuum (Navier-Stokes equation) restd.

In chapter 4, we present an application of the DPD method in siulating the
blood ow in small vessels. By analyzing the micro-structies and local viscosities
of the blood ow, we identify a non-continuum to continuum transition as the tube
diameter increases to above 1080 .

In chapter 5, we develop a multi-scale model of the sickle rddood cell basing
on Dissipative Particle Dynamics, where di erent cell morpology and membrane
properties can be incorporated. We implement this model tdwly the rheology and
hemodynamics of the sickle blood in both shear and tube ow siems.

In chapter 6, we develop a coarse-grained model of the intedlular aligned
hemoglobin polymer. We use this model to investigate the mainological transition
process of the sickle red blood cells. The heterogeneous cerphologies are com-

pared with the experimental data using di erent structural factors (circular shape



factor, elliptical shape factor,etc.).

In chapter 7, we use the sickle red blood cell model developadChap. 4 to study
the vaso-occlusion crisis in sickle cell anemia. By invegditing the adhesive capabil-
ities among the heterogeneous cell groups, we identify thpeei c hemodynamical
conditions that trigger the vaso-occlusion conditions. Weompare the simulation
results with the ex vivoexperimental observations.

We conclude in chapter 8 with a brief discussion about the fute work.



Chapter 2

Direct construction of Dissipatve
Particle Dynamics system from

MICroscopic system

2.1 Introduction

Many of the macroscopic phenomena observed for soft mattesych as liquid crys-
tals, polymers, and colloids are consequences of physicalqesses at the microscopic
level. 1t is usually extremely di cult and even beyond compuational capacity to
describe these systems at the microscopic level due to theodghtime scale and the
large number of microscopic particles. Alternatively, mayn coarse-grained methods
such as Langevin Dynamics [135], Smooth Particle Hydrodymacs (SPH) [106, 58],
and Dissipative Particle Dynamics (DPD) [71] have been pragsed to describe sys-
tems at mesoscopic scales, in which the force parameters elhesen to match some
macroscopic properties, e.g., compressibility [60] or disivity [117, 95, 101]. Physi-
cally, any system at a certain level of interest can be deskdd by its Hamiltonian, its
governing equations and interaction parameters, all deded from a more fundamen-

tal description. At the microscopic level, the long-rangedrm of the Lennard-Jones



potential can be derived from a two-body renormalized dipetdipole interaction in
quantum electrodynamics. Similarly, the coarse-grainedCG) description at the
mesoscale level employs a procedure for eliminating thetfasicroscopic variables of
atoms or molecules and deducing the evolution of mesoscopériables with slower
dynamic modes [37]. Therefore, it is of great interest to elgre if the parameters
of the e ective forces of the mesoscopic models can be directly evaluatednfrthe
microscopic level by a general method.

From the classical Liouville equation, Zwanzig [153] and Mio[115] introduced
the projector operator method, which provides the theoretal basis for the coarse-
graining procedure. Several studies have been reported dretapplication of this
method to di erent systems, e.g., the one-dimensional haromic chain [37], the single
tagged particle [149, 138], and the polymer chain [3]. Redbna more generalized
equation of motion for coarse-grained many-body systems svaroposed by Kinjo
and Hyodo [90], which describes the dynamics of the mesoscoyariables with an
explicit relationship to the microscopic description. It @an be viewed as apriori " CG
equation from which the Langevin Dynamics and Dissipative d&ticle Dynamics can
be derived from di erent assumptions. The generalized eqtian of motion consists
of three types of forces: the ensemble averagenservativeforce, the random force
re ecting the microscopic uctuations around the ensembleaverage force, and the
friction force determined from the time correlation of the random fae. The latter
two are the dissipation and noise terms originating from theliminated degrees of
freedom as a consequence of the coarse graining [37].

The static properties of the CG system are closely related to the avemadorce
eld. Extensive studies on this relation have been reportefor many di erent sys-
tems [39, 91, 105, 89, 4, 63, 56]. Espanol [39] modeled the Dfdticles by grouping
several LJ particles into clusters, and derived the consextive force eld from the
radial distribution function of the clusters. Akkermans aml Briels [4] computed the

e ective force eld by minimizing the free energy di erencebetween the CG and
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MD systems. Harmandariset al. [63] and Fukunageet al. [56] extracted the e ective
force eld for complex polymers from the distribution funcions of the bond length,
bending angle and torsion angle. However, much less work Hasused on thedis-
sipative and random forces of the coarse-grained systems, which play a cruciale
in determining the dynamic properties of the CG system. To tis end, Akkermans
and Briels [3] computed the Langevin-type friction force foa single tagged chain.
Eriksson et al. [35] estimated the dissipative force term of DPD system byhe force
covariance function. The absence of the dissipation and réom terms introduces
an ambiguity on the time scale of the CG system, which is typadly resolved by
matching the di usivities of the two systems. However, for amplex uid problems
such simple matching may not be applicable as more than onerd@mic property are
involved.

The aim of this chapter is to construct a mesoscopic system dfisters of micro-
scopic particles governed by the Lennard-Jones potentiat@investigate its behavior.
The dissipative and random force as well as the e ective medorce are evaluated
directly from the microscopic system. Both static and dyname properties are eval-
uated in terms of the reduced LJ units without re-scaling the time unit between
the two systems. Both Langevin and DPD simulations are penfmed separately de-
pending on the di erent random force models we choose. In threspect, we expect
similar results for both static and dynamic properties beteen the CG and micro-
scopic simulation results. By such comparisons we expectgain some insight into
the relationship between the two levels of description.

The chapter is organized as follows. In Sec. 2.2, we reviewetlyeneral CG
equation proposed by Kinjo and Hyodo, and simplify it with futher approximations.
In Sec. 2.3, we construct a microscopic model from which wetrct the force eld
for the CG model of the system. In Sec. 2.4, we investigate ti&G system governed
by the Langevin and the DPD equations of motion and compare éresults with MD

simulations. In Sec. 2.5, we discuss the e ect of di erent fyes of CG force elds.
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We conclude in Sec. 2.6 with a brief discussion.

2.2 Theoretical background

Let us consider a microscopic system witlN particles, each with massm. The

Hamiltonian of the system is

XN h2 X
IO.+
12m

H = v(@ri  rjl); (2.1)

i<j

wherep is the particle momentum andv (r) stands for the potential energy between
two atomistic particles. If we divide the system into K groug with N particles in
each group, then the Hamiltonian can be rewritten with respe to the coordinate

of center of mass (COM) of each group and relative position$ each particle to its
group, i.e.,

H= — + — + V (jR R j)
. 2M - 2m
x X . .
+ vort,ore, (2.2)
=1 i< j

where M is the mass of group , and m , is the mass ofith particle in group
R and P denote the position of the COM and the total momentum of the grup
, respectively, whileV (R) is the interaction potential between two groups and
. Also, roi and poi are the relative position and momentum, respectively, dath
particle with respect to the COM of group , where
m;

PO =pi TP (2.3)

If the system is in the NVT ensemble, Eqg. (2.1) and Eq. (2.2) xeal that the atomistic

particles and the clusters are coupled with a thermostat athe same temperature.
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This is based on the equi-partition theorem, as shown below iEq. (2.4), noting
that the added K quadratic terms in Eq. (2.2) are eliminated i the K constraints

implied by Eq. (2.3). * L
oo P

3. T
o = i = okl (2.4)

Therefore, if we coarse grain the original atomistic systenmto K clusters, the re-
sulting system will be thermodynamically consistent.
The equation of motion of the CG groups in this system, derigeby Kinjo and

Hyodo [90], can be approximated by

z
_ 1l @ X o Q
P = ® In! (R) L ds F&(t s)
E
Feo) " P& Fo; 25)

where =1=kgT andR 2 R3K is a point in the phase space of the CG grougs The
three terms on the right-hand-side of Eq. (2.5) represent thaverage conservative,
dissipative, and random forces, respectively. Our objeut is to evaluate the three
terms directly from a speci c microscopic model with furthe approximations, as
discussed below.

Here,! (R) in the rst term can be viewed as a normalized partition funtion of
all the microscopic con gurations corresponding to poinR in the CG phase space

de ned by: 7
ANt R R eV
'(R) = Z . (2.6)
dNere Y

where U is the potential energy of the atomistic system. Thereforghe rst term is
the ensemble average force on groupover all the microscopic phase points corre-

sponding to a speci ¢ CG phase poinR, denoted ashF i .

1A point in phase space is R;P) 2 R®K | but here we neglect the momentum part.
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The last term FQ (t) is the uctuating force on group . The second term is
the dissipative force, which contains an integral of the meony kernel of the random
force. A direct computation of this term is very di cult, eve n for the 1D harmonic
chain [37]. In practice, if the typical time scale of the mom#um and random force
correlation of the CG cluster isseparable(e.g., if the correlation function of the
velocity decays much more slowly than the correlation funmin of the random force,

as we will show in Sec. 2.4), we can make a Markovian approxitizae as

D E

FOtt s) FR) ' =2 (t s); 2.7)
Z
Ot dsD FOt s) F2(0) = PM(S) = PM—(t); (2.8)
where the factor 2 in Eq. (2.7) comes from the integration ovehe delta function
from 0, and is the friction matrix de ned by
Z; D E
dt  FR(t) FR() ' : (2.9)

0

Given Eg. (2.7) and (2.8), the general CG Eq. (2.5) can be apptimated as a real
time equation, i.e, it does not depend on the time history. Hee, each term can be

evaluated by microscopic simulation methods, as shown ingmext section.

2.3 Microscopic model

2.3.1 Lennard-Jones system

We employ molecular dynamics (MD) simulation in a 2020 20 box with periodic
boundary conditions. We run several di erent cases but theafkgest size is 6400

particles governed by the Lennard-Jones (LJ) potential, gdsted to vanish at the
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cuto radius rg,

v (r) v (re); (2.10)
12 6
4 - -
r r

v(r)

v (1)

wherer. is 25 . All the quantities in this and the following sections are eaduated in
the reducedLJ units (e.g., the length, mass and energy units are, 1, respectively).
The particles are grouped into K clusters withN. particles per cluster. The cluster
number density is de ned as

¢c= =Ng; (2.11)

where is the number density of the LJ system. For each cluster, theJ particles
are subject to the constraint of constant radius of gyratior{Ry), i.e.,

1 Xe 2 _ p2_ .

N. (ri R )" = Rg= constant; (2.12)

i=1

whereR is the COM of the cluster , as shown in Fig. 2.1. The radius of gyration
Ry is a natural measure of the cluster size. Although the LJ padles may wander
across the cluster surfaces, the constraint associates ttanstituent particles with a

speci c cluster so that the dynamic properties of the clusts can be evaluated [89].

It de nes the inner number density of the atomistic particles inside each cluster
4
inner = Nc::_,_) RS (2.13)

The system was simulated in a NVT ensemble with the Nose-Hamvthermostat
and the RATTLE algorithm to deal with the constraints [108, §. The time step was
varied from5 10 #to 10 3.

Theoretically, the coarse-grained potential eld of the alisters Ucc(R) depends

on the K-body con guration fRg (R1;Ry; Rk ; ¢; T), as does the average force
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Figure 2.1: A sketch of the force between two clusters. Smalpheres represent
atomistic particles while shells represent CG particles. He force vectors drawn in
the gure correspond to the instantaneous forces obtaineddm the MD simulation.
The total force F  between two clusters is generally not parallel to the radialector
e

hF i . on cluster , which is dicult to evaluate directly. If we approximate th e
mean eld force on a single cluster by pair-wise forces witlespect to other clus-
ters [89],hF i _ can be simplied asP ¢ (R )i, wherelf (r)i is the average pair
force between two clusters and can be obtained by the MD sination with speci c
cluster density . and temperaturekg T. (We note, however, that this assumption
may lead to erroneous results at high densities, as we willsduss later in Sec. 2.4.)
To compute the average pair forcef (r)i, we divide the distance between two clusters
into several bins with dr the distance between each bin. Therkf (r)i is obtained
by taking the ensemble average of the radial component of thestantaneous force
f between two clusters and , over all microscopic con gurations with the pair

distance betweerr dr=2 andr + dr=2, i.e.,

H(r)i= f Ei— : (2.14)

r dr=2<R <r +dr=2

We also introduce the corresponding pair potential of meawoifcehV (r)i as the spatial
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integration of i (r)i, i.e.,

Z 1
W)=  H@E9ide (2.15)

r

From the simulations, we found that the average force (potd¢ial) eld depends on
the temperaturekg T, the radius of gyration Ry, the number of particle within each
cluster N¢, and the number density of the clusters .. We discuss our ndings in

detail below.

2.3.2 Simulation Results

We examine the average pair forcé (r)i for two dierent values Ry = 0:95 and
Ry = 1:4397 (the latter value is chosen so thatime = 0:8). Fig. 2.2 shows the
temperature-scaled pair potential h (r)i for . =0:08 andN. =10. Compared to
the LJ system, the CG potential eld for both Ry values show softer and temperature-
dependent properties. FoRy = 1:4397, the potential eld is similar to the Gaussian
chain model [105]. ForRy = 0:95, the clusters behave more like a \single" LJ
particle and therefore the force eld is stier with a stronger repulsive force and
deeper attractive well. With temperature between 2.0 and 8, both force elds
collapse approximately onto a single curve; this property Wbe discussed further in
conjunction with the results of static properties later in his section.

We also examine the potential eld with di erent number of paticle per cluster
N, whereas the inner density j.ner IS the same that atN. = 10 by choosing the
proper value ofRy. Similar temperature dependence is observed. Moreoverwé
scale the potential byN. and the distance byRy, the potential functions approxi-
mately collapse into a single curve, as shown in Fig. 2.3. Babkon the results we

obtained, we can propose the following scaling:
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Figure 2.2: Potential of the average pair force scaled by tgrarature, with =0:8,
N¢ =10, Ry = 0:95 (left) and Ry = 1:4397 (right).
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Figure 2.3: Potential of the average pair force scaled by, with kg T =3:0, =0:8,
N¢ =10, Rg = 0:95 (left) and Ry = 1:4397(right).
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Figure 2.4: Potential of the average pair force for di erendensities with N, = 10,
ke T =3:0, Rg = 0:95 (left) and Ry = 1:4397 (right).

Noks T\ )
Ry (2.16)

V()i Ncks Tg(r=Ry);

H (r)i

whereh(r) = dg(r)=dr and g(r) are dimensionless functions depending on and
inner - Note that these simulation results are similar to the scatg relationship for
an unconstrained DPD system as derived in [55].

Fig. 2.4 showdT (r)i for di erent number densities . at xed temperature kg T =
3:0. Compared with theR4 = 0:95 case/T (r)i for Ry = 1:4397 depends strongly on
¢, indicating a signi cant many-body e ect, which may a ect t he properties of the

coarse-grained system, as discussed in Sec. 2.4.

Having obtained the CG force eld, we now turn to thestatic and dynamic
properties of the system. Fig. 2.5 shows the radial distriltion function g(r) of the
clusters at di erent temperatures. ForRy = 1:4397,9(r) is at and similar to the

standard DPD result, while for Ry = 0:95, g(r) is much sharper, similar to the
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Figure 2.5: Radial distribution function g(r) computed for di erent temperatures,
with = 0:8, N = 10, Ry = 0:95 andRy = 1:4397. For the latter case, the three
curves coincide.

\single" LJ particle result as expected. Unlike the simple uid system, the radial
distribution function shows very weak dependence on tempure between 2.0 and
5.0. This result can be readily understood from the weak tenspature-dependence
of W (r)i shown in Fig. 2.2.

For dynamic properties, we determine the self-di usivity of the clustes in the

MD system by the Einstein relationship
D = lim + <R ) R (0)j*>: (2.17)
T a1 6t J J ' '

We determine the viscosity of the MD system by the periodic Reeuille ow method [10]
and Lees-Edwards Couette ow. The velocity prole obtainedfor the periodic
Poiseuille ow is shown in Fig. 2.6. For simulation details\we refer to [10]. The

dynamic properties are listed in table 2.1.
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R, D S.

0.8 095 00234 7.41 39
0.4 095 0271 1.05 9.69
0.8 1.4397 0.0255 7.08 347
0.4 14397 0.141 166 29.4

Table 2.1: Dynamic properties for the MD system withkg T = 3:0, N. = 10; D,
and S, stand for di usivity, dynamic viscosity, and Schmidt number, respectively.

- [ g 1 1 1 1
0195—10 5 0 5 10 15

Figure 2.6: Velocity pro les obtained using the periodic Pseuille ow method.
The square and circle symbols represent velocity prolesrfo = 0:8 and = 0:4,
respectively. The lines are quadratic t curves for each cas The body forceg, is
added on each atomistic particleyg, is chosen as 0.02 and 0.005 for= 0:8 and

= 0:4, respectively. The box size is changed to 35 15 in this test and the
temperature iskg T = 3:0.
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2.4 Coarse Grained Models

To investigate the relationship between the two di erent sales we construct di erent
mesoscalenodels based on the microscopic results in previous sectidgpeci cally,
we construct CG clusters whose mass is the sum of the mass of ldarticles within
each cluster. The CG system remains in the canonical ensemlat the same tem-

perature kg T.

2.4.1 Mean force eld approach

We start with a very simple model where we employ only the avage force eld,
i.e., the rst term in EQ. (2.5). The static properties are deéermined by this term.
Fig. 2.7 compares the Equation of State (EOS) of the CG systemith the MD
system. The results are close to the MD results with a di erese less than 2%.
Fig. 2.8 compares the radial distribution function of the sgtem. For Ry = 0:95,
the results of the MD and CG systems match well over the entirdensity regime.
However, forRy = 1:4397 and . = 0:08, the CG result shows a sharper peak than
the MD result. Similar di erences have been reported for ele polymer chains
in [56, 4]. In contrast, Akkermans and Briels [5] proposed @racture-based e ective
potential which reproduces the radial distribution of coase-grained polymer system
over the entire density regime. However, it generates a peese much lower than the
MD system. These di erences are primarily due to the approriation of the clusters
as point particles and the absence of the full many-body intaction, which plays an
important role at high density and largerRy.

In general, the mean eld by itself cannot reproduce the coect dynamic prop-
erties of the CG system. As an illustration, we calculate theelf-di usion coe -
cient and the dynamic viscosity for CG system oRy = 1:4397 with . = 0:08 and
ke T = 3:0. The results areDyr = 0:53 and yr = 0:74 respectively, indicating

a larger mass transport and smaller momentum transport, cgmared with the MD
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Figure 2.7: Pressure computed by MD and CG simulations fod, = 10, kg T = 3:0
with Ry =0:95 andRy = 1:4397.

system Oyp = 0:0255, yp = 7:08). Moreover, this discrepancy cannot be elimi-
nated by simply re-scaling the units of the CG system. Spedally, if we arti cially
match the di usivity of two system by re-scaling the time unt of the CG system
while keeping the length and mass units xed, the scaled timanit of CG system
is [tlur = 20:78[tlup - Consequently, the dynamic viscosity of the CG system, by
the mean eld model, should be 4M J9L][tlue = 0:0356M ]=[L][t]up , Which is
di erent from the MD result yp = 7:08. In particular, the dimensionless Schmidt
number is di erent in the two systems. In the MD system,Sqyp is around 347 (see
table 1) while in the mean eld Sgyr is around 1. Therefore, the dissipative and
random force terms in Eg. (2.5) cannot be neglected, if the dgmic properties are

considered.
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Figure 2.8: Radial distribution function of the coarse-grimed particles for . =0:08
and . = 0:04, with Ry = 0:95 (left) and 1:4397 (right). The lines denote the MD

simulation results. The symbols correspond to MD simulatits.

2.4.2 Langevin thermostat approach

Next, we discuss a model including the dissipative and randoforce terms. We
assume that the random force of each component on each CG peld is an identical
independently distributed (i.i.d.) variable and hence Eq.(2.8) and Eq. (2.7) are
simpli ed, respectively, as

Zi D =
ds FO@t s) FRWO) =
0

2, (2.18)

NI

Fe(0) FRM = 2 . (b (2.19)

where| is the identity matrix, and we dene =0:5 2 as the friction coe cient.

The uctuation-dissipation theorem is satis ed, and Eq. (25) simpli es to:

X
R = H( ie V + F<; (2.20)

6
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Figure 2.9: Computation of the Langevin thermostat coe ciat. (a-b): Time correla-
tion of the velocity and random force on each cluster for=0:8,N. =10, kg T = 3:0.
The solid line denotes ensemble correlation of the x-compant of total random force
on a cluster. The dashed line denotes the velocity cogelafi of the x-component.

(c-d): Time integration of correlation de ned by (t) =
3:0 for Ry = 0:95 andt

The result converges whe

s F20) F(t s) ds.

15.0 for Rq = 1:4397.
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where V is the velocity of the CG particle. This model states that themotion
of the CG particles is coupled with the standard Langevin thenostat [135, 93],
as implemented in the coarse-grained polymer melts [117].of¢ that the friction
coe cient is not casually chosen but computed by Eq. (2.18).

The instantaneous random force term on a single clusteris FQ = F hF i,
wherehF i is a function depending orK  bodycon gurations of the system, which
is di cult to evaluate directly. In practice, we approximat e hF i by decomposing it
into pairwise functions as discussed in Sec. 2.3.1. Accargly, we approximate F©
as

FQ fQ: (2.21)
where fQ is the pairwise random force between cluster and , de ned as
fQ=f hf(nie ; (2.22)

wheref is the instantaneous force between the two clusters.

Fig. 2.9 shows the correlation function of the random forcenaa single cluster. It
also veri es the Markovian approximation in Eq. (2.8) sincethe autocorrelation of
velocity decays slower than the random force correlation. hE friction coe cient is
obtained by taking the long-time integration of the random érce correlation function
until a converged value is obtained.

Having obtained the friction coe cient, we are ready to simdate the CG system
by Eqg. (2.20) using the standard algorithm [6]. The temperatre is kept constant
by the Langevin thermostat and the static properties are dermined by the mean
force term as shown in the previous section. F&®y = 0:95 and .= 0:08( = 0:8),
the self-di usion coe cient determined by this method is D p = 0:0063, which is
approximately four times smaller than the MD result Dyp = 0:0234), see table I.

Moreover, this CG system does not capture the correct hydrgdamics. This

result originates from Eg. (2.19), which assumes that the raom force on each CG
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particle is independent and therefore cannot be represedtén a pairwise fashion.
Physically, it appears that each CG patrticle is surroundedypsome heat bath parti-
cles [32], and the random force on each particle arises frohetmal collisions with
heat bath particles. Therefore, the momentum transport be&teen two clusters in
the MD system is modeled in two parts: the pairwise interaabn between the two
CG patrticles through the mean force eld, and the thermal cdisions with the heat
bath particles represented as the i.i.d. forceF? on each particle. Speci cally, if the
conservative interaction is much larger than the thermal dbision e ect, the system
approaches the Newtonian regime [122]. However, if the fiam and random forces
become comparable with the conservative force (as in the easf this study), the
Langevin thermostat signi cantly damps the hydrodynamic orrelation [32] between
the particles, and the system cannot reproduce the correcytirodynamics [122, 142].
In this study, the loss of momentum transport between the CG aticles in the ran-

dom force eld eliminates the information needed for the caulation of viscosity.

2.4.3 Dissipative Particle Dynamics (DPD)

To establish the correlation of the random force between dérent CG clusters, we
decompose the random force into additive pairwise compongrbetween di erent
particles. Generally, the random force f° de ned by Eqg. (2.22) is not along the
radial direction e , as shown in Fig. 2.1. Therefore, we decomposE?® into two

parts: the radial force alonge and the perpendicular part, e.g.,

fQ

e e fR+(1 e e')f@

foe + 9., (2.23)
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where f? , is the perpendicular part of the random force. We assume thahe

random force pairs are independent and uncorrelated in timee.,

D E
F20)F 9,0

f2,0) f2,()

Wi (R) ZK(t)

2[ »>wo (R)PK(1); (2.24)

where W (R) and »w, (R) are the variances of the random force depending on

the distance R, and

K(t) = ( + ) (©): (2.25)

These assumptions lead to

fO (0) fRM)T =( )
fQ (0) fo ()T : (2.26)
YA 1
In addition, the memory kernel fQ(0) fQ(t)"T dt is isotropic in planes per-

0
pendicular toe . Therefore, we decompose the matrix as

Z,

fR0) ()T dt

0
(R e e"+ ,(R)I e e ; (2.27)

where , and - are scalars depending oR . Using Eq. (2.24), they are determined

by

k(R )

|
D

Z, D E
= dt 2 ,(0)f 2, (1)

Wi(R ) ° (2.28)
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?(R):}TrleeT | e €
L
= - Tr | e e’ fR(0) fo)T
2 0
% e e dt
1 1
= 5 fO,0) f2,(t) dt
0
1
= > [ »w> (R )]23 (2.29)

The dissipative force on a single cluster is then obtained from:

X £1
FR(s)FQ(0)" dsVv
0
X X X 21
= fQ()fR(0)T dsv
X X% &
= ( ) (R )e e + (R )I ee VvV
x °° X
= «(R )e e (V V )+ »(R)I ee (Vv V)
X x °
= «(R )(e V )e + (R )V (e V )Ye ): (230
6 6

Similar to Eq. (2.8), the above approximation replaces theaomtinuously varying

impulses on a CG particle by discrete time-independent vadg, along both the radial
and perpendicular directions for each pair. The rst term orthe right hand side of the
above equation is the dissipative force of standard DPD [690, 40]. The second term
represents the friction between two CG particles along thegppendicular directions.
This is exactly the dissipative force for the \transverse DP thermostat", recently

proposed by Junghant al. [78]. Putting the three terms together, we obtain the

generalized DPD equation
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X X
R = H( e k(R )(e V )e

6 6
X X (2.31)

+ » (R )(V (e V )e )+ fQ;

Speci cally, we use Eq. (2.28) and Eq. (2.29) to calculate #hfriction coe cient in
the radial and perpendicular directions, withf ¢, and f? , de ned by Eq. (2.23).
Noting that the radial vector e changes with time, the random force termd ? (D
and f ?? (t) are de ned by projecting F® (t) onto the vector e at time zero.
Fig. 2.10(a) and Fig. 2.10(b) show the random force correian along both the
parallel and perpendicular direction. ForRy = 0:95, the clusters behave like the
\single" particles, and the radial part of random force domiates for most distances.
However, for the largerRy = 1:4397, the shearing part becomes comparable to the
radial part, and the integration converges for longer timesas shown in Fig. 2.10(d).

Fig. 2.11 shows the friction coe cients for dierent distances with Rq = 0:95,
keT =3:0. We tthe | and -, by polynomialsa(1:0 r=b)", where nis 4.0 and
3.0, respectively. Using the tted function form of , we simulate the CG system by
DPD using both the radial and the shear thermostat [78]. In K. 2.12 and Fig. 2.13,
we show the mean square displacement of the CG system in thadetime region and
the velocity correlations in short-time region. The di erence in the results obtained
with the best t and the original points is less than 5%. Fig. 214 shows velocity
pro les from both the MD and DPD systems obtained by the peridic Poiseuille ow
method. As the momentum transport between clusters is repented by pairwise
forces, the simulation results recover Newtonian ow beh&w in this model, as
expected. The dynamic properties of the DPD system are listan table 2.2.

The DPD results show smaller di usivities and larger viscages compared with
the MD results, the deviations being di erent for the four caes. ForRy = 0:95,

the dierence of the diusivity is about 16% and 1:2% for DPD densities . =
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Figure 2.10: Upper: Time correlation of the pairwise randonforce between two
clusters for = 0:8, N. = 10, kg T = 3:0, with (a) Ry = 0:95r = 2:65 and
(b) Rqy = 1:4397r = 2:25. The solid line is the radial part and the dash line is
the perpendicular part. The velocity correlation functiondecays slower than the
random force as shown. Lower: time integration of the cormion function with (c)
Ry =0:95r =2:65 and (d) Rg = 1:4397r = 2:25.
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Figure 2.11: Radial and shear friction coe cients forRy = 0:95; the solid line
isa tto: (@) . =0:08, (r)= a(l r=b* wherea = 1:06 10, b= 3:6;
>(r)= a(l r=b)3 wherea=80:1,b=3:5(b) .=0:08; (r)= a(l r=b* where
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Figure 2.12: Mean square displacement of the clusters and @@rticles for di erent
densities withRq = 0:95 (left) and Ry = 1:4397 (right); N = 10, kg T = 3:0.
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Figure 2.13: Velocity correlation function of the clusterand CG particles for di er-
ent densities withRy = 0:95 (left) and Ry = 1:4397 (right); N. = 10, kg T = 3:0.
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Figure 2.14: Velocity pro le for periodic Poiseuille ow méehod for MD and DPD
model. Body forced yp andfcg are applied on each MD and CG patrticle, respec-
tively. Upper: Ry = 0:95, =0:4,fyp = 0:005,fcc = 0:05; Ry = 0:95, =0:8,
fup = 0:02,fce = 0:2. Lower: Ry = 1:4397, =0:4,fyp = 0:01,fce = 0:1;
Ry =1:4397, =0:8,fup =0:02,fcc =0:4

0:08 and Q04, respectively. ForRy = 1:4397, the dierence is about 80% and
25%, respectively. The di erences are due mainly to two faots: the Markovian
approximation and the overestimation of the friction coe cient. Firstly, the DPD
model we have derived is based on the assumption that the veity correlation
of the CG particles decays more slowly than the random forcewrelation. When
the density is high and the velocity correlation is compardb to the random force
correlation, the DPD particles would be overdamped (see, fré3]), which explains
why we get better results in the semi-dilute regime. Seconlthe friction coe cient
we use is overestimated since we lack the \full" informatiorof the force eld for
the CG system [19]. Physically, the many-body potential el Ucg(R¥) is the
mean eld which minimizes the random force covariance. It depends on the entire
particle con guration of the CG system. Therefore, the pawise mean force eld
implemented in this study would always lead to overestimatkfriction coe cients.

In this study, when the many-body e ect is important (e.g.,Ry = 1:4397, = 0:8,
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Ry D S.
=0:8 095 0.0234 7.41 395
opo =0:08 095 0.0195 9.69 621
=0:4 095 0271 105  9.69
opp =0:04 095 0269 1.075  9.98
=0:8  1.4397 0.0255 7.08 347
opp =0:08 1.4397 0.00525 41.23:@ 10°
=0:4 14397 0141 166  29.4
oo =0:04 1.4397 0.133 226 4247

Table 2.2: Dynamic properties for MD and CG system wittkg T = 3:0, N, =10

see Fig. 2.4), (r) is largely overestimated in this pairwise style and the diusivity of
the DPD system is only 20% of the MD results. For the other thre cases, the many-
body e ect is less important and the pairwise mean eld we usean approximate
Ucs(RX). The friction coe cient can be accurately estimated and trerefore the

DPD results match reasonably well with the MD results.

2.5 Other potentials

As shown in the previous sections, while the mean force el (r)i we chose repro-
duces the EOS in a wide density range, it does not reproduceetBtructure properites
of the MD system in the high density regime wheiRy is large. On the other hand,
several methods [105, 5, 143, 107] have been proposed foriiig a structure-
based e ective potential Vs (r), which reproduces the pair distribution function of
the MD system. Therefore, it is worthwhile exploring if a stucture-based force eld
can improve the dynamic property predictions.

For demonstration, we compute the pair distribution functon by MD simulation
with Rg = 1:2 and = 0:8. An iterative method [143] is used to obtainVess (r),
where W (r)i is used as the inital guess. As shown in Fig. 2.1¥ (r) shows a

longer attractive tail compared with the mean eld result, and it reproduces the pair
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distribution function. However, the pressure obtained is.87, which is approximately
18% lower than the MD result. In contrast, with our approach BS is reproduced
very accurately.

Next, Vess (1) is used as the input for Eqg. (2.28) and Eq. (2.29) to computehe
dissipative force term and the dynamic properties of the CGystem are revisited.
As shown in Fig. 2.16, both the velocity correlation and measquare displacement
obtained from Vg (r) show smaller values than the MD results. No obvious improve
ment is observed compared with the mean eld results. This selt is reasonable and
consistent with what we expect. Although the pairwise e edte potential Vet (1)
can mimic the higher order interactions of the MD system and can reproduce the
secondorder correlation (radial distribution function) (as shown in Fig. 2.15), the
higher order correlations of the MD system may not be reproded. The instanta-
neous random forcef ¢ (t) and f ¢, (t) in Eq. (2.28) and Eq. (2.29) may still be
far from the real value, depending on the strength of the higir order correlation of
the MD system.

Finally, we also checked the coarse-graining results witthe Weeks-Chandler-
Andersen (WCA) potential as the input interaction between he MD particles. Both
static and dynamic properties show qualitively similar raglts with the previous
sections, e.g., we can represent the MD clusters by DPD pafiess and predict the
friction coe cient reasonably well in semi-dilute regime @ Ry relatively small, which
indicates that the approach we use is quite general and may legtended to many

other systems.

2.6  Summary and Discussion

Starting from a microscopic simulation of LJ clusters in a ag@onical ensemble, we
conducted mesoscopic simulations of the system by coarsatging clusters that we

constructed with xed radius of gyration and represented tem as point particles.
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Figure 2.15: Left: E ective potential Ve (r) obtained from the pair distribution
function of MD simulation and mean eld potential hvV(r)i obtained from Eq. 2.14
with Ry = 1:2, kg T = 3:0, Nc = 10 and = 0:8. Vg (r) shows an arti cially
longer tail compared with v (r)i. Right: Pair distribution function measured by
MD, Vet (r) and hV(r)i.
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Figure 2.16: Velocity correlation function (left) and mearsquare displacement (right)
measured by MD, e ective potential Ve (r) and mean eld potential hv (r)i for
Ry=1:2,kgT =3:0N.=10and =0:8.
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The mean, dissipative and random forces needed for the matiof the CG particles
are extracted from the microscopic simulation. In particwdr, the mean force eld
is approximated by the ensemble average of the pairwise atwtic force between
two clusters, and we nd that its corresponding potential isproportional to the
number of particles per cluster. We also approximated the meory kernel of the
dissipative force with two di erent assumptions, leading ® Langevin Dynamics and
Dissipative Particle Dynamics (DPD), the latter endowed wih two thermostats.
While both models produce the same static properties, the bhgevin model requires
extra hydrodynamic information as input to produce the corect dynamic properties.
On the other hand, DPD seems to be a good candidate for repradng the correct
mass and momentum transport properties. Compared to the MDesults, the DPD
results can approximate the dynamic properties reasonablyell when the many-
body e ect of microscopic system is not too strong (e.g., f@mall Ry or semi-dilute
system). However, the DPD model is not so successful when timany-body e ect
is very strong, i.e., for large density andRy. We note that we also tested DPD with
a single thermostat, i.e. neglecting the perpendicular ctiibution as it is typically
done in standard DPD simulations. In that case, we did not acave as good in
accuracy for the dynamic properties for the smalR, cases as we did with the two-
thermostat DPD but the results for the high Ry cases were slightly better.

This work provides a general framework for constructing a \bttom-up" meso-
scopic simulation directly from the microscopic level, wit explicit relationships be-
tween the two hierarchies. It can be extended to the mesosdoplescription of com-
plex uid systems in the dilute and semi-dilute regime, e.g.star polymers, exible
polymer chains and mixture of polymer and colloid systems. hE friction coe cients
can be extracted from microscopisamplesystems in pilot simulations within a ord-
able computation time. Hence, coarse-grained simulatiorf a large system at the
mesoscopic level can be conducted with the various dynamicoperties evaluated

directly, i.e., without any scaling ambiguities.
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We note, however, that in the present study the friction coe cient was computed
with data from equilibrium MD simulations and this may a ect the computation
of the dynamic viscosity, which was obtained here based on C&mulations of a
periodic Poiseuille or Couette ow. It will be interesting n the future to investigate
whether improved predictions of the dynamic viscosity candachieved if the friction
coe cients are based on non-equilibrium MD simulations. Welso note the similarity
of the \parallel-normal” thermostat in the current work wit h a similar thermostat
employed in the single-particle DPD version in [120, 38] wheea shear drag coe cient
is imposed explicitly.

Another natural extension of this work is to construct fricton force models, where
a more sophisticated mean force eld is implemented in the acse-grained system.
In the high density regime, the pairwise mean eld in this stdy may not be ad-
equate to describe the full coarse-grained potential eld)cc(R¥), leading to the
overestimation of the memory kernel of the dissipative termin these cases, a mean
eld that incorporates the \many-body" information may lead to a more accurate
dissipative force and therefore more accurate predictiorf the dynamic properties.

Finally, rather than a constrained microscopic system, it auld be interesting to
coarse grain the unconstrained LJ uid by the DPD model of the study, especially
with regards to the computation of the dissipative force ten. In this direction,
some work has been done in this direction is by Erikssat al. [35], and also Flekkoy
et al. [53]. It would be interesting to directly compute the dissiptive force term
of the coarse-grained LJ uid by the method of this study and empare the DPD

predictions of dynamic properties with those of the LJ uid.



Chapter 3

No-slip and out ow boundary
conditions for Dissipative Particle

Dynamics

3.1 Introduction

As discussed in Chap. 2, Dissipative Particle Dynamics (DPs mesoscopic simula-
tion method stemming from the coarse-graining (CG) procede of the atomistic sys-
tem. Compared with the MD method, the computation advantage of the DPD sim-
ulation originate from the soft potential eld and the reduced number of simulation
particles. Due to these features, the DPD method is an e este approach to simulate
the hydrodynamics of the simple and complex uid systems [6Q44, 43, 146, 129, 46]
at the mesoscopic level. In contrast to MD, the larger spatiand time scales enable
the DPD method to be used successfully in simulations of vars soft matter sys-
tems, such as the polymer and DNA suspensions [144, 43, 14&elet aggregation
[129], and red blood cells in shear ow [128, 46] and in tube vo[44].

One of the fundamental problems for these hydrodynamic syshs is how to

impose proper boundary conditions (BCs) on non-periodic dmins, e.g., on the uid-

39
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wall and out ow boundaries. For bulk systems, the Lees-Edwds boundary method
[96] and the reverse Poiseuille ow method [10] have been psed to simulate shear
and Poiseuille ows, respectively. These methods employ mpedic BCs in order to
avoid explicit modeling of solid walls and to eliminate artcial density uctuations.
For non-periodic systems, where solid boundaries play an prtant role, several
attempts have been made to simulate the wall- uid interfaceln general, there exist
two main approaches. The rst approach is based on the repe#ation of a wall by
frozen particles while the uid-wall interactions are presribed by the conservative
and dissipative forces between the uid and the wall partigs, e.g., simple uid [126],
colloidal suspension [16] and a polymer solution betweenualed walls [45]. In the
second approach, the uid-wall interactions are represeatl by certain e ective forces
with the combination of proper re ections to prevent partide penetration. In Ref.
[130], a continuum-based approximation of the uniformly dtributed wall particles
is employed and combined with the bounce-back re ection tonéorce no-slip BCs.
In Refs. [127] and [49] a boundary force is computed adaptiye¢o eliminate density
uctuations and excessive slip velocity near a solid wall,espectively.

However, to the best of our knowledge, little work has been de for the following
two boundary problems. The rst problem is how to impose notg BCs for time-
dependent uid ows using proper e ective boundary forces ather than the wall
particle representation. An oscillatory Stokes ow was simated in [126] using the
wall particle representation with adjusted force paramets. In Ref. [152], Couette
ow with a transient start-up was simulated by creating a dyramic wall layer, where
images of the DPD patrticles from the uid layer next to the wal are inserted into
the wall layer with a random shift. Both methods explicitly enploy wall particles
introducing additional computational cost and complexity The second problem we
would like to address is how to impose the out ow BCs for a full developed uid
ow. Werder et al. [151] proposed an algorithm based on padie insertion/deletion,

which relies on the knowledge of the velocity pro le at the ouow. However, as we
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know from continuum CFD, the out ow pro les are rarely known.

In this chapter, we focus on the two problems: (i) the no-sliBCs for unsteady
ows, and (ii) the out ow BCs. In Section 3.2 we brie y describe the DPD method.
In Section 3.3, we derive an e ective boundary force from thetal dissipative force on
a single DPD particle in homogeneous shear ow. We show thaté e ective force can
be implemented as the boundary force in the vicinity of the whand is su cient to
impose no-slip BCs for unsteady ows while maintaining thenodynamic consistency
near the boundary in contrast to an abnormal temperature prée in [131]. We
validate the method by comparing the numerical results of ansient Couette and
oscillatory Stokes and Womersley ows with the correspondg analytical solutions.
In Section 3.4, we propose the out ow boundary method whichsisimilar to the
Neumann BCs in CFD for fully developed ows. We validate thismethod through
simulations of the backward facing step and arterial bifuietion ows in combination
with the no-slip BCs introduced in Section 3.3. Furthermorgwe test the out ow
method for the case of a time-dependent ow system by consiileg the unsteady

Womersley ow. We conclude with a brief summary in Section 8.

3.2 DPD method

In this chapter, we develop the boundary method within the famework of stan-
dard DPD system [71, 61]. In practice, di erent DPD force tems can be adopted
depending on the individual physical systems, e.g., see Refl19] and Chap. 2.
Nevertheless, the boundary method developed in the this ghier can be extended
to those systems governed by di erent potential elds. In sandard DPD system,

the motion of each particle is governed by

dri

Vidt
(3.1)

dv; = (FFdt+ FPdt+ Fﬁpa)zm;
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wherer;, vi, m are the position, velocity, and mass of the particlé, and F, FP,
FR are the total conservative, dissipative and random forcescting on the particle
I, respectively. Under the assumption of pairwise interaains the DPD forces are

given by the sum of the pair interactions with the surroundig particles as follows

8
2 : _ .
a(lo r.ij _rc)eij , rij Sl
Fi = (3.2)
’ O’ rij bl
FP = wP(ry)vy e)ey; 3
Fio= wiR(ry) jey;
wherery = ri rj, ry = jrij, & = ry=rj, andvy = vi Vj. rcis the cut-o

radius beyond which all interactions vanish. The coe ciens a, and represent
the strength of the conservative, dissipative and random foe, respectively. The last
two coe cients are coupled with the temperature of the syste by the uctuation-

dissipation theorem [40] as 2 = 2 kg T. Here, j are independent identically dis-
tributed (i.i.d.) Gaussian random variables with zero mearand unit variance. The

weight functionswP (r) and wR(r) are de ned by

WD(r..): WR(r) 2
! ! (3.4)
wR(ri)=(@:0 ry=ro)¥
wherek = 1:0 in the standard DPD method; however, other values d have been
used to increase the viscosity of the DPD uid [43, 49]. In theurrent work we chose
k =0:25,a=25:0, =3:00 =45 andkgT = 1:0. The number density of the

uid is n=3:0.



43

: [ o —i>
777777777777777777 |
e &
_________________ |
- ——— - B |
séudo Planc @ |[h . @ '

\ 7 -
SRS . X
IR l
L - @ - @ |

_________________ :

«~—e «~ e ‘

FT T Pttt Sl :

D ® !
- V,(2)

Figure 3.1: A sketch of the shear ow illustrated by DPD partcles. The arrows
represent the magnitude and direction of the particles' avage velocities. The solid
line represents a reference plane for the target particle vidnthe total interaction of
the target particle with the DPD patrticles below the referege plane (the gray area)
is calculated using Eq. (3.8).

3.3 No-slip boundary conditions

3.3.1 Boundary method

Generally, we need to impose a certain boundary force on thargicles near the solid
wall to impose the no-slip boundary condition. In Ref. [68]the boundary force
is extracted from the uid-solid interaction for Smoothed Rarticle Hydrodynamics
(SPH). Similarly, we use an e ective force to represent therpsence of solid-wall next
to DPD uid. Rather than computing the force contribution fr om the wall directly,
let us start with a DPD particle in shear ow. We de ne the ow direction % in
Fig. 3.1, and the shear rate = du(z)=dz whereu(z) = hwi. We calculate the
force on the particlei exerted by the particles in the semi-spherical region satysng

(z z)>h,i.e, the particles in the gray area drawn in Fig. 3.1. Usingde continuum
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approximation the total conservative force on the particleé can be evaluated as

X
Fhy= f9(rj) e
i
n fC(r)e(r)g(r)dv (3.5)

Vs= Vex (h)

= fp(h)2;

whereg(r) is the radial distribution function of DPD particles, Vs= Vex(h) represents
the spatial part of the uid domain shown by the gray area in Fg. 3.1. Thex
and y components ofF.(h) vanish due to spherical symmetry. We note that thez
componentf ,(h) is exactly the pressure force proposed in [151] to elimir@tiensity

uctuations in the vicinity of the wall boundary.
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Figure 3.2: The dissipative force coe cient for a single DPDparticle in shear ow
with respect to the distance to the reference plane calcukd by Eq. (3.10).
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Next, we calculate the total dissipative force on the partie i as follows

X
Fo(h) = ( vi ej)ej: (3.6)
j
This force depends on the instantaneous velocity di erendeetween particlei and
j , but we notice that in the bulk shear ow the velocity di erence satis esh vji =
( v;0,0)= h©t5-;0,0. Thus, we can calculate the ensemble average e (h)
as

X
H:D(h)l = ( ka € )WR(rij )eij . (37)

j
We further simplify this term by taking the continuum limit o f the force as follows

z
hFp (h)i

( v en)wR(r)e(r)dv
Vs= Vo () (3.8)

Fa(h)%;

where they and z components vanish due to spherical symmetry. After the inte
gration over the angles in the spherical coordinates the »xamponent is simpli ed
as

z " L2

lc
n_Vo r]g(rywR(r) 1 h dr
4h h r (3.9)

= a(h) vo;

Fa(h) =

where 4(h) is a function of the height from the particlei to the reference plane and
Vo = h corresponds to the average velocity di erence between thanticle i and
the reference plane. The function 4(h) is shown in Fig. 3.2 and a best t is given
by
a(h)= Cy(h+ h) 2+ Cy(h+ h) 2+ Cs(h+ h) 3, (3.10)

whereC, = 0:8504,C, =9:6 103, C3=4:0 10 *“and h =0:01.
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Now we consider uid ow above the reference plane replaced/la solid wall.
Each uid particle within the distance h < r . from the solid wall is subject to the
e ective forces which compensate for the interactions witlthe \missing" particles
under the reference plane (solid wall). A natural choice ohe e ective shear force

is the ensemble average of the dissipative force as follows

ferr = a(h)h = qa(h)(v U) (3.11)

wherev, and U are the velocities of the particle and the wall along the ow ttection.
The main approximation we rely on is that the velocity pro lenear the solid boundary
remains linear with a quasi-constant shear rate. In addition, for thermodynamic
consistency a thermal random force is required to represetiite uctuation part of

interactions with the \missing" particles, i.e.,

frana = a(h) ; (3.12)

where is an i.i.d random variable with the Gaussian distribution ad 4(h)? =
2kg T 4(h). We note that the analytical solution of the e ective forceshown in Eg.
(3.9) and Eq. (3.11) applies only to the uid near a planar suiace, as these equations
are not valid for a uid system with arbitrary curvilinear boundary geometry. In
principle, Eq. (3.9) should be replaced with integration oer the corresponding
curvilinear boundary. However, for simplicity, we can stiluse a \piecewise-plane”
approximation even for complex geometries. The major assption is that the near-
wall pro le can be approximated linearly. The correspondig force equation is not
going to be \exact" for cases with arbitrary geometries, buit can be a very good
approximation as shown in our numerical tests.

In summary, under the assumption of théinear velocity pro le near the solid wall,
no-slip BCs can be enforced through the three e ective forse the pressure force

de ned in Eq. (3.5) acting in the normal direction to the wall and the dissipative
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and random forces de ned in Egs. (3.11) and (3.12) acting alg the ow direction.

Thus, we de ne the boundary forcef g, for the no-slip BCs as follows

fnoslip = fpz + forf R+ frang R (3.13)

where X* corresponds to the shear direction. Finally, to prevent peatration of the
solid wall by uid particles, specular re ection [151] is inposed for each DPD patrticle

on the uid-solid interface.

density, current work
temperature, current work
temperature, no random term
temperature, adaptive method

Density, Temperature
T
[CRORN

0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1

y/H y/H

Figure 3.3: Left: velocity pro le of the plane Couette ow. Right: density and tem-
perature pro les. The triangle symbols represent the numésal results by DPD using
Eqg. (3.13). The circle symbols correspond to the numericaésults by Eq. (3.13)
without the random force term. The diamond symbols show theumerical results
by the adaptive boundary method used in [49]. The solid lineare the analytical
solution.

3.3.2 Numerical veri cation

The proposed boundary method is veri ed through simulatios of di erent prototype
ows. The rst test is the steady plane Couette ow. The DPD uid is con ned

between two parallel plates placed ay = 0 and y = 10 with periodic BCs imposed



48

along the other two directions. The velocity of the upper plee isU = 1:0 and that of

the lower plate isU = 0:0. The parameters of the DPD uid are speci ed in section
3.2. Fluid particles near the two boundaries are subject tohe velocity-dependent
forcefess (v U) described in the previous section. The system is integrateover

5 10" time steps with the time stepdt =5 10 3. Statistical averaging is performed
over the second half of the simulation. Fig. 3.3 shows the welity, density and

temperature pro les across the ow. The no-slip BCs are satied and the velocity

pro le is in excellent agreement with the analytical solutbn. Moreover, the density
and temperature pro les are uniform across the computaticad domain showing no
density uctuations and verifying the thermodynamic consstency of the boundary
method. The e ective boundary forces mimic a system which oabe viewed as a
part of the unbounded shear ow whose bulk properties are scessfully recovered.
The boundary method was also tested for the case of steady s®iille ow, and the

numerical results agree well with the corresponding analgal solution.

Next, the no-slip BCs are tested for the three unsteady owsfi) sudden start-up
of the Couette ow; (ii) Stokes ow over an oscillating plate (iii) plane Womersley
ow. For the rst test the DPD uid is con ned between two para llel plates placed
aty =0 and y = 20. The size of the computational domain is 20 20 40 with
periodic BCs along thex and z directions. The viscosity of the DPD uid is equal
to = 0:54 measured by the periodic Poiseuille ow method [10]. To ipnove the
statistical averages of the DPD results we run ten independereplicas of the DPD
system with di erent initial conditions. The initial state of each replica is obtained
by running them independently for several hundred time stepwith the velocity
of both the upper and lower plates set to zero. Then, the velig of the upper
plate is set toU = 1:0 at the time t = 0, while the velocity of the lower plane is
kept at U = 0:0. The velocity pro le of each replica is recorded as a funcin of
time and the nal result is obtained by taking the ensemble asrage of all replicas.

Figure 3.4 shows the simulation results and the correspomdj analytical solution for
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the transient Couette ow at various times. The DPD results gree well with the
analytical solution for di erent times. As time increases he ow converges to the
steady case shown in Fig. 3.3. Note that the uid velocity neathe upper plate
(y = 20) is very sensitive to the BCs. Thus, even a small slip at # upper plate

would greatly a ect the velocity pro les.

2 T T T
A t=15
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1.5r O t=55 7
- 1jseesvssesssasesos0006
0.5f- =
0 . | . | . | .
0 5 10 15 20

Figure 3.4: Left: velocity pro les of the sudden start-up ofCouette ow at di erent
times. The symbols correspond to the simulation results, wh the solid lines rep-
resent the analytical solution of the Navier-Stokes equatn. Right: instantaneous
temperature of the system at di erent times.

The second test case is the oscillatory Stokes ow over a atlgte, where the
velocity of the lower plate changes according to the time-gendent functionU(t) =
sin( t) with =2 =40. The upper plate has velocityU(t) = 0 and is placed at
y = 20 which is far enough from the lower plate to yield a good appximation for the
semi-bounded oscillatory Stokes ow. The DPD simulationsra run over 80 periods
and the statistical average of velocity is accumulated ovehe last 40 periods at
di erent times. In Fig. 3.5 the simulation results are compeed with the analytical

solution [121] given by

U = exp( szé)sin T pY—z ; (3.14)
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Figure 3.5: Velocity pro les of the oscillatory Stokes ow a&times t = 1k—0T, where
k =0;1,2:::;7 and T is the oscillation period. The symbols are the numerical
results, while the solid lines represent the analytical sation given in Eq. (3.14).

whereY = y( =) 2 is the dimensionless distance, an@l = t is the oscillation
period. Note that Eq. (3.14) is derived for a semi-in nite sgtem, however the
dimensionless height of the upper plate in simulations 8 = 10:87 which is su cient

to recover the analytical solution as illustrated in Fig. 3.

Finally, we apply the proposed boundary method to a time-degndent pressure-
driven ow. The computational domain assumes the same sizes #¢he plane Couette
ow, where DPD particles are con ned between two plates plaad aty = 0and y = 20
with periodic BCs imposed along thex and z directions. The ow is driven by a
time-dependent body force on each particle in the x-direcn f o4y = fo+ f cos( t),
which is equivalent to a pressure gradientlP=dx = nf o4y, Wheren is the density

of the DPD uid. The no-slip BCs are imposed on both plates. Irnthe continuum
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Figure 3.6: Left: velocity pro les of the ow driven by an osdllating pressure gradi-
ent. The symbols, from the bottom to the top, correspond to th simulation results
obtained att = %T, wherek equals to 1 0; 2; 3. The solid lines represent the exact so-
lution for the Womersley ow given in Eq. (3.15). Right: instantaneous temperature
of the DPD system at di erent times.

limit, this ow is called the Womersley ow with the analytic al solution given by

?

2 ? ?
f[x, cos(h )cosh(h ) + xzsin(h )sinh( h )]sin( t) (3.15)

[X2cos(h )cosh(h ) x;isin(h )sinh(h )]cos( t)g;

wherepy = fon, p° = fn are the amplitude of the steady and oscillating p{gessure

gradient respectively; h, , x; and x, are dened by h = ";'—y 1, = H—p_—_,

2 2
X1 = cos cosh and x, = sin sinh . For the DPD simulations we choose
fo =0:0167f =0:05 and =2 =80, and the statistical average is collected over
the last 40 periods. Figure 3.6 shows the velocity and temgure pro les of the
Womersley ow at di erent times. The numerical results are h good agreement with

the analytical solution.
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Figure 3.7: A sketch of the domain of an open ow system. The & lines are the
wall boundaries. The plane P represents the inlet through vich DPD patrticles enter
the domain with a speci ed velocity pro le. The plane Q reprsents a pseudo-plane
where the ow is fully developed. A and B correspond to two regns adjacent to
the plane Q, where the ow is also fully developed.
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3.4 Out ow boundary conditions

In this section, we consider dierent ow systems with non-griodic BCs, where
in ow and out ow boundary conditions have to be imposed. Raler than imposing
the strong Dirichlet BCs with a velocity pro le explicitly specied at the out ow

boundary [151], we explore the weak condition as in the staadl CFD methods,
where the BCs are implicitly imposed under the assumption #t the ow is fully

developed. Unlike the CFD methods, in DPD it is not straighfovard to impose
explicitly pressure values at the out ow boundary. Insteadif the pressure value and
the owrate at the out ow are approximately in-phase, we canimpose the owrate

at the out ow boundary.

3.4.1 Boundary method

For a particle uid system with non-periodic open boundaris the two physical prop-
erties need to be controlled are: the ow rate at the in ow/ou ow boundaries and
the velocity gradient at the out ow similarly to the fully de veloped condition in CFD.
Let us consider the open uid system shown in Fig. 3.7. We placa pseudo-plané
perpendicular to the ow direction. From the macroscopic pespective the ow ux
through the plane is determined by the velocity pro le at theplane P. In practice,
this plane can be modeled as an in ow with a specied velocitpro le. In ow at
the planeP can be simulated by inserting DPD patrticles into a near bouraty layer
according to the local particle ux. Without loss of generaty, we consider a local
areadA on the plane, and de neN, as the number of DPD particles to be inserted

into the plane P at the areadA according to the following equation:
NA = Ni T+ ntdAv ,; (3.16a)

Ny =Ny Lif Ny 1 (3.16b)
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wherei is the timestep of the simulation,n is the number density of the DPD uid,
and v, is the local normal velocity at the in ow plane. When Eq. (3.5b) is executed
(it can be executed several times i}, > 1), one DPD particle will be inserted next
to the plane P at the local areadA. The velocity of the inserted patrticle is generated
according to the Maxwellian distribution with known tempeiature of the system and
local boundary velocity. In general, the position of the irerted particle at dA has to
be generated by the USHER algorithm [28] to minimize the lotthermal disturbance
due to the inserted DPD particle. However, we omit this proaure in practice since
we found that the system remains stable with random insertis due to the soft
interactions between DPD particles. The disturbances on #hlocal number density
due to insertions is on the order of 5%.

Next, we consider the region of the uid system where the owsi fully developed.
Let us place another planeQ in this region and consider the two region®\ and
B adjacent to the plane, as shown in Fig. 3.7. Physically, thershould be no
macroscopic di erence betweerA and B since the ow is fully developed in this
region, i.e., the macroscopic velocity should be identicah the two regions. In
practice, we model this pseudo-plane as the out ow BCs. TheHD particles which
pass through this out ow plane are deleted from the system. dl control the ow
rate at the out ow and eliminate any velocity di erences betveen the two regions A

and B) we apply anadaptiveforce on the DPD particles near the out ow as follows

f(l)(ut(h): k(l h:ro)p+ kfpress(h); (3.178.)
xa

1= Ko+ (v vE); (3.17b)
=0

L= ke (k) (3.17¢)

where the rst term of the adaptive force eliminates the veloity di erence between

the two regions and the second term imposes proper ow rate #te out ow bound-
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ary. The parametersk, , and K are the iteration number, the relaxation parameter,
and the adaptive coe cient, respectively. Alsoh is the distance from a particle to
the out ow plane, and ry de nes the total width of regions A and B together. In
this work, rq is chosen to be the cuto radius of the DPD particle interactons if
not speci ed otherwise;p de nes the sti ness of the adaptive force andp is equal
to 6. We choose this value by considering a static single DPDagicle in uniform
ow with the average velocity of uh. We compute the dissipative forcd om (h) on
the target particle from the particles located in a semi-spérical region behind the
pseudo-plane. The dissipative force scales Bgm f,u, wheref, is best tted
by (1:0 h=r;)® Moreover, vk and v§ in equation above are the average normal
velocities in the regionsA and B during the time between the k 1)th and kth
iterations. Also, qis the total number of the under-relaxation steps, which isaupled

to the number density of the system as follows

K+l _

q

8

%q“+1; ifn<n n

qu; ifn n<n<n +n (3.18)
q

K 1: ifnk>n+ n

where n¥ is the average number density during thekth iteration, and n is the
accepted deviation of the system's number density.

The second adaptive force term in Eq. (3.17a) controls the w rate at the
out ow, where X represents the instantaneous ux at the out ow and , corresponds
to the desired ux value; f 5es5(h) is the pressure force de ned in Eq. (3.5). We note
that for uid systems with a single out ow boundary, this term can be neglected.
However, for ows with multiple out ows (e.g., arterial bifurcations), this term is
necessary to impose the desired ux value at each out ow bodary. In addition
to fou the pressure force de ned in Eq. (3.5) is applied on uid paitles near the

in ow and out ow planes, which compensates for the \missing uid part outside
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the computational domain.

We note that our method of inserting particles is di erent fom that in [151],
where each particle that left the system is re-inserted at #in ow boundary, and
hence the number density of the system is strictly conservedn this work DPD
particles are inserted at the in ow plane with no dependencen the number of
particles removed. For the insertion method of [151] we fodrthat the desired ux
prescribed by the velocity pro le at the in ow depends stromly on the number of
particles leaving the system, and therefore the numericaystem may be unstable.
In the current method the instantaneous number density is rcstrictly conserved,
however the converged density remains within the pre-spea tolerance (n =

0:002n) as shown in the next section.

3.4.2 Simulation results

The rst test of the described method is the plane Poiseuilleow in combination
with the no-slip method proposed in section 3.3.1. The comfational domain is
similar to that shown in Fig. 3.7 with periodic BCs in the z diection. The uid is
con ned between two walls placed ay = 0 and y = 10 and the in ow and out ow
planes are placed ak = 0 and x = 20, respectively. DPD patrticles are inserted at
the in ow according to the parabolic velocity pro le given by

" #

Ve (Y) = Vo 1.0 % 1 ; (3.19)
wherevy = 1:0 andH = 10. To impose the no-slip BCs at the walls particles near
the walls are subject to the no-slip force de ned in Eq. (3.1)3 In addition, particles
near the out ow plane (x = 20) are subjected to the adaptive out ow boundary
force. Speci cally, the out ow region was divided into 20 ms across the ow in the
y-direction and each bin was further divided into two sub-viumes, labeled a#\ and

B. The velocity in each sub-volumer, andvg, as well as the number density of the
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Figure 3.8: Velocity pro les (left) and density pro les (right) of the fully developed
Poiseuille ow. The DPD results are shown for the planeg = 10:0 and x = 18:0.
The solid lines correspond to the analytical solution.

system, are sampled during the time between two consecutiiterations. The ow

converges within approximately 100 iterations, where onéeration corresponds to
100 time steps. Statistical averaging is performed during 1 10* time steps after
steady state is achieved.

Physically, this system represents a part of the fully deveped Poiseuille ow
given by Eq. (3.19). Therefore, a parabolic velocity pro lds expected in the down-
stream region as in upstream. Fig. 3.8 shows velocity and dgty pro les obtained
at the planes in the middle of the system ak = 10:0 and in the out ow region at
x = 18:0. The simulation results agree well with the prescribed irow pro le. The
uid density at the outow ( x = 18:0) is slightly lower ( = 2:94) than the exact
number density due to a nite compressibility of the DPD uid.

For a more quantitative analysis, we compute the pressure @te along the ow
direction shown in Fig. 3.9. The DPD results agree well withite analytical predic-
tion given by

Vmax = — ——; (3.20)
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Figure 3.9: Pressure pro le for the Poiseuille ow along the direction. The symbols
represent the numerical results by DPD extracted ay =5 and y = 8, and the solid
line represents the analytical solution.
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whereH =10, =1:62, andv,ax = 1:0. The small uctuation at the inlet/outlet
boundary is mainly due to the particle insertion and the supgosition of the bound-
ary force.

The compressibility of the DPD uid can be approximated [60Jas follows

dP=d = kg T+2a; (3.21)

where =0:101 and therefore =d = 16. The density di erence betweenx = 10
and x = 18 predicted by Eq. (3.21) is approximately =d =dP P =0:065, which
agrees well with the simulation results. Moreover, the adaipe force f,,; applied at
the out ow serves as a perturbation term on the pressure foecf, de ned in Eq.
(3.5), which also contributes to the density uctuations. Therefore, the proposed
boundary method is valid for nearly incompressible uid ows since the boundary
forces are based on the global number density of a simulategsgem. Large density
uctuations due to nite compressibility are likely to void the method's applicability.

For the second test we consider the backward-facing step oat di erent values
of Reynolds number Re). The computational domain is illustrated in Fig. 3.10
where Re is de ned asvnxH= . A parabolic velocity pro le de ned by Eq. (3.19)
is imposed at the in ow with vpox = 1:08 and the height of the inlet channel is
H = 10, while the step height is chosen to b& = % For di erent Re numbers
the height of the inlet and the size of step is scaled accordiy while v is xed.
The no-slip boundary condition is imposed by the dissipates force for all the DPD
particles near the solid wall de ned by Eqg. (3.10). We compar DPD results with
Navier-Stokes results obtained by the spectral element simation solver NEKTAR
[79].

Fig. 3.10 presents the simulation results obtained with DPand with the spectral
element method forRe = 20;40 and 60. The streamlines agree well for the two
methods. In addition, we extract several velocity and prease pro les at di erent

heights for a more detailed comparison with the NS solutionhsewn in Figs. 3.10
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Figure 3.10: Streamlines (left) and velocity pro les (righ) for backward facing step
ow at Re = 20;40 and 60. The velocity pro les are extracted at di erent planes
as labeled in the plots. The symbols correspond to the DPD ndts and the solid
lines represent the numerical solution of NS equation. Thaset plot in the velocity
plot of Re = 40 shows normalized recirculation lengths of the step owsa function
of Re number. The square symbols correspond to the DPD results arige triangle
symbols are the NS results.
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The symbols represent DPD simulations, while the solid lirsecorrespond to the NS
results.
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and 3.11. The DPD results are in good agreement with the NS atibn with slight
deviations near the inlet and out ow boundaries within the dstance of 4.. This
appears to be due to the density uctuations near those boumdies. At the inlet the
number density is approximately 5% larger than the global desity due to particle
insertions. At the out ow region additional density uctuations are introduced due
to the adaptive force serving as a perturbation term to the mssure force term. We
note that the velocity deviations at the out ow will not prop agate upstream due to
a nite speed of sound [36] in the DPD system. Therefore, theubow region can be
treated as a \bu er layer" region with perturbed number dengty, where the results
may not be accurate. Moreover, we note that the shear rate vas (even changes
sign) along the lower wall, which de nes the recirculationdngth. In the inset plot
of Fig. 3.10 we show the recirculation length of the step ow ermalized by the
step height S as a function of the Reynolds number. The values of the norniz¢d
recirculation lengths scale linearly withRe number showing good agreement with
the spectral element method results. This further veri es iat no-slip BCs are well
imposed locally for di erent shear rates.

Next, we consider several ow systems with multiple out ow lwundaries such
as those encountered in the human arterial tree. Fig. 3.12 @hs a bifurcated
channel ow with two symmetric out ow boundaries. The chanrel is divided into
two branches atL = 30 with the branch angle = =3. The parabolic velocity pro le
de ned in Eq. (3.19) is imposed at the inlet withvg = 0:72 andH = 20 and periodic
BCs are imposed along the z direction. The out ow BCs are imsad separately at
the two out ow boundaries with the adaptive force updated acording to Eq. (3.17a).
Fig. 3.12 shows velocity contours in both x and y directionsFor comparison we
also plot the numerical results of the NS equation with idemtal pressure values
imposed at the two out ow boundaries The DPD results show gabagreement with
the continuum results apart from the regions near the out owboundaries and near

the bifurcation point due to the density uctuations. The u ctuations near the
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for a symmetrically bifurcated channel ow obtained by DPD ad NS equation.
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the DPD results and the solid lines represent the NS results.
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out ow are due to the adaptive force as discussed previouslyhe uctuations near
the bifurcation point are mainly due to nite compressibility of the DPD uid.

Furthermore, we consider a bifurcated system with prescrédal ow rate at each
boundary as shown in Fig. 3.13. The planar channel is divideghto two non-
symmetric channels atl. = 30 with the bifurcation angle = =2. The widths of the
two sub-channels scale as 1p:1_3. A parabolic velocity pro le de ned in Eqg. (3.19)
is imposed at the inlet withvy = 0:54 andH = 20. This ow system resembles a
small part of the arterial network, where additional information downstream may
be unknown. To this end, we can prescribe the ratio of ow rate between the
two outlets. The specied ow rate at each of the outlet is impsed through the
force de ned in Eq. (3.17a). The dierent ratio value correponds to the di erent
pressure values imposed on the outlets. On the other hand,ehotal ow rate of
the two outlets is equal to the in ow rate to ensure mass convsation of the system.
We consider two cases where the ow rates at the two out ow badaries are 1:2
and 1:3, respectively. For the reference Navier-Stokes ud#s, we use the method
described in Ref. [59]. In both cases, the DPD results are ingd agreement with
the corresponding Navier-Stokes results as shown in Figsl3 and 3.14.

The di erent ow rates controlled by our method correspond b di erent pressure
values at the out ow boundaries. Therefore, we also look aht pressure distribution
for dierent ow ratios. Fig. 3.15 presents the pressure disibutions along the
centerline of the channel marked as CC' in Fig. 3.13. The psse di erence between
the two out ow boundaries is larger for the ow ratio of 1:2, snce a larger ow rate
for the upper branch corresponds to a larger pressure dropoaf the branch. For
both cases the DPD results agree well with the NS solutions. h& ow examples
used in this study show that the out ow boundary method usudl/ converges within
a few thousand time steps. Therefore, we can extend this meithto unsteady ows
with a time-dependent in ow velocity pro le. For a test we cansider the pulsatile

ow, where the uid is con ned between the plates aty = 0 and y = 20, and the
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Figure 3.13: Top: 2D contour plot of velocity for both x (lef) and y (right) directions
for a non-symmetrically bifurcated channel ow obtained byDPD and NS equation.
The ow rates of the two out ow boundaries scale as 1 : 2. Bottm: 1D plot of the

velocity pro le at PP', DD', and UU' cuts. The symbols are the DPD results and
the solid lines represent the NS results.
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Figure 3.14: Top: 2D contour plot of velocity for both x (lef) and y (right) directions
for an non-symmetrically bifurcated channel ow obtained iy DPD and NS equation.
The ow rates of the two out ow boundaries scale as 1 : 3. Bottm: 1D plot of the
velocity pro le at PP', DD', and UU' cuts. The symbols are the DPD results and
the solid lines represent the NS results.
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Figure 3.15: Pressure distribution along the centerline C@f the channel shown in
Fig. 3.13. The ow rate ratio at the out ow boundaries scalesas 1 : 2 (left) and
1 : 3 (right). The solid line corresponds to the NS results.

in ow and out ow planes are placed atx = 0 and x = 20, respectively. The in ow
velocity pro le is given by Eq. (3.15) with f, = 0:06,f = 0:03 and =2 =200.
The corresponding Womersley number is equal to 171, which is a typical value for
biological ow systems [104]. The DPD particles are insertenext to the in ow plane
using the instantaneous in ow velocity prole and the boundry force is updated
according to Eq. (3.17a). Statistical average is taken ovehe last four periods.
Fig. 3.16 (left) shows velocity pro les extracted atx = 10 and x = 18 at di erent
times. The DPD results are in good agreement with the theorieal predictions.
However, for ows with a higher Womersley number, the curréanmethod may not
be su cient to track instantaneous velocity prole. As shown in Fig. 3.16 (right)
for the higher frequency =2 =50 ( = 3:42), the DPD results begin to deviate
from the theoretical predictions. This appears to be due to aiite compressibility
of the DPD uid. Thus, the boundary information is not able to propagate through

the computational domain with such high frequency.
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Figure 3.16: The velocity proles extracted from the Womerdgy ow with =
2=200 (left) and = 2 =50 (right). Left: the solid lines, from top to bottom,
represent the theoretical predictions at = T=4;0; 2T =4 and 3T 4. The square and
circle symbols represent the numerical results extracted & = 10 and x = 18.
Right: the solid lines, from top to bottom, represent the theretical predictions at
t = T=3;0; 2T=3, the symbols represent the DPD results extracted at = 10.

3.5 Summary and Discussion

In this chapter two important issues on boundary conditiongor particle simulations
of uid systems have been addressed: the no-slip BCs at a walid interface and the
out ow BCs for non-periodic ow systems. We introduced two lmundary methods
validated for various ow problems. Starting from a single D particle in shear
ow we computed the total dissipative interaction of this paticle with surrounding
particles. The dissipative interaction is computed as a fugtion of the distance from
the target particle to the pseudo-plane placed at di erent psitions. For wall bounded
systems, no-slip BCs are modeled by imposing the e ective tidary forces (EQ.
(3.13)) on DPD particles near the walls. Originated from thebulk shear ow, this
boundary method can e ectively impose no-slip BCs without i cial density and
thermal uctuations near the walls. The tested unsteady ovs of the sudden start-

up Couette, oscillatory Stokes and Womersley ows further alidate the proposed
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no-slip boundary method. The backward-facing step ow vems that the method
works well locally for di erent shear rates. Moreover, thignethod is free of boundary
particles, and therefore it is more e cient in comparison wih the method in [152].
We developed the out ow boundary method by considering a fiy developed
ow region of the bulk system. The BCs are weakly imposed undeéhe assump-
tion of the translational invariance of the velocity pro le along the ow direction.
In a non-periodic system the out ow boundary is modeled by ta boundary force,
which consists of two adaptive terms that control the ow rae at the boundary
and eliminate the velocity di erence in the region adjacento the out ow boundary.
Combined with the no-slip boundary method for uid-wall interactions, the out ow
boundary method is veri ed for the backward-facing step owat di erent Reynolds
numbers and for the bifurcated ow with di erent ow rates, w hich correspond to
di erent pressure values at the outlets. The simulation radts show good agree-
ment with the corresponding analytical or reference soluins apart from the narrow
regions near the out ow boundaries, where the velocity uatations of maximum
10% are observed due to the perturbation of the boundary fagdn that region. For
guasi-steady ows where the pressure value and ow rate on éhoutlet boundary are
approximately in-phase, the prescribed ow rate correspas to speci ed pressure
value on the outlet. This is obvious for a uid system with a gigle outlet since the
ow rate at the outlet equals to the in ow rate for mass consevation. However,
for a uid system with multiple outlets, the di erent ow rat io prescribed on the
outlets corresponds to the di erent pressure values impoden the outlets since the
information farther downstream is unknown. Moreover, we & the current method
for a time-dependent non-periodic ow system. The simulatin results agree well
with the analytical solution for the ow with Womersley number on the orderO(1),
which is in the range of typical biological arterial ows [1@]. The numerical results
begin to deviate from the analytical solution for higher Worarsley number due to

nite compressibility (sound speed)as well asthe out-of-phase condition between
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the pressure value and the out ow rate.

As a conclusion, this chapter provides a general framework impose di erent
BCs. Even though we test the method for Newtonian uids, our dture goal is
to apply such BCs to complex uid systems such as blood ow. Irthe practice,
the human blood vessels are far more complicated than a sght channel. Typical
models for a part of the blood vessels usually contains corapltopological structures
such as bifurcations, which contains multiple outlets. Tonvestigate these systems,
more sophisticated methods for inserting molecules or celhave to be developed.
Some related work has already been done in [14, 140]. It woulé interesting to
further explore how to impose proper BCs for these systemscéuthat the dynamic

ow and rheological properties can be correctly predicted.



Chapter 4

Mesoscopic simulation of blood

ow In small tubes

In Chap. 2, we discuss the intrinsic relationship between énDPD and the MD
method by constructing a mesoscopic system from the micraggc system. In this
chapter, we explore the application of the DPD method on theehgth scale near
the mesoscopic-macroscopic transition. By simulating theed blood cell (RBC)
suspensions in di erent tube systems, we identify a non-cbnuum to continuum

transition as the tube diameter increases to above 100 .

4.1 Introduction

Due to the visco-elastic properties of the RBC membranes,ddd suspensions exhibit
non-Newtonian behaviors under physiological conditiondn homogeneous shear ow
systems, blood suspensions show apparent shear thinninget, which is well char-
acterized by Chien [111, 22, 138{ al.. In Poiseuille ow systems, the cross-stream
stress gradient drives the cells to migrate toward the cenlee of the tube, leading
to the inhomogeneous cell density distribution. In blood r&ology, this e ect results

in the formation of a cell free layer (CFL) near wall, the Fahaeus-Lindquist ef-

71
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fect with respect to di erent tube diameters, the inhomogeaous cell transportation
(blood plasma skimming) at vessel junctionsetc.. Therefore, numerical modeling
of blood ow requires proper incorporation of these non-Newanian characteristics.
Practically, this is often achieved byexplicitly modeling of the RBCs as individ-
ual \capsules”, where proper visco-elastic properties aimposed on individual cell
membranes. Using this approach, the major rheological pregies of blood suspen-
sions such as the bulk viscosity in shear ow, the apparentsc¢osity and CFL region
in tube ow can be accurately captured, see Ref. [54, 48, 503]3 However, we
note the scale of these simulation systems is often limited ©(10%) RBCs. This is
mainly due to the expensive modeling of the individual cellsRemarkably, Freundet
al. [54] use a spectral boundary integral method to model the @d ow in a tube
with diameter D = 11:3m . Dupin et al. [33] construct a RBC model by Lattice
Boltzman method and use this model to study blood ow oD(10?) RBCs. Fedosov
and Karniadakis [48] study the blood ow in tubes with diameer 10 40m using
a multi-scale RBC model by DPD method.

Alternatively, other theoretical approaches have modelethe blood ow in large
vessels by continuum methods [136, 116]. In these modelse thlood ow is rep-
resented by separate cell-rich region and cell-depletedgren, where di erent uid
properties are imposed through the continuous equationsrfeach region. While
it is widely believed that the blood ow can be treated by coninuum Newtonian
uid in tube ow with diameter larger than 200 m , the delity of the continuum
approximation for smaller tube system is unclear. A questiparises naturally: is
the homogeneous continuum approximation just a simpli catn for continuum mod-
eling, or it is a natural result stemming from the length scal (macroscopic) limit
of the mesoscopic blood ow systemVe address this issue in this chapter. In par-
ticular, we investigate whether the continuum assumption$uilt into such models
are supported by results from the our mesoscopic simulati®rof blood suspensions,

where individual RBCs are explicitly modeled. The tube owsf blood suspensions
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[48] are expensive to simulate, and therefore it is desirabto know when simpli ed
approaches are feasible. As the tube size is reduced towahe RBC diameter the
CFL becomes the dominant feature, and the assumption of a @bf homogeneous
ow will become increasingly tenuous. Hence our goal is to tmine the e ective
range of such approximations.

This chapter is organized as follows. In section 4.2 we anadythe micro-sctructures
of the blood ow in di erent tube diameters. In section 4.3 wemeasure the local vis-
cosity of the blood ow to uncover the way in which these suspsion ows change as
the tube diameter decreases. Using a continuum model withgsboundary velocity,
we explore the possibility to model the blood systems with atinuum approxima-

tion. We conclude in section 4.4.

4.2 Microstructure of blood ow

In this section, we investigate the micro-structure of hetlly blood ow in tube
systems with diameter ranging from 20n to 150m . The blood ow is modeled
as a suspension of the individual red blood cells (RBCs) ind®d plasma solution,
whereas other components such as leukocytes and platelets amitted in the present
studies. The RBCs are represented by the multi-scale modedwkloped by by Pivkin
et al. [125] and Fedosoet al. [46]. The blood plasma is modeled by a simple DPD

uid with dynamic viscosity ,=1:2 10 3P, s.

4.2.1 \Velocity and shear rate distribution

Fig. 4.1 shows the velocity distributionu(r) of the blood ow for tube ow with
D =20m and D =100m . The dash lines represent the quadratic tting of the
numerical results. ForD = 20 m , the velocity pro le exhibits apparent deviation
from the quadratic tting. However, the velocity pro le for the case ofD =100 m

ts well with the parabolic pro les, except for the region of the cell-free layer near
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Figure 4.1: Velocity proles for D = 20 (left) and 100m (right) with HT = 0:3.
The blue dash curves represent the parabolic tting to the snulation results. The
data is also tted with parabolic curves (blue dashed linesand the tangent lines at

the wall with slopes ,,= , while the vertical dashed line indicates the cell-free lay
thickness.

the blood channel where the blood plasma dominates. In thiggion, the velocity
pro le agrees well with the linear approximationdu=dr = ,,= , where , is the wall
shear stress.

Using the velocity pro les, we compute the shear rate distbution of the blood
ow for D =20m and D =100m , as shown in Fig. 4.2. Similar to the velocity
pro les, the two systems exhibit di erent properties. ForD = 20 m , the system
can be roughly divided into two regions: a nonlinear regiorepresenting the blood
core near the centerline and a linear region representing eéhcell free layer near
the tube wall. On the other hand, for large tube size = 100 m ), the system
exhibits three di erent regions: (i) the non-Newtonian ow region with shear rate
smaller than 6@ 1, (ii) the linear region between the centerline and the CFL vt
shear rate between 69 ! and 25G 1, and (iii) a linear region representing the CFL
region. The inset plot shows two shapshots of blood ow obtaed at r=R = 0:1
and r=R = 0:85 forD = 100 m , respectively. Due to the di erent local shear rates,

the two snapshots exhibit di erent local con gurations. Fa r=R = 0:1, the RBCs
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Figure 4.2: Shear rate distributions for blood ow in tubes dvarious diameters at
HT = 0:3. For D = 100 m the vertical dashed lines indicate: the CFL thick-
ness near the wall, and the limit of the linear portion of the tribution near the
centerline.

exhibit close-packing state with near-spherical shape. Fo=R = 0:85, the RBCs
exhibits large deformation due to the high shear rate near éh CFL region. We

systematically investigate this issue in next section.

4.2.2 Cell density and local hematocrit distribution

Due to the hydrodynamic interaction, the deformable RBCs ted to migrate towards
the centerline of the channel, resulting in a inhomogeneouasl| distribution along the
radial direction as well as a cell depletion layer near the be wall. Fig. 4.3 shows
the snapshots of the blood ow cut through the center of the the forD = 40 m
and D = 100m with HT = 0:3. For both systems, the RBCs show close packing
state with parachute shape near the tube center. On the comtry, the RBCs align
with the ow direction at high shear rate region, followed bythe CFL region near

the tube wall.
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Figure 4.3: Central cut-plane snapshots along the tube axisr D =40 m ((a) and
(b)), and 100 m ((c) and (d)) at HT = 0:3. (a) and (c) are the half-tube images,
while (b) and (d) are thin slices across the cut. CFL thicknesis shown by dashed
lines parallel to the walls.

To quantify these local variations, we measure the normaéed RBC center dis-
tribution along the radial direction, as shown in Fig. 4.4. Three interesting points
appear in this result. First, the cell densities exhibit maimum values near the tube
center, which is consistent with the at plug-like velocity pro le near the tube near
in Fig. 4.1. This feature is mainly due to the small local sheaate in that region,
resulting in a better close packing of the RBCs. As increases, these quasi-steady
structures are gradually destroyed due to the stronger cathixing e ect induced by
the larger local shear rate, accompanied with a lower locaglt density. Second, the
inhomogeneous distribution is more pronounced for smalllbes © = 20;40m ): the
cell density exhibits nearly monotonic decrease along thadial direction. On the
contrary, a homogeneous region appears in large tube systemhich is re ected by
the at cell density value as shown in Fig. 4.4. We note that tis result is also con-
sistent with the linear shear rate distribution forD = 100 m as shown in Fig. 4.2.

Both results indicate that the blood ow exhibits isotropic properties in this region.
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Figure 4.4: Radial RBC-density distributions normalized # the mean prescribed
density for D = 20;40 m (left) and D = 100;150m (right) for HT = 0:3.

Finally, we note that the cell center distributions show linitation to characterize the
local density. This is because the local cell volume contrbon is not counted in
the sampling process. This limitation is especially pronameed for small tubes with
diameters comparable to the size of individual RBC (see thdaormal high value of
the cell center density near =0 for D =20 m .) .

To incorporate the local cell volume contribution, we de nethe local hematocrit
H(r) by zZ,.2,

1
H(r):—2L
0 0

g(r; ;x)dxd ; (4.1)
whereg(r; ;X ) is de ned by

8

21 if point(r; :x ) is inside of a RBG
o(r; ;x) = (4.2)

70, if point(r; :x ) is outside of RBCs

Following this de nition, we directly measure the local bl@d volume fraction
H(r) for the dierent tube ow systems, as shown in Fig. 4.5. For mall tube

diameters,H (r) shows similar tendency with cell center distribution as increases.
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Figure 4.5: Local hematocrit distributions normalized byH™ for D = 20;40 m
(left) and D = 100;150m (right) for HT = 0:3.

However, the arti cial peak near the tube center is absent ithe H (r) distribution.
For large tube diameters, the variations between thi (r) and cell center distribution
become small, both featured by a wide range of homogeneoustmlbution. This

result is not surprising, since the RBC size e ect becomesskeimportant in the large

tube systems.

4.2.3 Cell deformation and orientation

Due to the dierent local shear rates, the RBCs undergo varigs stretching and
deformation along the ow direction. This is characterizedby the dierent cell
shapes shown in Fig. 4.3. To quantify this e ect, we analyzehe gyration tensor of
the individual RBCs and compute the asphericity distributons (see Sec. 5.3.1 for
detail de nition) along the radial direction, as shown in Fg. 4.6. The horizontal
dash line represents the asphericity value for the equililum biconcave shape. In
the blood core region, the asphericity values are smallerah the equilibrium value,
indicating that the RBCs in close packing structures keep a are spherical shape.

This result is also consistent with numerical simulationsfosingle RBC in Poiseuille
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Figure 4.6: Asphericity (left) and cell orientation angle fight) distributions for di er-
ent tube diameters withH ™ = 0:3 The horizontal dashed line denotes the equilibrium
RBC asphericity equal to approximately 015.

ow by Fedosov and Karniadakis [46]. In that simulation, thesmallest eigenvalue of
the cell gyration tensor undergoes a positive shift along ¢h ow direction, resulting
in a transition into parachute shape with smaller aspherity.

As r increases, the RBC asphericity increases due to the largecél shear rate.
For large tube with D =100 m and D = 150 m , the asphericity values show linear
increase in the homogeneous ow region:Z2 < r=R < 0:85, where the slope is
weakly dependent on the tube diameter. This is followed by éarp increase near
the CFL region, where the RBCs are subjected to the largest sar rate, as shown
in Fig. 4.2.

To quantify the cell orientation distribution along the radial direction, we com-
pute the eigenvectorV 1 for the smallest eigenvalue of the cell gyration tensor. Eh
orientation angle is de ned by the angle between the ow direction and/ 1 (see Sec.
5.3.3 for details). Fig. 4.6 shows the cell orientation angldistribution for di erent
tube diameters. Similar to the asphericity distribution, the blood ow systems can
be roughly divided into three regions. (i) In the blood coreeagion, the orientation

angle shows small, scattered values, representing the \idam" orientated cells near
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the tube center. (ii) In the region between the blood core anthe CFL, the cell
orientation angles keep a near-constant value with very sloincrease. We note that
the typical value is very close to the swinging angle for a gife RBC in tank-treading
motion in shear ow system [2]. (iii) Near the CFL region, thecell orientation angles
increase sharply due to the abrupt increase of the local sheate. As the tube size
increases to above 106 , the orientation distributions converge into a single curs,
which is independent of the tube diameters. On the contrarythe cell orientation
distribution for D = 10 m di ers from the other cases, indicating that blood core

region dominates for the small tube systems.

4.3 Continuum approximation

In Sec. 4.2, we demonstrate that the tube blood ow systems kibit inhomogeneous
micro-structures for small tube diameters. As the tube diaeter increase to above
100m , the various micro-structures gradually converge into sgie states, indicating
the homogeneous ow region plays a dominant role. In this san, we further

explore the possibility to model the blood system using canuum approximation.

4.3.1 Local shear viscosity

For blood suspensions in shear ow, the local shear stressand shear rate _are
homogeneous through the domain. Therefore, the shear visitp of the blood ow
only depends on the and cell volume fractionH . However, for the blood suspensions
in Poiseuille ow, both and _are inhomogeneous along the radial direction, where
the dependence of the shear viscosity on the local hematadd (r) is unknown. To
explore the continuum limit of the blood system, we computehe local shear viscosity
as a function ofr for the di erent tube diameters, as shown in Fig. 4.7 (a).

Unlike the homogeneous shear ow, the blood viscosity in t& ow shows a

general decrease along the radial direction. Near the tuberter, the blood core
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is characterized by the largest viscosity values. Asincreases, the blood viscosity
gradually decreases and jumps to the value of blood plasmathin the CFL region.
Moreover, the viscosity distribution also depends on the te size. For small tube
systems, the blood viscosity shows monotonic decrease asrthe tube. However, for
large tube systems, a homogeneous region characterized lBamconstant viscosity
appears. Recalling the linear shear rate and homogeneoub density distribution in
this region (see Fig. 4.5), we suspect that this region resblas to the homogeneous
shear ow of blood suspension under high shear rate, whereetlindividual RBCs
become largely deformed and the suspensions exhibit neanstant, low viscosity
value. To verify this postulation, we plot the blood viscos$y as a function of the
local shear rate, as shown in Fig. 4.7 (b). The large drop of éhviscosity across the
whole domain is counter-intuitive in view of the homogeneauregion in Fig. 4.7 (a).
However, we note that the main drop occurs within shear ratees than 68 1, e.g.,
the blood core near the tube center. For shear rate larger th&0s 1, blood viscosity
keeps a near constant value.

In Fig. 4.7 (b), we also plot the blood viscosities measuredyChien et al. [22]
and Eckmannet al. [34] in shear ow systems. The experimental data is repreded
by symbols at constant shear rate 2s !, 52s 1, 106 !, 206 . From the shear
rate and blood density distribution, the two lowest shear rees correspond to the
blood core region withH  0:5, H  0:4, respectively. The two larger shear rates
lie the linear shear rate region withH  0:34. For large tube diameters, the sim-
ulation results agree well with the experimental measuremg which suggests that
the local shear viscosity in Poiseuille ow is well charactezed by the momentum
transportation properties of the blood suspensions in horgeneous shear ow. How-
ever, the deviation from the experimental measurements famall tubes indicates
that the continuum assumption may not be valid for tube diamger smaller than
100 m . Therefore, by varying the tube diameters, we identify a trasition from

non-continuum to continuum description for the blood systes. We quantify this
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Figure 4.7: (a): relative viscosity (the cell suspension sg¢osity normalized by the
solvent viscosity) distribution along the radial direction for D = 20;40, 100, and
150m at HT = 0:3. The dash line represents the separation of the \blood cdre
\linear" and the blood plasma region forD = 150 m . (b): relative viscosity from
the shear-rates distribution For reference the horizontatlashed line is the plasma
viscosity. The vertical dashed line gives the position of thhCFL for D = 150 m .
Experimental values are shown as points.
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e ect by applying a continuum model to describe the blood sysms, as discussed in

next subsection.

4.3.2 Continuum approximation with slip boundary velocity

For both shear rate and relative viscosity, we notice that ta inhomogeneous \blood
core" region becomes small (within 5%) for large tube size. h&refore, we further
approximate the system into two regions: the linear shear taregion of blood ow
with relative constant value of viscosity with O<r < R 5 and Newtonian ow region
of blood plasma forRy <r <R . The viscosities for the two regions are. = D
and ,, respectively. TheR, de nes the separation of the two phase ow and is
dened by Ry = (1 1)R, where ; is determined by the value of cell free layer.

With pressure drop P= X, the velocity pro les are

Ue(r) = ( r*+ (R® RR)+ RR)

(4.3)

<0 x|
-b‘H-b‘H
O

Up(r) = ( r*+R%;

p

whereU.(r) and Uy(r) represent the velocity prolesin 0<r<R 5 andRa <r<R ,

respectively. In general, the blood viscosity is larger tmaplasma viscosity (> 1).

If we extend the velocity pro le of blood ow Uc(r) to r = R, nite slip velocity

appears on the wall boundary. Therefore, there exists centavalue Rg betweenRx

and R such that the ow rate of blood plasma can be represented by ¢hextension
of the velocity pro le U, (r) within Ry <r<R g, e.g.,

Z R Z Rg
21U p(r)dr = 21U (r)dr; (4.4)

Ra Ra
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The Left-hand-side (LHS) and right-hand-side (RHS) of Eq. 4.4) is given by
Z g,

2 2 4 4
21U ¢(r)dr = Pz (R* R3)+ R; Re Ri Rg Ri
5 X4 . 2 (4.5)
R P 2 R2 R2 2 !
21U p(r)dr = 2 A) .
Ra X4 4

For simplicity, we de ne Rg = (1 2)R. With Ry = (1 1)R, Eq. (4.4) can be
simpli ed as
2[4 2)1+25](1 2= (4 4); (4.6)

where the high order termsO( 3), O( 3) have been neglected since;; » 1 for

cases of large tube diameter. Solving the above equationlgiethe result = ,=,
given by
P
= ( D+ 7
(4.7)
Re =(1 )R
With 1, falls between 0 and 6. Specicallyy, = 1leadsto =0 since the

blood ow and plasma have the same viscosity in this case, €.Rg = R without
any slip length. On the other limit case, !'1 leads to = 0:5 since the extension
of Uc(r) can be treated as at line compared withU,(r). Numerically, approaches
0:5 given > 3.0.

With the continuum model given by Eg. (4.3) and Eq. (4.7), thevelocity pro le
has nite non-zero value at the boundaryr = Rg. The slip value is given by
Us(r = Re)

P 1

Uslip = —X4—( Ré + (R2 Ri)"' Ri)
(o4
P R2 >
= — +
< 7 C(1 1 2)°+2 1 2,) (4.8)
PR2 P

2
- A 1
X2 ¢
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Figure 4.8: The velocity pro le of the blood ow for D = 20;100m . The symbols
represent the numerical results obtained by the numericalmnsulation from the DPD
simulation. The dash lines represent the results from the nbnuum model with
slip boundary condition de ned by Eq. (4.3) and Eq. (4.7). Tk dash dot lines
represent the results from the continuum model with no-sligpoundary condition
de ned by Eq. (4.11). The vertical dash line represents the gsition of the slip
boundaryRg = (1 )R, where , de ned by Eq. (4.7).

Therefore, the continuum model can viewed as a pressure aniv ow with speci ¢

slip velocity as de ned above, e.g.,

P 1
U(r) = ( r2+ Ré)"’ Uslip; (49)
X4 .

and the corresponding ow rate is given by

P

Q= ——XRg + R 2 Ugip: (4.10)
C

Given the value of and 1, the continuum system is fully determined for the

pressure drop P= x by Eq. (4.8 - 4.10). . is the characteristic value of the relative

viscosity in the linear shear region as the value. For smalleube systems, Eq. (4.8 -

4.10) may not be valid due to the dominance of the blood coregien. Nevertheless,

their continuum approximations are also computed for compeon reason.
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model D(m) P= Xx(P,=m) Ugpp(mm=s) Q (mm?3=s) U(0)(mm=s)
DPD 20 1.31 10 N/A 2:92 104 1.32
N ewtonian® 20 1.31 1@ 0.89 362 104 1.37
N ewtonianM 20 1.31 1@ N/A 2:92 104 1.859
DPD 40 6.78 10° N/A 1:97 10°3 2:41
N ewtonian® 40 6.78 10 1:07 208 103 2:48
N ewtonianN 40 6.78 10 N/A 1:97 10°3 3:15
DPD 100 3.41 10° N/A 3:24 1072 7.03
N ewtonian® 100 3.41 10 1.51 331 102 7.08
N ewtonianM 100 3.41 10 N/A 3:24 102 8.83
DPD 150 2.65 10 N/A 0.124 12.44
N ewtonian® 150 2.65 10 1.71 0.126 12.55
N ewtonianN 150 2.65 10 N/A 0.124 14.18

Table 4.1: Flow rateQ and maximum ow velocity U, calculated in DPD simulations
and with the Newtonian® and Newtonian™ models atH™ = 0:3. The slip velocity
Ugiip for the Newtonian® model is also shown. For each tube siZ2 the pressure
gradient P= x is xed. The tabulated values forD =20 and 100 m correspond
to the velocity pro les of gure 4.8.

Fig. 4.8 and Tab. 4.1 present the velocity pro les and ow raesQ obtained from
the slip-velocity model as well as the DPD simulation. The cdinuum results in
general agree well with the DPD simulation. The discrepanayear the center line of
the blood channel is mainly due to the non-Newtonian blood o® near the centerline
of the channel. The errors iQ and U,,, range from about 2% to 10% as the diameter
decreases. When only ow rate is considered, a no-slip bowargt approximation will

yield the correct results. The velocity pro le is de ned by

P 1

Uns(r) = —~ 7 ( r2+ R?); (4.11)

app

where g, is the apparent viscosity of the blood system. However, thepproxima-
tion results in large over-estimation ofU,,, as shown in Fig. 4.8. For small tube
systems, improved accuracy calls for the incorporation ohé inhomogeneous local

information, which is omitted in the continuum approximation.
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4.4 Conclusion

In this chapter, we present the DPD simulation results of blod suspensions in di er-
ent tubes with size-range 20 150 m . Di erent from the homogeneous shear ow,
the blood suspensions in Poiseuille ow exhibit inhomogeaas shear stress across
the tube, resulting in the heterogeneous micro-structureaong the radial directions.
This e ect is especially pronounced in small tubes, where ¢hblood ow can be
roughly divided into two regions: the non-Newtonian bloodare and the Newtonian
blood plasma layer. The inhomogeneous cross stream stressdgent is re ected by
the cell density peak and at plug-like velocity pro le near the tube center. On
the contrary, in large tube systems, a homogeneous cell seapion region appears
between the blood core and the plasma layer, where the cellndéy distribution
keeps a near constant value. Analysis of the velocity pro ¢ereveals that the large
tubes show a linear shear rate distribution in this region, tereas for the smaller
tubes, the shear rate pro les are non-linear over the wholeothain. The response
of the suspended cells to the varying shear rates cross théuis derived from the
gyration tensors of the individual cells, where the cell a&gricity and orientation
angle are quanti ed for di erent tube systems. As the tube dameter increases to
above 100m , the simulation results converge to single pro les.

The appearance of the homogeneous cell suspension regiaticates that the
blood system approaches the continuum region as the tube diater increases. This
postulation is investigated by measuring the local viscdgiacross the tube. In large
tube systems, the local viscosity of the blood ow approackethe value measured
in homogeneous shear ow systems, indicating the local pregiies can be described
by the shear viscosity de ned on the macroscopic scale. Aslte diameter decreases,
the local viscosity shows apparent deviation from the homegeous value, indicating
the break down of the continuum approximation. Therefore, sing the mesoscopic
DPD method, the present work identi es a non-continuum to catinuum transition

for blood ow systems. For tube ow of D 100m , the blood velocity pro les can
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be well characterized by a continuum description with slip elocity at the boundary.
However, this description shows poor approximation for srilar tube systems, where

the inhomogeneous local properties need to be speci ed.



Chapter 5

A multi-scale model for sickle red

blood cell

5.1 Introduction

Sickle cell anemia has been identi ed as the rst \moleculadisease" [123] where
the hemoglobin molecules inside the sickle red blood cellS&BC) are dierent
from the healthy ones. Speci cally, the di erence resultsrbm the substitution of a
single amino acid in the -chain of hemoglobin. In a deoxygenated state, the sickle
hemoglobin (HbS) molecules exhibit low solubility and tendo aggregate and form
a polymerized state [133] characterized by the double nuateon mechanism [52].
Due to the polymerized HbS, the SS-RBCs undergo various mawgogical changes
depending on the mean corpuscular hemoglobin concentratidMCHC) and the
deoxygenation procedure [84, 23]. With a slow deoxygenatigprocedure and low
MCHC value, the SS-RBCs tend to form into a classical sicklehape, where HbS
inside a single sickle cell tends to form into a single aligng@olymerized domain. On
the other hand, fast deoxygenation and high MCHC conditionfavor the mosaic or
granular shapes, wherenultiple polymerized domains are typically found inside the

cell.

89
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In addition to the various cell morphologies, the membrane ethanics of a SS-
RBC also exhibits di erent properties in both oxygenated ad deoxygenated states.
In full oxygenated state, measurements of the e ective cethembrane elasticity by
optical tweezers [17] reported 50% increase compared withethealthy cells. Mea-
surements by micropipette [41] reported that the e ective lsear modulus of the sickle
cell membrane is about two to three times the value of the hehi cell. On the con-
trary, the shear modulus of the SS-RBC increases sharply dsetoxygen tension is
decreased below 60 mmHg [76]. Moreover, the rigidity of thallf deoxygenated cell
depends on the MCHC value for each single cell. For a sicklellogith low value
of MCHC (e.g., 255 g/dL), the e ective cell rigidity is about 100 times larger than
the healthy value, while for cells with higher value of MCHC ¥ 35 g/dL), the cell
rigidity shows further increases and could be even largerah the upper limit of the
instrument used in the experiment.

The intracellular polymerization and the sti ened cell menbrane lead to an el-
evation in ow resistance of SS-RBC suspensions. Extensiexperimental studies
on the dynamics of SS-RBC suspensions have been reporteddoth shear ow and
isolated vascular systems [148, 84, 87, 86]. Usami et al. maa@d the shear viscosity
of HbS cell suspensions in a Ringer's solution with HemataicfHct) 45%. While the
viscosity of the normal blood exhibits the shear-thinning ehavior, the behavior of
the full-deoxygenated HbS blood is similar to Newtonian owas the viscosity value
is nearly shear-independent. Kaul et al. [84, 87, 86] invagated the rheological
and hemodynamic properties of SS-RBC suspensions with \ars cell morphologies
obtained at di erent MCHC values and deoxygenation rates. tiwas found that the
dynamics of SS-RBC suspensions is heterogeneous with theoas cell morpholo-
gies. More recently, Higgins et al. [69] studied SS-RBC swesgsions in a micro uidic
network where the oxygen tension of the environment could beontrolled. Vaso-
occlusion was observed as the oxygen was gradually removedlevblood ow could

be resumed as the oxygen was re lled into the micro uidic dage. The basis of
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the occlusion phenomenon was attributed to the sti ened cemembrane in deoxy-
genated state while the detailed biophysical mechanism ftine occlusion event was
not explained.

Numerical simulations can be used for qualitative and quaitative understanding
of the behavior of blood ow with sickle cell anemia althoughmuch less numerical
work has been reported, probably due to the complexity of thsickling process and
also the heterogeneouscharacteristics of SS-RBCs. To this end, Dong et al. [30]
studied the e ect of cell deformability and cytosol polymeization by a 2D model of
sickle cell in capillaries where a RBC was represented as a 2{inder shape. The
blood ow resistance for di erent values of the cell membra@ shear modulus and
cytosol viscosity were investigated. Dupin et al. [33] stueld a collection of SS-RBCs
passing through an aperture of diameter less than the size afingle cell.

To quantify the hemodynamics of blood ow with sickle cell aemia under var-
ious physiological conditions, we employed a multiscale mel [125, 46] to simulate
healthy RBCs and SS-RBCs. A RBC is modeled as a network of visgastic bonds
combined with bending energy and constraints for surface ea and volume con-
straints. The mechanical properties of the cell membrane arfully determined by
the microscopic parameters such that various cell membrameechanical states can
be imposed without changing the model's parameters. Di erg realistic 3D cell mor-
phologies are constructed according to the typical shapebserved in experiments
by SEM [84, 87]. Quantitative shape characteristics are alyaed by introducing
the asphericity and elliptical shape factors. The correspding shear viscosity and
peripheral resistance are computed in shear and tube ow ggms. Comparison
with experiment results is made where it is possible and phgal mechanisms are
discussed. We show that the model can capture thHeeterogeneouthemodynamics
of SS-RBC suspensions with di erent cell morphologies. Wdsa discuss the physio-
logical conditions for the occurrence of vaso-occlusionltBough the ow resistance

of diseased blood exhibits an apparent elevation comparedthwhealthy blood, no
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occlusion events occur until proper adhesive interactionagre introduced into the
system. Our simulation results indicate that the adhesiventeractions between the
sickle cells and the vascular endothelium play a key role fdine triggering of the
vaso-occlusion phenomenon istraight vessels.

The chapter is organized as follows. In Sec. 5.2, we explaimetdetails of the
multiscale RBC model and the method of constructing SS-RBCsIn Sec. 5.3,
SS-RBCs with various 3D morphological states are constriert and quanti ed by
the asphericity and elliptical shape factors. The dynamic rpperties of SS-RBC
suspensions are studied in shear ow and tube ow with diamet of 9m . The shear
viscosity and tube ow resistance are computed and comparesith the available
experimental results. The e ect of the blood cell-endothealm interaction on the
hemodynamics of SS-RBCs is further examined. We conclude $®c. 5.4 with a

brief summary.

5.2 Multiscale model

5.2.1 RBC membrane

The sickle red blood cell model is based on a multi-scale mbdé healthy red blood
cell developed by Pivkinet al. [125] and Fedoso\et al. [46]. Here we brie y review
this model. We refere to Ref. [44] for the details of this mode

In the equilibrium state, the RBC keeps a biconcave shape asstribed by [42].
In the present model, the RBC membrane is represented by a tvadmensional tri-
angulated network with N, vertices where each vertex is represented by a DPD
particle. The vertices are connected byNg visco-elastic bonds to impose proper
membrane mechanics [29, 46]. Speci cally, the elastic past bond is represented by

the potential " #
X keThn(3f 26) K .
4p(1 X)) (n nirte

Vs = (51)

j21::Ns
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wherel; is the length of the springj, |, is the maximum spring extensiony; = |; =ln,
p is the persistence lengthkg T is the energy unit,k, is the spring constant, andn
is a power. Physically, the above two terms represent the watike chain potential
and a repulsive potential, respectively.

The membrane viscosity is imposed by introducing a viscousrEe on each spring.
Following the general framework of the uid particle model 38], we can de ne the

dissipative forceFﬁ’ and random forceFE* given by

FP = Tvi  S(vi ej)ey; (5.2)

p p p --
FRdt=" 2kgT 2 TAWS+ 3 °C T%

1 e (5.3)

where T and © are dissipative parametersy; is the relative velocity of spring
ends, tr [dW ] is the trace of a random matrix of independent Wiener increants
dw  , and dw—f = dw? tr[dW ?]1=3 is the traceless symmetric part.

To uniquely relate the model parameters and elastic propees of the cell mem-
brane, we extend the linear analysis of [27] for a regular hegonal network [46]; the

derived shear modulus of the membraney is given by

P KeT Xo 1 1 P 3kp(n + 1)
0= 5 st — (5.4)
dplnXe  2(1  Xo) 4(1  Xo) 4 415
wherelg is the equilibrium spring length andxgy = lp=ly,.
The bending resistance of the RBC membrane is modeled by thetpntial
X
Vb = kb [1 COi i 0)] ; (55)
j21::Ns

wherek, is the bending constant, ; is the instantaneous angle between two adjacent
triangles having the common edge, and o is the spontaneous angle. The relation
between the model bending coe cientk, and the macroscopic bending rigidityk,

of the Helfrich model [66] can be derived dg, = 2kc=IO 3 for a spherical membrane
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[46].

In addition, the RBC model includes the area and volume consation con-
straints, which mimic the area-incompressibility of the bpid bilayer and the incom-
pressibility of the interior uid, respectively. The corresponding energy is given by

X kA A, kalA A2 KV V2
27, 2AK! AV

Vary = (5.6)

221Nt
whereN; is the number of triangles in the membrane networkd\q is the triangle area,
and kg, ky and k, are the local area, global area and volume constraint coe ents,
respectively. The termsA and V are the total RBC area and volume, whileA®* and

Vit are the speci ed total area and volume, respectively.

5.2.2 Sickle cell membrane

Di erent from normal RBCs, the sickle cells exhibit variousmorphological states
due to the presence of the polymerized HbS inside the cell. deoxygenated state,
the HbS molecules polymerize and grow into bundles of ber. dbsequently, the
sickle cell undergoes various degrees of distortion due toet interaction between
the growing ber and the cell membrane. The nal shape of theiskle cell depends
on the intracellular HbS polymer con guration. In general,classical \sickle" and
\holly leaf" shapes originate from a single HbS polymer donma growing along one
direction; granular and near biconcave shapes originateofn multiple domains with
homogeneous growth directions. The con guration of the Hbfolymer is determined
by several physiological conditions: the MCHC of the sickleell, the rate of the
deoxygenation process, the nal gas tension, temperaturBH level, etc.. (see Chap.
6 for further discussion on the e ect of the HbS polymer con gration on the sickle
cell morphology.)

In this chapter, we directly consider the surface tension g@tied on the cell mem-

brane exerted by the growing HbS bers, similar to the systemdiscussed in Ref.
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Figure 5.1: Left: triangulated mesh of the RBC membrane. Théabel \A", \B",
\C" and \D" represents the four anchor points where the strething force is applied.
Right: Successive snapshots of a RBC during the morphologidransition to the
\sickle" shape.

[25]. Fig. 5.1 shows the triangulated mesh of a healthy RBC thi biconcave shape.
We de ne the direction along the thickness of RBC as z-direiin while the plane
determined by the two long axes is de ned as the x-y plane. Thietters \A", \B",
\C" and \D" are the four points with the maximum/minimum valu es in the x/y
directions, representing the four anchor points where thatracellular growing bers
can potentially approach the cell membrane. Each anchor piiis represented by
N, vertices, where = 0:016. Di erent surface tension is exerted on the cell mem-
brane depending on the con guration of the HbS bers. For deggenated SS-RBCs
with low MCHC, the intracellular HbS polymer tend to grow into single domain
whereas the angular width is relatively small due to the linted heterogeneous nu-
cleation and branching rates, resulting to the classical dile shape. Accordingly,
the surface tension is applied only on points \A" and \C" to represent the specic
direction of the polymer growth. For SS-RBCs with high MCHC the intracellular
HbS polymers tend to form spherulitic con gurations due to he explosive growth via

the high heterogeneous nucleation rate on the pre-existedb8 polymers, resulting
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in the granular shape. In this case, the growing HbS bers magpproach the cell
membrane from multiple directions. Therefore, the surfactension is applied on all
the four anchor points for this case. We note that the HbS poiger may interact
with the cell membrane at more than four positions, resultig in the multiple spicules
distributed in the cell membranes. However, this type of dal exhibits similar gran-
ular shape. Therefore, we use four anchor points in the cuntestudy to represent
the positions where the growing HbS bers interact with the ell membrane.
Starting from the original biconcave shape, the cell membna undergoes various
deformations until a certain new shape is achieved. We de nihe new shape as
the equilibrium state of the sickle cell and remove the surfa tension applied at the
anchor points. To de ne the distorted shape as the stable g of the sickle cell
with minimum free energy, the local stress on the cell memhna generated by the
distortion has to be eliminated. To achieve this, we employ ®tress-free" model to
the new state of the sickle cell. The equilibrium length off) of each bond is set to
the edge length of the new state for=1;:::; Ns. This leads to individual maximum
extension for each bond ak=x,, wherex, is a constant less than 1. Thisnnealing
procedure provides a bond network free of local stress abnormalitiegzinally, the

bond parameters are adjusted according to the shear modulatthe sickle cell.

5.2.3 Adhesion model

Besides the abnormal cell morphologies, the SS-RBCs alshiéit adhesive behavior
with the blood vessel wall as well as with leukocytes presemt the blood systems;
in this chapter we omit the di erent cell adhesive dynamics mong the various cell
fractions. (see Chap. 7 for detail discussion on this issy€lo investigate the e ect
of the SS-RBC/wall adhesive mechanism on the hemodynamickthe sickle blood,
we employ a simple stochastic model [62, 47] to represent theulti-functional in-

teractions. Speci cally, we assume that the sickle cell vieces can interact with the

endothelial ligands within interaction distanced,,. For each time step t, transient
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bonds can be formed between the cell vertices and the enddihkligands with prob-
ability Po, =1 e *n ' while the existing bonds can be ruptured with probability

Poit =1 e kot ' wherekon; Korr are the reaction rates de ned by

(I lo)?
kon = kgn EXp % (5 7)
k — kO exp off (I |0)2 .
off of f 2kBT )

where o, and . are the e ective formation/rupture strengths. For existing bonds,
the force between the receptors and ligands is de ned Wy(l) = 2ks(I o), where
ks is the spring constant andl, is the equilibrium length.

During the simulation, the above stochastic process is exged at each time step.
First, all existing bonds between cell vertices and ligandsre checked for a potential
dissociation. A bond is ruptured if the bond length is largethan d+ , otherwise it is
determined according to the probabilityPy . Second, a bond formation procedure
is looped through all the free ligands. For each free ligana@ll the cell vertices
within the distance d,, are examined, and bond formation is accepted in a stochastic
way according to the probability P,,. Finally, the forces of all existing bonds are

calculated and applied.

5.2.4 Scaling of model and physical units

In the present work, the scaling between DPD model unitsM ) and physical units

(P) adopts the following length and time scales

DP DP P YM
M _ 0 m: - 0 .

whererM is the model unit of length,Dg is the cell diameter,m stands for meters,
is the characteristic viscosity (e.g., solvent viscosityand Y* is the Young's modulus

of the red blood cell. Moreover, we can de ne the scaling oféhenergy per unit mass
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(kg T) and of the force unit (\N" denotes Newton) as follows

2

YP  Df
(ke T) = vV D—'S' (ks T)";
0 (5.9)
P pP
m - Y Do p.
YM DY

5.3 Results

In this section, three di erent types of sickle cell membraes typically observed in
experiments [87] are constructed. The various morphologiare further quanti ed by
the asphericity and ellipticity factors to represent the dgree of distortion of the cell
membrane. The shear viscosity of SS-RBC suspensions withedent morphologies
and hematocrit values are investigated and compared with pgriment results. The
hemodynamics of SS-RBC suspensions is studied in a tube wittameter of 90 m .
Finally, we investigate the e ect of the adhesive interacbn between the SS-RBCs

and a modeled vascular endothelium on the vaso-occlusiongoimmenon.

5.3.1 Morphology of sickle red blood cell

Kaul et al. studied the morphologic characteristics of si¢& cells by SEM for di er-
ent intracellular MCHC values [84] and deoxygenation rate87]. Sickle cells with
medium MCHC values exhibit sickle shape while cells with ligMCHC values ex-
hibit granular shape. Similarly, slow deoxygenation rateasults in sickle shape while
the fast deoxygenation rate favors granular shape. Remaihg, a third type of sickle
red blood cell is observed with prolonged 30-min incubatioof the granular cell in
the deoxygenated condition. Di erent from the sickle and ganular shape, the cell
exhibits extremely elongated shape in one direction with pjection much longer
than the diameter of the cell. This type of cell is probably dginated from further
polymerization of HbS in a certain direction during the prabnged deoxygenated

condition.
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A B C D

S | (0:0;55,54) | (0:0;0:0;0:0) | (0:0; 55,54) | (0:0;0:0;0:0)
G| (0:0;2331) | ( 230:0;31) | (0:0 2331)| (23,0:0;31)
E | (0;5511) (0;0;0) (0; 55 11) (0;0;0)

Table 5.1: Stretching force (pN) applied on the anchor poistfor each type of the
cell morphology.

To mimic the various distortion e ects on the cell membrane,di erent forces
are applied at the anchor points as discussed in Sec. 5.2.2ahown in Fig. 5.1.
An opposite force is applied uniformly on the rest of the veides to keep the total
force on the cell as zero. The sickle shape is obtained fronetaligned HbS polymer
growing along one direction. The stretching force is only afied on the anchor
points \A" and \C". The z-component of the forces represent he de ection of the
HbS ber widely observed in the experiment. The successivaapshots in Fig. 5.1
show the shape transition of a SS-RBC from the biconcave to éhclassical sickle
shape. Similarly, the granular shape is constructed by apphg the stretching force
on all of the four anchor points. Detailed information of thestretching force is
presented in Tab. 5.1.

The distorted shape of the cell is de ned as the equilibriumtate for the sickle
cell through the procedure explained in Sec. 5.2.2. The degrof distortion can be

identi ed by eigenvalue analysis of the gyration tensor dened by

X

Gmn = (r:n rr?w)(r:] rr?); (5.10)

1
NV |
wherer' are the RBC vertex coordinatesy is the center-of-mass, andn, n can be
X, Y, or z. The three eigenvalues obtained from the gyration tensor ardenoted by

1, 2and 3, where ;< ,< 3. The asphericity and elliptical shape factors are
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de ned by

ASF=(( 1 2°+( 2 3°+( 3 1IH=2Ry
(5.11)
ESF = 3= 2,

where Ry is the radius of gyration de ned byRg = 1+ .+ .

Figure 5.2: Asphericity and elliptical shape factors for th di erent shapes of the
sickle cells. The label \G", \S" and \E" represents the grandar, sickle and elon-
gated shape of the sickle cells respectively, and the insédeches represent their
morphologic projections on the x-z and x-y planes; the insémages represent the
experimental observations on di erent morphologic statesf deoxygentated SS-RBC
by scanning electron microscopy, reproduced from DK Kaul @H Xue, Blood, 1991
77:1353-1361, by permission. The label \B" corresponds theé original biconcave
shape, whose morphological projection is shown in Fig. 5.1.

The asphericity shape factor (ASF) measures the deviation of the RBC from
a perfect sphere shape while thelliptical shape factor (ESF) measures the degree
of distortion on the x-y plane as shown in Fig. 5.1. Fig. 5.2 pts both ASF
and ESF for the three types of cell constructed above. The gralar cell shows

similar characteristics with a healthy cell while the elongted cell exhibits the largest
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deviation from the perfect biconcave shape. Similar morplagical analysis has been
conducted on the medical image of dierent sickle cells on 2plane, where the
circular and elliptical shape factors are computed for thergnular and the sickle
shape cells [73, 9]. The di erent morphologies constructdsy the present work show
consistent agreement with the results from medical image alysis [73, 9].

Besides the structural factors de ned above, we also use alpmomial function
z = f(x;y) to t the surface of the cell membrane for all the three typesof cells,

similar to the approach in Ref. [42]. The polynomial functio is de ned by
fOGy)= ot XP+ ¥+ X'+ y'+ sXPyA (5.12)

where o, 1,.., 5 are tting coe cients determined by the speci c shape of the

cell and the boundary of the cell on the x-y plane is de ned by

(x=h)P + (y=k)" = 1; (5.13)

whereby, b, and p vary for di erent cell morphologies. Remarkably, we note that b,
and b, de nes the maximum extension along the x and y direction, wikh determines

the length and width of the cells respectively. The mean cuature C, of the tting

surface is determined by 4,..., 5 and given by
@ 2 @ ,elef @ af * @f
I+ & @ 2e@ee’ 1T @ @F
Cu(xy) = — ; (5.14)
@f 2 i 2
2 1+ G * o

Analytical solution can be obtained ad (x;y) de ned by the polynomial function.

The L, error of the polynomial tting is de ned by

V (f(xi;v)  z)?=Z; (5.15)
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wherex;, y; and z; are the coordinates of a discrete cell vertey|, is the total number

of vertices considered.

upper surface

Figure 5.3: Upper: tted surface of cell membrane for the dite shape of SS-RBC.
Lower: For illustration purposes, the upper and lower surfs is shifted by 1 and
1 in the z direction respectively. The blue dots represent thcell vertices obtained

from the procedure described in the current work.

For each cell, the membrane is divided into two parts acconay to the dual
values in z direction; each part is tted by Eq. (5.12) separly as shown in Fig.

5.3. Similarly, the elongated and granular shape of cell ménmanes are tted and

plotted in and Fig. 5.3.

Figure 5.4: Cell vertices (blue dots) and the tted surface fothe cell membrane for
the elongated(upper) and granular (lower) shape of SS-RBC.

The tting parameters and the basic cell morphological proprties (length, width,

thickness, etc.) for each cell type are shown in Tab. 5.2 anda. 5.3.
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0 1 2 3 4 5
S 0:806| 0:1141| 0:00678| 212 103 | 201 102 | 284 10°
SY | 136 0:0403| 0:306 1:69 103%| 360 10%| 277 10°
E! 0:995| 0:0361 0:092 | 111 103 | 221 10° | 217 10°
EY | 1.04 | 0:00836| 0:203 1:09 103 289 10%| 222 10°
G 0:237 0171 0:180 | 635 10°% | 684 10° | 440 10°
G" | 1701 0.0123| 0:0245| 506 103| 486 10°3 1:85 1072

Table 5.2: The tting parameters for the cell membranes withdi erent morphologies.
The label \S", \E" and \G" represent the sickle, elongated ard granular shape
respectively. The upper label \u" and \I' represent the uppe and lower part of the
cell surface. The unit ofx, y and z is in micrometer.

bh | b p
S | 580 305| 1.:54

E | 6:40| 3:1 | 1:45
G | 458 458 1:.25

Z T

1:58
1:56
1:52

Z m

3:87
2:37
2:75

I‘CH |
0:22
0:25
0:21

0:0748
0:0581
0:0607

Table 5.3: The parameters of Eq. (5.13) representing the bodary of cell on the
Xx-y plane, where the surface of the cell membrane is de ned. h& label \S", \E"
and \G" represent the sickle, elongated and granular shapeespectively. ZT and
Z™ are the average/maximum cell thicknesshCy i is the average value of the mean
curvature over the cell surface. is the L, error of the polynomial tting.

5.3.2 Shear viscosity of SS-RBC suspensions

The abnormal rheological properties of SS-RBCs are corrtdd with the sti ened
cell membrane, which was measured by micropipette experintg in [76] at di erent
deoxygentaed stages. The shear modulus of the full deoxytgd sickle cell falls
within a wide range of values depending on the intracellulaHbS polymerization.
For the SS-RBC with low MCHC value (255 g/dL), the shear modulus is about
100 times the value of healthy cells. However, for the SS-RB@ith high MCHC
value (> 35 g/dL), the ratio between the sickle and healthy cell vari® from 300 to
1, wherel represents a certain high value beyond the instrument measment
range. For SS-RBCs studied in rheological experiments, thgpical MCHC value
reported is between 32 g/dL and 41 g/dL. Therefore, the shear modulus of the full

deoxygenated sickle cell is chosen to be 2000 times the vatighe healthy cells in
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the present study. The bending rigidity of sickle cell undedi erent deoxygenated
stages is unknown. We set its value to be 200 times the valuetbé healthy RBC in
the present studies. With respect to the speci c value of thehear modulus we used,
sensitivity studies reveal that the shear viscosities of SISBC suspensions show weak
dependence on shear rate until the ratio of SS-RBC shear mdds to the value of
healthy cell is on order of 1000; similarly, for bending ridity, weak dependence on
shear rate is achieved with the value of SS-RBC about 200 tisi¢éhe value of healthy
cell.

Blood ow with sickle cell anemia is modeled by a suspensiori 8S-RBCs in a
solvent, which is represented by a collection of coarse-gred particles with DPD
interactions. The dissipative force coe cient for the vertex-solvent interaction
de nes the RBC-solvent boundary conditions [46]. A shortange Lennard-Jones
repulsive interaction is imposed between the membrane vexs of di erent (both
healthy and diseased) cells for volume exclusion betweeretkells. The Lennard-

Jones potential is de ned by

8
24 (L= (LEN° ifr<= gy
ULJ (r) = (516)
> .
- Uy (rcut); ifr>r cut

where ;3 =0:42, =1:0;rg =2%° |5 inthe DPD unit. The repulsive interaction
vanishes forr > r .

With the SS-RBC suspension de ned above, we rst consider thshear ow
system with Hct = 45% following the experiment of Ref. [148].The viscosity of
the solvent is chosen to bey = 1:2 cp. The speci ¢ morphological characteristics
of the SS-RBCs were not speci ed in the experiment. Howevewe note that the
reported MCHC value of the sickle cell is relatively high (37g=dl). Therefore,
the granular shapeis adopted for the current simulation. Periodic Lees-Edwals

boundary [96] conditions are imposed on the uid system wherdi erent shear rates
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Figure 5.5: Shear viscosity of the healthy blood and SS-RB@spensions with Hct

= 45%. The dash lines represent the tted curve to the simulabn result by =

be @ "° + ¢, where is the shear rate. a, b and ¢ equal to 143 6:04 8:78 for
healthy blood and 108 5:5;239 for deoxygenated SS-RBC suspension. The inset
plot shows a snapshot of the \granular" SS-RBCs in shear ow.
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can be obtained. The simulation domain has the size of 4038 28 in DPD
units, with 182 cells placed in the system. Fig. 5.5 shows thescosity computed
for both healthy and diseased blood with di erent shear rate The dash lines are
the simulation results tted by = be & "° + ¢, where is the shear rate while
a, b and c are tting parameters specied in Fig. 5.5. Good agreement ith the
experimental results is obtained for both types of blood. Hidthy blood behaves as a
non-Newtonian uid under normal conditions with a shear-dpendent viscosity [50].
The blood cells are less deformed at low shear rate condit®oand exhibit \solid"
like properties with relatively high viscosity. On the othe hand, the blood cells
can be substantially deformed at high shear rate conditionsith the uid properties
more pronounced. Therefore, the viscosity of healthy bloodecreases as the shear
rate increases as shown in Fig. 5.5. Di erent from the heal}hRBC suspension, the
deoxygenated SS-RBC suspension shows elevated viscosatyes nearly independent
of the shear rate. This di erence arises from the signi cary sti ened sickle cell
membrane, which is so rigid that the cell cannot be deformedren with the high
shear rate employed in the experiment [148]. Therefore, tkekle cell exhibits \solid"
behavior throughout the entire region of shear rate conduetl in the present study.
The present model, consisting of only SS-RBCs in suspensiatearly captures this
transition from non-Newtonian to Newtonian ow.

To investigate the relationship between the rate of deoxygation e ect and the
rheology of SS-RBC suspensions, Kaul et al. examined the aheiscosity of SS-RBC
suspensions subjected to both fast and gradual deoxygematiprocedures [87]. SS-
RBC suspensions subjected to gradual deoxygenation proaeel showed monotonic
elevation of shear viscosity and the formation of the sicklghape of blood cells over
a period of 30 mins until the full deoxygenated state was aaued. On the contrary,
SS-RBC suspensions subjected to the fast deoxygenation gedure exhibits two
distinct phases. The shear viscosity of the SS-RBC suspess showed fast elevation

within the rst 7 mins of deoxygenation accompanied with thecell morphology
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Figure 5.6: Shear viscosity of the sickle blood ow with di eent cell morphologies
reported in Ref. [87], Hct = 40%.
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transition to granular shape. However, the shear viscosityecreased gradually during
further deoxygenation. A large portion of cells appears exdmely elongated with
the intracellular HbS bers aligned in one direction. To stuly the morphology e ect
on the rheological behavior of the SS-RBC, we simulate theedr ow of SS-RBC
suspensions with the three distinct types of sickle cell repted in the experiment (Hct
= 40%). Fig. 5.6 plots the shear viscosity with shear rate frm 25 to 7% !; the shear
modulus of the cell membrane is the same for all the three typeSimilar to Fig. 5.5,
the SS-RBC suspension shows elevated and shear-indepehdestosity values for
all three types. Moreover, the SS-RBC suspensions exhibiterent viscosity values
for the di erent cell shapes. Within the shear rate of the curent simulation, the
viscosity of SS-RBC suspensions with granular, sickle antbegated shape is about
135, 122 and 94 cp, respectively. This result explains the progressive ctease of
the viscosity value with further deoxygenation, since a lge portion of granular cell
transforms into the elongated shape during the procedure. his result is probably
due to the di erent e ective volume for each type of the SS-RE in the shear ow

system [87], which a ects the momentum transport ability baveen the cells.

5.3.3 SS-RBC suspensions in tube ow

The hemodynamics of SS-RBCs was studied in an isolated valsdure in [84] with
subpopulations of di erent MCHC values. While the oxygenaéd SS-RBCs exhibit
hemodynamics similar to healthy blood ow, the deoxygenate SS-RBCs show dis-
tinctive dynamic properties for each type of subpopulation In the simulation, we
consider SS-RBC suspensions in a tube ow system with Hct = 30 similar to the
experiment. However, the detailed size and topology infoation of the microvas-
culature for the experiment is unknown. To this end, we set # diameter of the
tube to be 90 m , which is a typical size for capillary ow. In this sense, we @ not
expect the apparent viscosity obtained from the simulatioto match exactly with

the experiment results. Instead, we explore the e ect of derent types of SS-RBCs
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on the ow resistance in the microcirculation.

Deoxygenated blood ow is represented by a suspension of R8@ith sickle and
granular shapes. The membrane shear modulus and bendingdity are similar with
the values adopted in the simulation of shear ow system. Btmd plasma and cytosol
are explicitly represented by DPD, and they are separated bthe cell membrane
through the bounce-back re ection on membrane surface. Thascosity of the cytosol
is set to 4 3 and 50 ( for the healthy and deoxygenated blood ow, wherey is the
viscosity of the blood plasmé..

Fig. 5.7 plots the increase of the ow resistance with di eret oxygen tension
for the sickle and granular shapes. While both types of bloodw show further
increase in ow resistance at deoxygenated state, the grdaw type of blood ow
shows a more pronounced elevation compared with the sickleape. One possible
explanation proposed by the Kaul et al. is the dierent distibution of SS-RBCs
in the capillary. The inset plot of Fig. 5.7 shows the snapsi® of the sickle and
granular cells in the tube ow. The cells of sickle shape tenwh ow along the axis of
the tube as observed by La Celle et al. in experimental studien [94]. To quantify
this phenomenon, we computed theell orientation angle distributionin the tube
ow, as shown in Fig. 5.8. The cell orientation is de ned by tle angle between the
ow direction and the eigenvectorV; of the gyration tensor de ned by Eq. (5.10).
For each type of the cell, the simulated orientation angle diribution f ( ) is tted by
superimposed gaussian wave functions. Detailed tted futions and parameters are
presented in the Fig. 5.8. Compared with the granular cellgthe orientation angle
of the sickle shape blood shows a wider distribution for laegvalue of , indicating
that the sickle shape SS-RBCs are more likely to orient alorthe ow direction 2.

This con guration results in a lower ow resistance as comp&d with the granular

1We note that the viscosity of the cytosol under deoxygenatedconditions could be much larger
than 50 . On the other hand, a sensitivity study we performed with cytosol viscosity ijner =
100 o shows that the blood dynamics is nearly independent of inner  With  jnner > 50 o.

2This is also supported by unpublished data at MIT. (Ming Dao and Sarah E Du, private
communication.)
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Figure 5.7: Increase of the ow resistance induced by the kile blood ow for both
granular (a) and sickle (b) shapes. The inset plot shows a gpehot of the sickle cells
in the tube ow.
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Figure 5.8: Cell orientation angle distributionf ( ) for healthy, sickle and granular
cells in pipe ow. The cell orientation is de ned by the angle between the ow
direction (x) and the eigenvectoV 1 of the gyration tensor, as shown in the inset plot.
The dash lines represent the tted curves to the simulated mailts by superimposed
gaussian wave functions. For the healthy cell,( )= ae °"+c, wherea=0:014b=
0:047 p = 1:4;c = 0:002. For the granular cell,f ( ) = aje @( 2”4+ gye c2( )
wherea; = 0:0315b;, =29:42. ¢, =0:012a, =0:033 b, =44:75, ¢, = 0:018. For the
elongated cellf ()= aje ®( ™ + ge @20 2" 4+ 3590 e % ) wherea; =
0:024 b, = 53:2;¢c; = 0:02%a, = 0:015h = 70:3; Cop 0:015a3; = 0:025¢c; = 0:2.
The tting parameters are subject to the constraint f( )d = 1.
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cells, which exhibit scattered distribution near the centdine of the tube. Finally,
we note that the elevation of the ow resistance is underestiated by the simulation
as compared with the experiment results. This discrepancyg probably due to the
entrapment of certain cells to the microvascular endothelm, which may further
increase the ow resistance of the blood ow. We discuss thisiechanism in the

following section.

5.3.4 E ect of the adhesive interaction: a simpli ed exampl e

The hemodynamic results presented in Sec. 5.3.3 show eledhtow resistance for
deoxygenated SS-RBC suspensions. However, no full ow agibn was observed
in the present study with a straight tube of diameterD = 9 m under dierent
parametric variations 3. This result is in contrast with the in vitro experimental
results reported by Higgins et al. [69], where it is reportethat SS-RBC suspensions
may result in full ow occlusion in microchannels under degygenated conditions,
i.e., without any adhesion with the wall. We suspect that theocclusion reported
in the experiment is due to the complex geometry of the micrbannel used in the
experiment. Some deoxygenated cells with sti ened membramay get stuck at the
corner of certain channels with size smaller than a singlelicenvhich is similar to
microchannel experiment with malaria-infected RBC repord in [137].
Alternatively, recent studies on the SS-RBC occlusion indate that the adhesive
interaction between SS-RBCs and vascular endothelium play key role in the vicious
\occlusion-and-sickle" cycle [81, 13]. The mechanism ofdhadhesive interaction is
relatively complicated with several inter-related factos playing important role during
the procedure. In addition to the interactions between SSHRC and endothelium,
an in vivo experiment indicates that SS-RBCs can also interact with t leukocytes

adherent to in amed postcapillaries [147].

SWe performed 16 sets of simulations with di erent combinations of cell membrane rigidities
and inner viscosity; however, no full occlusion was obserekin any of these simulations.
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Figure 5.9: Sickle blood ow with adhesive dynamics. The gea dots represent the
ligands coated on the vessel wall. The blue cells represenet\active” group of sickle
cell exhibiting adhesive interaction with the coated ligads. The red cells represent
the \non-active" group of cells. Upper: a snhapshot showingakctive" group of cells
owing into the region coated with \ligands". Lower: a snap$ot of the SS-RBCs

with local occlusion state.
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Parameters Simulations Physical
spring constant s) 400 1:85 10 °> N=m
equilibrium spring length (o) 0:0 0:0m
reactive distance @) 05 48 10 'm
rupture distance (dofs ) 0:5 48 10 'm
on strength ( on) 0:22 1:02 10 ® N=m
o strength (4 ) 0:33 1:52 10 8 N=m
unstressed on rateKJ,) 6000 60 10°s!
unstressed o rate kY ) 0:25 250s ?

Table 5.4: Simulation (in DPD units) and physical (in Sl units) parameters for blood
ow with adhesive interaction with vascular endothelium.

In this chapter, we present a simple toy example to highlighthe e ect of the
adhesive interaction on the hemodynamics of sickle bloodwo The sti bioconcave
shape is adopted in this example. A systematically investgjon of the cell adhesive
interaction among the di erent cell groups is presented in @ap. 7. In this work, we
simply assume that there exist certain types of endothelidibands coated on the wall
of the tube referring to the relevant adhesive proteins thatve model indirectly, as
shown in Fig. 5.9. The ligands are uniformly distributed wih density 4m 2. Bond
interaction can be formed and ruptured between the cell vades and the ligands
with a stochastic model described in Sec. 5.2.3, where thensiation parameters are
presented in Tab. 5.4.

With the simpli ed adhesive model de ned above, we reconsat blood ow in a
tube similar to Sec. 5.3.3. For comparison study, steady ows rst achieved with
the adhesive interaction being turned o. The measured reteve apparent viscosity
Is about 152 and no blood occlusion is observed in the simulation. Nexte consider
blood ow with the adhesive interaction incorporated. As sbwn in Fig. 5.9, the
blood cells are divided into two groups. Each SS-RBC in the @ive" group (labeled
by blue) expresses the adhesive receptors with the averagdgherent force about
680N, whereas the \non-active" group (labeled by red) does not faract with the

ligands. The \active" group of cells, once it ows into the rgion coated with the
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Figure 5.10: Mean velocity of the sickle blood at di erent siges of the adhesive
dynamics. The red and blue curve correspond to di erent presre drop of 83
10*Pa=mand 135 10°PP a=mrespectively.
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ligands, shows rm attachment to the wall of the channel, whih results in substantial
decrease in the e ective tube diameter and the shear rate nethe trapped cells.
Moreover, the entrapped cells result in a secondary trapgnof the \non-active"
cells in the adhesion area due to the largely increased membe stiness. This
procedure is accompanied with further decrease of the sheate, which eventually
leads to the partial or full occlusion of the tube ow.

Fig. 5.10 presents the mean velocity of the blood ow as a fution of time
corresponding to the procedure described above. For the easithout adhesion, the
steady ow state is reached with average velocity about 189=s and 115m=s, re-
spectively. With the adhesive dynamics turned on, blood owexhibits a transition
from steady ow to partial/full occluded state, which can beroughly divided into
three stages according to the velocity values shown in Fig..1®. The rst stage
(t < 6:9s) represents the steady ow state before the \active" cells raiving at the
region coated with ligands. The velocity value is similar taghe case without adhe-
sion. However, the average velocity undergoes a sharp dese to 40m=s during
the second stage (8s <t < 7:3s), representing the adhesion procedure between the
\active" cells and the coated ligands with decreased e eatée tube diameter. In the
third stage, the blood ow (blue curve) with larger pressuredrop exhibits a partial
occluded state with average velocity of 5h=s due to persistently adherent cells
on the wall of channel. Moreover, the velocity of the blood w with smaller pres-
sure drop (red curve) decreases slowly to about b@=s, representing the secondary

entrapment of the \non-active" cells and the full occluded tte.

5.4 Discussion

A validated multiscale model is employed to quantify the mghology and dynamic
properties of sickle red blood cells. To the best of our knoedge, this is the rst work

on multiscale 3Dmodeling of sickle red blood cell which captures the heteraigeous
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nature of both realistic single cell shape and correspondjrcollective hemodynamics.
Speci cally, three typical shapes of distorted sickle celire constructed according to
the experimental observations by SEM with di erent deoxygeation rates and MCHC

values. The di erent degrees of distortion are quanti ed bythe asphericity and the

elliptical shape factors of each di erent cell shape, and owesults are consistent with

the medical image observations. We note that the modeling pcedure provides a
general framework to link the experimental results in macrgcale with the numerical

modeling of blood cells at the meso-scale level, which can tether extended to

general modeling of diseased cells with other speci ¢ shapeharacterized by optical
techniques.

With regards to the rheological properties, the simulated asults are in good
agreement with the experimental results for both healthy ah deoxygenated SS-
RBC suspensions. Compared with the healthy blood, the shearscosity of the
deoxygenated SS-RBC suspensions shows a general elevdtionli erent shear rate
conditions. Two main points emerge from the shear viscositgsults of SS-RBC sus-
pensions. First, the transition from the shear-thinning av to the shear-independent
ow reveals the profound e ect of the cell membrane sti enirg during the deoxy-
genation procedure as reported by Ref. [76]. Second, the slated results of shear
ow with di erent cell shapes indicate that the cell morphology further in uences
the shear viscosity values. While the blood with granular stpe exhibits the largest
viscosity, the elongated shape originated from the granul@ell with further deoxy-
genation results in the least viscous state. Our simulatioresults further validate
the dependence of SS-RBC rheology on the cell morphology epaorted by Ref. [87].

Besides the shear ow system, the heterogeneous nature o£tBS-RBC is also
observed in the microtube ow system. The change of the ow sestance induced by
granular RBCs shows a greater increase than the resistanddmod with sickle shape
RBCs as the latter may align along the ow directions resultig in a wider plasma

layer. Compared with the experiments conducted in isolatechicro-vasculature, our
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simulations indicate a general underestimation of the blab ow resistance induced
by SS-RBC. This discrepancy is mainly due to the two simpli ations in the current
model: (i) the isolated vasculature is modeled as a simplelda ow, whereas the
detailed wall topological information is omitted. (ii) The erythrocyte-endothelium
interaction is not considered. Remarkably, the perfusionféhe Ringer's solution after
the deoxygenated SS-RBC suspensions only results in partiecovery of pressure and
ow rate [84], indicating persistent adhesion events and tal vascular obstruction.
Using a toy example, we show that the adhesive interactionsate a profound
e ect on the hemodynamics of the sickle blood ow. The adhe cells attaching to
the vessel wall reduce the e ective diameter of blood vesselhich results in further
elevation of the ow resistance. Moreover, the adhesive telattached on the vessel
wall can further entrap those non-adhesive, less-deformialcells, leading to a sec-
ondary elevation of the ow resistance, or even the full oagsion of the channel. The
\adhesion - trapping” procedure predicted by the present wl resembles the essen-
tial stages of the \two-step" model for SS-RBC occlusion inhe postcapillary venules
proposed by Kaul et al. [81, 82]. However, we note that the pent toy example fails
to capture the heterogeneous adhesive capabilities amorgetdi erent cell groups.
In fact, recent experimental studies show the various celtaictions exhibit di erent
adhesive dynamics under similar physiological conditionsThese discrepancies are
mainly due to the dierent cell morphologiesand membrane rigiditiesamong the
di erent cell groups. Therefore, numerical characterizadbn of the heterogeneousell
morphologiesand adhesive responsesould be of great interest. We address these

two issues in Chap. 6 and Chap. 7, respectively.



Chapter 6

Predicting the heterogeneous
morphologies of sickle red blood

cells

In chapter 5, we constructed three typical cell morphologat states for sickle red
blood cells by applying arti cial stretching forces at the slected anchor points on
cell membrane. The stretching forces represent the surfaemsion exerted on the cell
membrane due to the growth of intracellular sickle hemoglat (HbS) polymers. In

this chapter, we conduct a systematical investigation on #nsickle cell morphological
transition process byexplicitly using a coarse-grained (CG) model of intracellular
aligned hemoglobin polymers. Itis found that the nal shap@f SS-RBCs is primarily

determined by the angular width of the aligned hemoglobin ggmer domain, but it

also depends, to a lesser degree, on the polymer growth ratelahe cell membrane
rigidity. The heterogeneous sickle cell morphologies olpged in experiments are

successfully predicted without introducing any furtherad hocassumptions.

119
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6.1 Introduction

Sickle red blood cells (SS-RBCs) exhibit heterogeneous rmbological states under
hypoxia conditions. This is mainly due to the polymerizatio of the abnormal sickle
hemoglobin molecules inside the erythrocyte membranes. &pcally, the glutamic
acid residues at the sixth position of the two -subchains are replaced by valine
in sickle hemoglobin, which results in low solubility in hypxic conditions. As the
oxygen of a SS-RBC is removed, sickle hemoglobin tends to eegate in the bulk
solution through a homogeneous nucleation and further grewnto polymer states
via a heterogeneous nucleation on the surface of the prest&d polymers, according
to the double nucleation model [51, 52]. Due to the intraceillar sickle hemoglobin
polymers, SS-RBCs exhibit substantial increase in the cdligidity [76], elevating
the blood ow resistance and potentially triggering vaso-cclusion in the microcir-
culation. Besides altering the cell rigidity, the growing igkle hemoglobin polymers
domain inside the SS-RBC can potentially distort (\sickle) the cell membrane, and
therefore change the cell morphology under certain condits.

However, unlike the elevation of cell rigidity, only some tges of the deoxygenated
SS-RBCs undergo apparent morphologic changes. Kaul et aB4] investigated the
deoxygenated SS-RBC morphology by categorizing the SS-R8@&to four groups
according to the mean corpuscular hemoglobin concentratiovalues. While the
cell groups with medium mean corpuscular hemoglobin condeation (< 35 g/dL)
exhibit apparent cell deformation in deoxygenated condibns, most of the cells with
high mean corpuscular hemoglobin concentration values ekt granular or near
biconcave shapes. Moreover, it is found that the SS-RBC mdrplogy also depends
on the rate of the deoxygenation procedure [87, 86]. SS-RBUspensions following
fast deoxygenation exhibit a large portion of cells with graular shape. In contrast,
most of the SS-RBCs undergo large shape transition to \si&kl or \holly leaf" cells
after gradual deoxygenation, see Fig. 6.1. To explore the oi@nism of the cell

distortion, the intracellular sickle hemoglobin polymerson guration were visualized
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by optical birefrigence [23] and di erential polarizationmicroscopy [24] with di erent
cell morphologies and mean corpuscular hemoglobin congation concentration. It
was revealed that the wide variety of SS-RBC morphologies $i@ close relationship
with the intracellular aligned hemoglobin polymer. Althowgh the aligned hemoglobin
polymer occupies only about 5% of the total sickle hemoglabpolymer [112], the
cell morphology is mainly determined by the total number offte aligned hemoglobin

polymer domains and the con guration of each domain in the dg23, 24].

00000
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©

Figure 6.1: Sketches of typical cell shapes for deoxygendt8S-RBCs observed in
experiments [24]. From left to right, the three sketches reépsent the \sickle", \holly
leaf" and \granular" shape of SS-RBCs. The various cell motmwlogic states are
mainly determined by the speci c intracellular aligned heroglobin polymer con g-
urations, represented by the solid lines. The dots repregethe post-homogeneous
nucleus.

According to the double nucleation theory [51, 52], the foration of a single poly-
mer domain is initialized by the homogeneous nucleation ohé sickle hemoglobin
molecules in bulk solution and proceeds with explosive grtwvia polymer elonga-
tion and heterogeneous nucleation on the pre-existed polgns. The homogeneous
nucleation rate is reported to be concentration dependentit power of 60 10

[77]. Such extremely high concentration dependence expigaithe prevalence of sin-
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gle polymer domains in low mean corpuscular hemoglobin camtration cells, and
that multiple sickle hemoglobin domains are usually foundni high mean corpuscu-
lar hemoglobin concentration cells. On the other hand, thetrsicture and amount
of aligned hemoglobin polymer for individual domains are niay controlled by the
heterogeneous nucleation and the ber growth rates [132, 5I8]. With high con-
centration and fast growth rate, a post-nucleation aggrega of twofold symmetry
develops into spherulitic domain through the growth of het®geneously nucleated
bers and further de ection from the parent bers. On the cortrary, the angular
widening of the polymer domain, originated from the ber braching, is largely sup-
pressed for smaller heterogeneous nucleation rate as olssdrin both experiments
[18] and numerical simulations [31]. Remarkably, this terehcy is also consistent
with the inverse relationship between the amount of intradkilar aligned hemoglobin
polymer and the mean corpuscular hemoglobin concentratioralues for each class
of cells (categorized by the total number of polymer domaipseported in Ref. [24].
To study the physical basis of the various SS-RBC shapes obssl in experi-
ment, we conducted numerical simulations to systematicgllinvestigate the e ect of
the sickle hemoglobin polymer con gurations and SS-RBC mesrane rigidity on the
nal morphologic states. Theprimary goal of this work is to examine if the various
types of distorted cell shapes can be obtained from the di ent intracellular aligned
hemoglobin polymer con gurations determined by the di erat cell mean corpuscular
hemoglobin concentration values and deoxygenation ratebserved in experiments.
Speci cally, we employed a previously developed RBC modetq] in combination
with a new coarse-grained (CG) stochastic model to repredetne growth of the
aligned hemoglobin polymer domain inside the cells. We stigdl the distortion of
the cell membrane with aligned hemoglobin polymer domaind di erent angular
width. The classical elongated cell with \sickle" and \hol leaf" shapes appear to
be originated from the single aligned hemoglobin polymer dain with relatively lim-

ited angular width, whereas the \mosaic" or the near-bicorave shapes are favored
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with the near spherulitic con gurations. Moreover, for eak type of the cell shapes,
individual SS-RBCs exhibit various morphologic states ashewn in Ref. [73, 9].
Therefore, the secondgoal of this work is to examine if, for each type of the SS-
RBC (elongated, sickle, holly leafgtc.), the various degrees of membrane distortion
observed in experiments [73] can be obtained as a result oéttypical intracellular
sickle hemoglobin growth rates and the cell rigidities witbut introducing any fur-
ther ad hocassumptions. We note that the heterogeneous nucleation et are not
explicitty modeled in the present work; instead, we direcgl consider the di erent
aligned hemoglobin polymers originated from the various terogeneous nucleation
conditions and we investigate the subsequent cell morphgieal transition with those
typical aligned hemoglobin polymer con gurations obserekin Ref. [24, 112]. We
note that the current CG modeling may yield limited new physial insight into the
details of sickle hemoglobin polymerization; however, itllaws us to quantify the
complex relationships among the ber growth rate, cell memiane-polymer interac-
tion and aligned hemoglobin polymer con gurations, and iddify their e ects on the
distortion of cell membranes.

This chapter is organized as follows. In Sec. 6.2, we explaime details of the
intracellular aligned hemoglobin polymer. In Sec. 6.3, weusly the nal shapes
of SS-RBC with di erent intracellular aligned hemoglobin plymer con gurations.
For each type of the SS-RBC, we study the e ect of the cell ridity on the nal
morphologic states. Moreover, the various cell morpholagg are quanti ed by both
3D and 2D structure factors and compared with the results obined from medical

images. We conclude in Sec. 6.4 with a brief discussion.

6.2 Numerical model

The physical model for the red blood cell (RBC) membrane andhe aligned hemoglobin

polymer is developed in the framework of the Dissipative Pacle Dynamics (DPD)
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method [71, 40]. As discussed in Chap. 2, it is a particle-bs method widely used
for simulation of soft matter systems such as polymer solatns [100] and red blood
cell suspensions [118]. We refer to Sec. 3.2 for details of tAPD method and Sec.
5.2.1 for the model of the RBC membrane.

6.2.1 Aligned Hemoglobin Polymer

In the deoxygenated state, the post-homogeneous aggre@ageow into polymer state
and further form into bundles of sickle hemoglobin bers andross-linked gel through
heterogeneous nucleation and branching. A single sicklenmeglobin ber is com-
posed of seven double strands in the style of twisted rope witliameter of about
do = 21 nm; fully representing the detailed structure of a singl sickle hemoglobin
ber is too expensive in the scale of a single RBC (10m ). Instead, we employ
a CG model to represent a bundle of sickle hemoglobin bers wte the detailed
structure of a single ber is omitted. Each bundle is represged by single DPD

particles connected by elastic bond interactions de ned by

ko(3x2 2x3) kK
Vbond = ’ -+ 2 6.1
bond (1 Xij ) |ij ( )
wherex; = lj =ly, lj is the bond length between particle andj, Iy, is the maximum

extension of the bond.k, and k,, are the spring constants of the attractive and repul-
sive terms, respectively. The coupling of the two terms detaines the equilibrium
length I,.

The bending rigidity of the aligned hemoglobin polymer bunie is modeled by

Vangle = Ka( 0)2; (6.2)

where k, is the bending coe cient and o is the spontaneous angle representing
the de ection of the aligned hemoglobin polymer. Finally, he aligned hemoglobin

polymer model includes an in-plane dihedral potential to mresent the xed growth
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direction in global scale; the corresponding potential isiven by

Vdihedral = Ka[1+ coq i )]; (6.3)

wherei, j, k and| are four adjacent DPD patrticles on the modeled aligned hemlogin
polymer, j« is the instantaneous angle between the trianglej, and |, and kq
is the constraint coe cient such that the growing ber is in the same plane.

The development of the aligned hemoglobin polymer domain modeled by the
addition of single beads to the end of the polymer as \BrownmRatchets" [124].

The growth rate k; is represented by

ki = Kon€ (fs€) =ke T Kotf ; (6-4)

whereko,, Ko are the polymerization and depolymerization rate, respeagtly, fs is
the instantaneous stall force exerted on the end of the polyan bead, andé is the
polymer growth direction. We emphasize that represents the unit length increase
upon the addition of a single sickle hemoglobin monomer raththan the equilibrium
length between the CG beads, which ismdependentof the length scale of the CG
model. This is because the sickle hemoglobin polymer growthdriven by monomer
addition rather than obligomer addition. A single sickle hmoglobin monomer can
join the pre-existing polymers when the energy cost of thigaction overwhelms the
energy gain due to the entropy loss. This result is also valted by experimental
measurements [8]. On the other hand,, and ko represent the growth and disso-
ciation rates in terms of the CG polymer beads and should be jadted according to
the choice of the length scale of the CG model, as discussedha following section.
For each time step t, a single DPD patrticle is added to the polymer end according
to the probability P, =1 e * '. Specically, a random number is generated
between [0 1], and a DPD patrticle is added if < P ;. Details on the choice of the

model parameters are discussed in the next section.
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6.2.2 Simulation setup and physical parameters

The unperturbed RBC membrane keeping the biconcave shape @guilibrium is
represented by a stress-free triangulated mesh [46] compd®ofN, = 1000 vertices.
The shear modulus of the healthy RBC membrane iy = 6:8 N=m and the bending
rigidity is k. = 3:7 10 '°J according to the experimental measurements [42, 74,
113]. On the contrary, the membrane shear modulus of SS-RB@cieases sharply
in deoxygenated states. Experimental measurements by nmigipette [76] revealed
that the cell rigidity depends on the mean corpuscular hemdmpin concentration
values. For SS-RBC with low value of mean corpuscular hemogin concentration,
the e ective cell rigidity is between 20 o and 100 o, while for cells with higher value
of mean corpuscular hemoglobin concentratior>( 35 g/dL), the cell rigidity is on
order ofO(10%) ,. In the current work, we choose the cell shear modulus as delsed
above. Values of the bending rigidity of SS-RBC under di enet deoxygenated states
are unknown; we set its value to be 2Q in the current study. Sensitivity studies
show that the nal cell morphologies depend weakly on the being rigidity within
the range from 1@, to 30k,.

The growth rate of the sickle hemoglobin polymer was measuardy Aprelev et

al. in Ref. [8] as a function of monomer activity in bulk solubn, given by
J=ki ¢ k; (6.5)

where . is the activity coe cient, and c is the monomer concentrationk, and k
are the monomer addition and subtraction rate. The linear fdationship betweenJ
and .creveals that the growth occurs by monomer addition insteadf @bligomer ad-
dition. While k. andk are nearly constant for di erent sickle hemoglobin solutio,
.C depends strongly on the intracellular mean corpuscular haglobin concentra-
tion value. On the other hand, the development of the alignetlemoglobin polymer

domain is modeled in a coarse-grained manner in the this worwhere each single
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DPD particle is added to the end of the sickle hemoglobin patyer, forming elastic

bonds with its adjacent particles with equilibrium lengthly = 0:15m . Moreover,

the modeled polymer represents an aligned hemoglobin polgmbundle composed

of multiple sickle hemoglobin bers. Therefore, the unit icrease length per bundle
scales as

= 0=N¢; (6.6)

where o  0:45 nm is a unit increase length per single ber, andN¢ is number
of the sickle hemoglobin ber of the bundle. In the present @se-grained model,
we consider the interaction between the aligned polymer and local area of cell
membrane with nite size. The polymer beads interact with tle cell membrane
vertices within a range of @ 0:4m . Accordingly, it models a bundle of aligned
polymers on the order of0(10?). To this end, we chooséN; = 100, and the e ective

ber bundle radius scales a%p Ni 21 nm o Accordingly, the polymerization

and depolymerization rates scale as

Nt k

lo

_ Nf k+ CC

lo

kOﬂ

o Kot = (6.7)
The bending rigidity and Young's modulus of the aligned hengdobin polymer
bundle scale as = N? o andY = Y,, where ¢ and Y, are the bending modulus
and the Young's modulus of a single sickle hemoglobin ber. o&ording to the
measurements in Ref. [150], we choosg=1:0 10 **Nm? and Y, = 0:1GPa. In
the present model, the parameters of elastic bond interaoti Vg between the CG

polymer beads is determined by

4'|0 @Vbond .

(6.8)

to match the experimental value of Young's modulus. Fig. 6.8hows the@Vionq=@%

near the equilibrium lengthlq for the bond interaction. The e ective Young's mod-
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ulus is approximately 21IN=m 0:15 10 ®*m=100 (10 10 °m)? 0:1 GPa.
Similarly, the parameters of the angle potentiaMangie are determined by matching
the bending rigidities of the aligned hemoglobin polymer mdle using the thermal

uctuation method discussed in Ref. [150, 99].
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Figure 6.2: @Vhong=@7 near the equilibrium lengthl,.

Starting from an intracellular homogeneous nucleation, # sickle hemoglobin
polymers grow toward the cell membrane with growth rate detenined by Eq. (6.4)
and Eqg. (6.7). As the polymer approaches the cell membranehe polymer end
undergoes a repulsive force exerted by the cell membrandgorated from the entropy
loss of the cell membrane due to the presence of the underreg@olymer end. To
model this e ect, we employ a short range repulsive interaiin between the polymer

end and the cell vertex, as de ned by

12 6
U,(r)=4 = L (6.9)
r r
where ; = 0:4m and the repulsive interaction vanishes for > 2¢ ;. This
repulsive force, in turn, results in various distorted cellmembranes, as we discussed

in the following section.
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6.3 Results

6.3.1 Sickle cell morphology

Sickle red blood cells exhibit heterogeneous shapes in dggenated conditions due
to the variable stress exerted by the growing sickle hemogio polymer on the cell
membrane. The nal cell shape is mainly determined by two faors: (i) the e ective
sickle hemoglobin polymer growth ratek; (ii) the intracellular aligned hemoglobin
polymer domain con guration.

The sickle hemoglobin polymer growth rate in bulk solution) depends mainly
on the sickle hemoglobin concentrations as shown in Eq. (5.5In the present
work, we consider the polymer growth of SS-RBCs with typicainean corpuscular
hemoglobin concentration value from 32 g/dL to 38 g/dL. The arresponding bulk
growth rates vary from 12 10* molecules/s to 53 10" molecules/s. However,
the e ective growth rate k;, di erent from the bulk value, also depends on the stall
force fs exerted on the polymer ends according to Eq. (6.4). Sinde depends on
the cell membrane rigidity, the e ective growth rate k; is determined by both the
cell membrane rigidity and the mean corpuscular hemoglobiconcentration values.
As the growing bers approach and distort the cell membranek; decreases due to
the increasing stall force. For individual SS-RBCs with sp@c mean corpuscular
hemoglobin concentration value, we can de ne a threshold rfadhe coarse-grained
polymer bead numberN,, such that the e ective growth rate k; vanishes as the
number of polymer beads exceed¥,,, whereasN,, in turn, depends on the cell
rigidity and the intracellular polymer con guration.

Di erent from the e ective sickle hemoglobin polymer growh rate, the intra-
cellular aligned hemoglobin polymer con guration dependsn several inter-related
conditions: the mean corpuscular hemoglobin concentratioof the sickle cell, the
rate of the deoxygenation process, the nal gas tension, tgrarature, etc., which are

di cult to be explicitly incorporated into the current mode I. Instead, we construct
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four di erent types of post-homogeneous nucleation in ceflopulations of di erent

mean corpuscular hemoglobin concentration values, from h the various aligned
hemoglobin polymer con gurations typically observed in gxeriment can be obtained
[24]. In the current section, the SS-RBC morphology is invBgated for a specic

value of N, (determined by a specic cell membrane shear modulus) for @atype

of SS-RBC. The in uence of the cell rigidity onN,, and nal cell morphology will

be discussed in Sec. 6.3.2

First, we consider a post-homogeneous nucleation in linestyle, where the free
monomers can only be added to the \active" beads at both endd the polymer,
as shown in Fig. 6.3. This con guration implies that the polyner domain develops
along a specic direction in the x-y plane as represented byhé growth of a single
polymer branch, whereas the angular span of the aligned heghabin polymer domain
is relatively small. This con guration prevails with the physiological conditions of
low mean corpuscular hemoglobin concentration value ancbsl deoxygenation rate,
where the sickle hemoglobin heterogeneous nucleation isgkely suppressed, as ob-
served in experiments [24] and predicted by simulations [31Accordingly, we choose
the mean corpuscular hemoglobin concentration value as 3&ily, where the bulk
growth rate is 12 10* molecules/s. Moreover, we note that the aligned hemoglobin
polymer domain may de ect along the z direction due to the hefrogeneous growth
[31]. To incorporate this e ect, we set the polymer spontarmis angle o to be
179 and 180 respectively, where the former represents a de ection andhe latter
corresponds to a straight bundle.

Fig. 6.3 shows successive snapshots of the cell morphologydieerent stages
of the aligned hemoglobin polymer development. The polymegrowth threshold
N, is 80 and 93, respectively. Starting from the post-homogemgs nucleation, the
aligned hemoglobin polymer domain develops towards the ketembrane. As the
sickle hemoglobin polymer approaches the membrane, two gles appear on the

cell membrane near the interaction points. Moreover, as thiength of the aligned
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Figure 6.3: Upper: successive snapshots of the sickle ceftmbrane in the dif-
ferent development stages of the intracellular aligned heaglobin polymer domain
with \linear" growth in x-direction. The left sketch demonstrates the coarse-
grained model for the aligned hemoglobin polymer domain delopment: free sickle
hemoglobin monomers (green color), represented by the DPRnticles, can poten-
tially join with the pre-existed polymers (red color) with probability de ned by Eq.

(6.4). A linear polymer con guration is adopted in the curret case to represent the
speci ¢ growth direction. Di erent polymer con gurations are adopted to represent
the various aligned hemoglobin polymer domains, as shown kig. 6.4 and Fig.

6.5. Lower: successive snapshots of the sickle cell withwgiog aligned hemoglobin

polymer domain de ected in the z-direction (normal to the ck), resulting in the
classical \sickle" shape.
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hemoglobin polymer domain continuously increases and erds the size of the orig-
inal cell, the cell membrane undergoes subsequent distorii For a straight sickle
hemoglobin bundle free of de ection in the z direction, the idtorted membrane ex-
hibits largely distortion along the growth direction. In the x-y plane, the original
\discocyte" shape transits into the oval shape where the plonged diameter is al-
most twice the value of the original cell. This con gurationresembles the sickle cells
widely observed in deoxygenated SS-RBCs with low mean coguwlar hemoglobin
concentration values [9]. Moreover, for a polymer model vitspontaneous angle
o =179 , the developed sickle hemoglobin bers exhibit skewed mdrplogy in the
y-z plane as well as an elongated state in the x-y plane. Acdamngly, the elongated
cell membrane follows the spontaneous curvature of the atigd hemoglobin polymer
domain, resulting in the classical \sickle" shape of SS-RB&s widely observed under

slow deoxygenation.

Figure 6.4: Successive snapshots of a SS-RBC with intrao&dr aligned hemoglobin
polymer domain of nite angular width. Two polymer branchesare used to represent
the angular spanning during the domain development. The nacell morphology
resembles a \holly leaf" shape.

Next, we consider the aligned hemoglobin polymer domain Wit nite angular

span in the x-y plane. This con guration can be derived from pst-homogeneous
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nucleation composed of multiple sickle hemoglobin ber breches, as shown in Fig.
6.4. The angular width of the aligned hemoglobin polymer doain quanti ed by
the angle between the two main polymer branches, varies frodb to 60. Free
sickle hemoglobin monomers can join the aligned hemoglobpolymer domain at
each of the four polymer ends. This con guration correspomsdto another type of
widely observed aligned hemoglobin polymer domain in SS-RB named \central-
constriction" according to Ref. [24]. The polymer domain membles a dumbbell
shape; limited amount of aligned hemoglobin polymer is obrsed near the center
of the nucleation while large amount of aligned hemoglobingbymer is found in
the outer regions. As this type of aligned hemoglobin polymelomain is widely
found in SS-RBC with medium mean corpuscular hemoglobin coentration value,
we choose the mean corpuscular hemoglobin concentratiodueaas 34 g/dL in the
present work, and the corresponding bulk growth rate is:97 10* molecules/s.
Successive snapshots of a SS-RBC with this type of alignedntaglobin polymer
domain are shown in Fig. 6.4, where the polymer growth threstd N,, and the
value of the spontaneous angle, are set to 120 and 180 respectively. The growing
sickle hemoglobin ber not only expands the cell along the gwth direction but also
results in multiple spicules on the cell membrane. The nalal morphology resembles
the \holly leaf" shape as widely observed in the SS-RBC witholv/medium mean
corpuscular hemoglobin concentration value [84, 87, 73].

Finally, we consider SS-RBCs with spherulite shape of theighed hemoglobin
polymer domain with the corresponding homogeneous nucleat shown in Fig. 6.5.
In the present work, this con guration represents the polyrar domain with spherulite
con guration, similar to the polymer con guration observed in sickle hemoglobin so-
lution (Ref. [18]), individual cells (Ref. [24]), and throgh simulation (Ref. [31]). It
can be viewed as an extreme case of the four arm structure: &osickle cell with high
value of mean corpuscular hemoglobin concentration, the teeogeneous nucleation

rate is large and the polymer domain can transform into sphelite con guration
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Figure 6.5: Successive snapshots of a SS-RBC with intrao&dr aligned hemoglobin
polymer domain of spherulite con guration, where the full dmain is lled with
sickle hemoglobin polymers due to the high heterogeneousclaation rate during
the growth procedure. The nal cell morphology resembles agranular” shape.

and subsequently develop a radial symmetry. We note that thi\radial symmetry"
con guration is not the initial con guration of homogeneous nucleus, but results
from the subsequent heterogeneous nucleation events. Thevelopment of the poly-
mer network topologies is not considered in the present mdddo incorporate the
properties of this polymer domain, we start with the post-hmogeneous state where
the spherulite con guration has already formed, and we studthe subsequent de-
velopment of the polymer domain to explore the e ect of the pgmer domain on
the cell morphologies. The value of \six" arm is kind of arbitary. This value rep-
resents the number of sites where the Hbs polymer can potaily interact with the
cell membrane where multiple \spicules" formed. We noticehat this type of poly-
mer con guration prevails in cells with high value of mean apuscular hemoglobin
concentration [24]. Accordingly, we choose the mean corpusar hemoglobin con-
centration value as 38 g/dL with the bulk growth rate 53 10* molecules/s. The
polymer growth threshold N,, and the spontaneous angle, are 160 and 18Q re-

spectively. With isotropic distribution of sickle hemogldin polymer branches, free
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sickle hemoglobin monomers are added to the aligned hemdmfopolymer domain
with full angular symmetry. As the sickle hemoglobin ber aproaches the cell mem-
brane, multiple spicules appear on the cell membrane. Hovesy di erent from the
\sickle" and \holly leaf" cells, this type of SS-RBC does notbear further distortion.
This is mainly due to two reasons: i) the growth of the individal sickle hemoglobin
arm can be limited due to the depletion of the free sickle herglmbin monomers.
For the spherulite polymer domain, the inner polymer densjtis relatively high due
to the large heterogeneous rate. The polymer domain may rurutoof free sickle
hemoglobin monomer as the domain develops towards the cekkmbrane. ii) For de-
oxygenated SS-RBCs with high mean corpuscular hemoglobioncentration value,
the membrane shear modulus exhibits much larger value tharné cells with low
mean corpuscular hemoglobin concentration, resulting inuch larger stall force on
the growing polymer ends. Moreover, the growth of the sphdite sickle hemoglobin
domain expands the cell membrane isotropically. Howevethe total area of the cell
membrane is constrained due to the incompressibility of thipid bilayer. There-
fore, the e ective growth rate of the individual sickle hemglobin ber is largely
suppressed due to the large force exerted on the polymer erithe nal stage of the
cell resembles the near-biconcave shape with multiple spies on the cell surface,
which corresponds to the granular shape of deoxygenated BBC widely observed
in the cells of high mean corpuscular hemoglobin concentram value or with fast

deoxygenation procedure.

6.3.2 Quantifying the cell membrane distortion

In the previous section, the nal morphology of the sickle dkis obtained for a speci c
threshold valueN,, for the growth of each aligned hemoglobin polymer domain to
represent the e ect of the stall force exerted on the polymeends as shown in Eq.
(6.4). However, we note that the stall forces on the polymemne depend on the

speci c cell rigidity, which varies for individual deoxygeated SS-RBCs [76]. For each
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Figure 6.6: Final morphologies of the \sickle" (top) and \hdly leaf" (bottom) shape
of deoxygenated SS-RBC for di erent values of cell membrarshear modulus. The
\sickle" shape of SS-RBC corresponds to low mean corpusauteemoglobin concen-
tration value (32 g/dL) and the shear modulus of the cells shan above is set to
20 o, 40 o and 70 o according to experimental measurements [76]. The \holly dé¢"
shape of SS-RBC corresponds to medium mean corpuscular hgiabin concentra-
tion and the shear modulus is set to 3Q),, 60 o and 120 . We have also included
a non-symmetric case in the fourth plot representing a cell onphology with the
post-homogeneous nucleus o the cell center with shear mdds 60 .
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Figure 6.7: Instantaneous values of the Asphericity (soliihes) and Elliptical shape
factor (dash lines) of the \sickle" SS-RBC as the aligned heoglobin polymer domain
develops. The red curves correspond to SS-RBC with membrasbear modulus

= 30 o and de ection angle o = 179 . The blue curves represent the SS-RBC
with shear modulus =60 gand o=1785.
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type of the SS-RBC discussed above, the bulk growth rate ofdhntracellular sickle
hemoglobin polymer is similar and is determined mainly by # mean corpuscular
hemoglobin concentration values [8]. However, the deoxygeed cells with di erent
cell rigidities may still end up with di erent extent of membrane distortion, where
the growth rate k; = kone "7¢8T ko approaches zero. To investigate the e ect
of cell rigidity on the nal cell morphology, we simulate the development of the
intracellular aligned hemoglobin polymer domain with di e@ent cell membrane shear
modulus according to the experimental measurements [76]hd& detailed choices of

the simulation parameters are shown in Tab. 6.1.

MCHC 0 w

E |32 g/dL | [20 o;80 o 180 0
S|32g/dL | [20 ¢;80 o] |[1785;179]| O

H [ 34 g/dL | [30 o;120 o] 180 [45:60]
G | 38 g/dL | [40 o; 2000 o] 180 180

Table 6.1: Simulation parameters for each type of SS-RBC. €hsymbol \MCHC"
represents mean corpuscular hemoglobin concentrationwak. The symbol \E", \S",
\H" and \G" represents the elongated, sickle, holly leaf andgranular shape of the
SS-RBC. and ¢ represent the shear modulus of the deoxygenated SS-RBC and
healthy RBC respectively. ; and w represent the spontaneous de ection angle and
the angular width of the aligned hemoglobin polymer domainsespectively.

For each type of the post-homogeneous nucleus discussedvabthe development
of the aligned hemoglobin polymer domain is simulated withhear modulus shown
in Tab. 6.1. Instead of terminating the polymer growth with pre-determed threshold
value N,, the development of the aligned hemoglobin polymer domarterminated
automatically as the e ective growth ratek; approache, therefore de ning the nal
cell morphological states without any ad hoc threshold paraters. Fig. 6.6 shows
the nal morphological state of the \sickle" and \holly leaf" cells with di erent shear
modulus values. For low shear modulus value, both types of &BCs exhibit large
membrane distortion; however, the cell shape approachesthndisturbed state as the

cell rigidity increases. Sensitivity studies have also beeonducted on the elongated
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and granular types of SS-RBCs, where similar tendency hasdrmeobserved.

To further quantify the membrane distortion, we introduce oth 3D and 2D
structural factors to characterize the individual SS-RBC a discussed above. The 3D
structural factors can be identi ed by the eigenvalue analsis of the gyration tensor
de ned by Eq. (5.10). Basing on the eigenvalues of the gyratn tensor, we de ne the
asphericity shape factor (ASF) and theelliptical shape factor (ESF) by Eqg. (5.11).

Figure 6.8: ASF and ESF for the various cell morphologies adohed. The label \B",
\G", \S", \H" and \E" represents the biconcave, granular, sickle, holly leaf and
elongated shape, respectively. The snapshots show the i cell shapes for each
type of SS-RBC morphology obtained in the present study.

Fig. 6.7 shows the instantaneous ASF and ESF for the \sickleSS-RBC as
a function of the development of the aligned hemoglobin patyer domain for two
di erent values of cell rigidity. Starting from the biconcave shape, the structural

factors for both cases show rapid changes within the rst:@ 0:5s, representing
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the initial fast development of the aligned hemoglobin polyer domain. However,
the structural factors show slower change after:8s and converge to speci c values
due to the decrease of the e ective growth ratk;. The more rigid the cell membrane,
the sooner the structural factors begin to converge. Moreex, the asymptotic values
of ASF and ESF are larger for less rigid cells. These resultseaconsistent with the

theoretical studies in Ref. [26] and can be understood by Ed{6.4). For the same
degree of cell distortion, the polymer ends approaching theell membrane of larger
rigidity bear with larger stall (entropy) force [26], resuting in faster decay of the

growth rate k;.

To systematically quantify the di erent cell distortions, the structural shape fac-
tors are evaluated for each type of SS-RBC within the physiogical region of the
cell shear modulus listed in Tab. 6.1. As shown in Fig. 6.8, ¢hgranular cells show
similar characteristics with a healthy cell for both ASF andESF. On the contrary,
the elongated cells exhibit the largest deviation from the gxfect biconcave shape.
Compared with the elongated cells, the sickle cells exhib#maller ASF due to the
curvature membrane surface while the holly leaf cells exhilsmaller ESF due to the
larger angular width of the intracellular aligned hemogloim polymer domain.

Similar to the 3D structural shape factors, 2D morphologidaanalysis has also
been conducted on medical images of di erent sickle cellshere the circular shape
factor (CSF) and 2D elliptical shape factors (ELSF) are usetb quantify the various
SS-RBC morphologies [73, 9]. Accordingly, we analyze the Ziructural properties
of the SS-RBC by de ning CSF and ELSF as

CSF = 4 area=(perimeter)?
(6.10)

ELSF = Dy=Dg;

where area and perimeter are the in-plane area and perimeter of the close curve
de ned by the cell. D, and Dy, are the long and short diameter, respectively. CSF

and ELSF characterize the deviation of a curve from the cir¢dar shape. These two
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Figure 6.9: Circular (CSF) and 2D elliptical shape factorsgLSF) for di erent cell
morphologies obtained from both medical image process [{84d) and present sim-
ulations (blue). The circle and square symbols represent éhshape factors of the
granular and holly leaf SS-RBC. The red inverted triangle sybols represent both
the \sickle" and the \elongated" SS-RBC obtained from expament as they are
unclassi ed in the experiment. The blue inverted triangle ymbols represent the
simulated \elongated" cells while the blue triangle symbal represent the simulated
\sickle" cells.
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factors are unit for a perfect circle and close to zero for aille” shape. Similarly,
the structural factors are analyzed for each type of the SSBT with shear modulus
values shown in Tab. 6.1. Fig. 6.9 plots both CSF and ELSF fohe various cell
membranes obtained from the above simulations. As a compswn, we also show
the experimental results of the sickle red blood cells fromedical images [73]. The
sickle red blood cells are classi ed into the \sickle", \hdl leaf" and \granular" types
according to the cell morphologies under deoxygenated stat[73]. As shown in Fig.
6.9, while the structural factors of sickle red blood cell dhined from the simulation
fall within the region of the experimental observations, tB simulated results do not
cover the entire range of experimental results. The quanétive di erence is probably
due to the limited knowledge of the physiological conditiamfor the SS-RBCs in the
experiment as the mean corpuscular hemoglobin concenti@ti, rate of deoxygenation
and cell membrane deformability are not speci ed for the ingidual cell groups of
the experiments. Therefore, the physiological conditionspeci ed in Tab. 6.1 may
not cover the exact region of physiological values adopted the experiment. This

issue requires further experimental and numerical inveggtions.

6.4 Discussion

Starting from a single post-homogeneous nucleation promasin Ref. [52], we in-
vestigated the e ect of the intracellular growing sickle heoglobin ber on the nal
morphological properties of SS-RBCs. Based on the di eresickle hemoglobin con-
gurations typically observed by polarization imaging micoscopy, the growth rate
of sickle hemoglobin polymer and the mechanical propertied sickle hemoglobin
bers, we constructed a coarse-grained model for the devphoent of the aligned
hemoglobin polymer (aligned hemoglobin polymer). For indidual SS-RBCs, the
nal morphological state is obtained through the followingthree steps:

We choose a speci ¢ type of post-homogeneous nucleus acoaydo experimental
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observations.

We simulate the development of the aligned hemoglobin polyendomain with the
bulk growth rate of the sickle hemoglobin bundles determinkeby the intracellular
mean corpuscular hemoglobin concentration value.

As the sickle hemoglobin bers approach the cell membranehe e ective growth
rate of the aligned hemoglobin polymer domain decreases lwithe stall force de-
pending on the cell membrane rigidities. The nal morphologal state is obtained
when the e ective growth rate tends to zero.

Using this model, we explored the extent to which the heteregeous morphologies
of deoxygenated SS-RBCs can be obtained without any furthé&mnowledge of the
detailed structure of the polymer domain at the molecular lel. Our simulation
results indicate that the various shapes of deoxygenated -BBCs are mainly deter-
mined by the aligned hemoglobin polymer con guration, whie is consistent with the
results of Ref. [112]. Speci cally, the polymer domain in SRBCs with low mean
corpuscular hemoglobin concentration value tends to formigned con guration with
limited angular width, resulting in the typical \sickle" or \holly leaf" shape. On the
other hand, the spherulite polymer domain is favored in SSBCs with high mean
corpuscular hemoglobin concentration values, resultingi ia near-biconcave shape
with multiple spicules on the cell surface. This tendency ialso consistent with the
experimental observation on cell morphology irn vitro blood suspensions in Ref.
[84, 87]. Within each type of SS-RBC, the cells further showcattered morphologi-
cal states depending on the individual cell membrane rigigii Given the membrane
shear modulus in the range of physiologic values measuredricropipette [76], the
simulated cell morphological states, quanti ed by the stratural factors CSF and
ELSF, fall within the range of the experimental results frommedical images.
However, we note that several other physical conditions otted in the current
model can potentially also contribute to the heterogeneoudistributions of cell mor-

phologies. First, we have assumed that the bulk growth ratesithe same at each
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Figure 6.10: Elongated shapes: with further aligned polymieation along the spe-
ci ¢ direction, the granular cell (left) transforms into an \elongated" cell with the
cell center keeping the granular shape (upper right), resdaing the non-traditional
\elongated" cell observed in Ref. [24]. The lower right plotepresents the nal cell
morphology with the high growth rate imposed only on the upperight direction.

of the polymer ends. The implicit assumption here is that theate-limiting pro-

cess for the aligned hemoglobin polymer domain developmadatthe stall force on
the sickle hemoglobin polymers instead of sickle hemoglnldensity changes during
the polymerization process. Incorporation of the anisotpic/time-dependent ber

growth rates and time-dependent cell rigidity may result infurther heterogeneous
morphological states. In Ref. [87], a non-traditional typeof \elongated" cells is
obtained after further deoxygenation treatment on the gramlar cells. They are
characterized by elongated projection along certain dirgon while the center part
keeps the granular shape. It was postulated [87] that this pe of \elongated" cell
originates from the further growth of aligned polymer alonghe elongated direction
during the prolonged deoxygenation process. In the presembrk, we test this idea
by imposing anisotropic growth rate for intracellular polyner domain. Starting from
a granular shape of cell, we impose the polymer growth rate énty times the origi-

nal value along the other direction. At the new equilibrium tate, as shown in Fig.
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6.10, the cell transforms into an \elongated" shape along #t direction while the
cell center keeps the granular shape, resembling the nomditional \elongated" cell
observed in Ref. [87]. We note that the high growth rate valualong the specic
direction is chosen arbitrarily in this simulation, represnting the prolonged incu-
bation of deoxygenation condition. A complete understandg of the above process
requires further investigation. Second, the intracellulapost-homogeneous nucleus
Is assumed to be near the center of the cell. Although this asaption is similar to
the experimental observation in Ref. [24, 112] for the \cerdl constriction” cells, the
basis of the assumption needs further validation. As a setigity study, we have also
considered one case for the \holly leaf" cell where the posbmogeneous nucleus is
o the cell center, which results in further asymmetry and iregularity on the nal
cell morphology, as shown in Fig. 6.6. To the best of our knogdge, there are
no experimental results reported on the spatial distributn of the intracellular post-
homogeneous nucleus inside a sickle red blood cell. Therefa would be interesting
to explore if there exist speci ¢ spatial preferences/disibutions of the intracellular
post-homogeneous nucleus by experimental measurementsisTinformation would
be important for further systematic exploration of the morgologic transition pro-
cedure discussed in the current work. Also, we have assumduhtt there is only
one single post-homogeneous nucleation and polymer domaiside each cell in the
present work. In reality, multiple sickle hemoglobin polyrar domains can be formed
in a single SS-RBC with high mean corpuscular hemoglobin cmntration values
[24, 23], resulting in multiple irregular spicules on the \ganular" cell membrane.
Moreover, we note that the intracellular CG polymer model inthe present study
represents bundles of aligned sickle hemoglobin polymerslength scale of O(1)m
whereas the detailed con guration of single sickle hemodiim polymers, which may
a ect the local cell membrane distortion, is omitted. Finaly, we note that the cell
morphology transition is a complex procedure where many drent physiological

factors play important roles, resulting in the well-known heterogeneous” properties
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of the sickle cell morphology. While the cell deformabilityintracellular polymer con-
guration and growth rate depend on the intracellular mean orpuscular hemoglobin
concentration values, the cell preparation process such dsoxygenation rate can
also a ect the intracellular polymer con guration and therefore a ect the cell mor-
phologies. For the experimental data set used for comparisin the current work,
the sickle cells are collected from blood suspension andssieed by the di erent
morphologic characteristics while the mean corpuscular im®globin concentration
and deoxygenation rate for each cell type are not speci ed.nlthe present work,
we studied sickle cells with di erent mean corpuscular hengbobin concentration
values and chose the polymer con guration according to expmental observation
[24] that cells with low mean corpuscular hemoglobin condeation favor elongated
type of polymer and low membrane rigidity while cells with lgh mean corpuscular
hemoglobin concentration favor spherulite type of polymeand high membrane rigid-
ity. There is no direct mapping between experimental data s@nd the simulation of
the present work on the speci ¢ physiological conditions. fiis is a limitation of the
present work. Systematic investigation with these e ectsnicorporated would further
help to elucidate the cell morphologic transition process.

The typical time scale of the aligned hemoglobin polymer doamm formation in
the present work is of the orderO(1)s, consistent with the prediction in Ref. [8].
This process is relatively short as compared to the total tie of the \sickling" proce-
dure (O(10) to O(100) s). In microcirculation, we note that the typical timefor cell
transition in capillaries is around 1 2s [134]. The widespread blood vaso-occlusion
originated from the distorted cell membrane is avoided in fyical in vivo environ-
ments. This is mainly because the homogeneous nucleus fotima is omitted in the
current work. This procedure is well characterized by a \daly time" before which no
sickle hemoglobin polymer can be detected [145]. On the othHeand, deoxygenated
SS-RBCs can get trapped in the post-capillaries due to adhes interaction with the

vessel endothelium [82]. This procedure may seriously ieasse the transit time for
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a SS-RBC to get re-oxygenated, and result in the vaso-ocdios crisis. We discuss

this process in Chap. 7.



Chapter 7

E ects of Adhesion

In the simpli ed example of Chap. 5 (see Sec. 5.3.4), we denstrate that the vaso-
occlusion crisis is initialized by the abnormal cell adhesn to the vessel wall. How-
ever, the heterogeneous cell morphologies and adhesiveatalties are not incorpo-
rated in that example. In this chapter, we conduct a systemat investigation on the
vaso-occlusion crisis induced by the sickle red blood cellEhe adhesive dynamics of
di erent sickle cell groups are studied in a shear ow and thie speci ¢ contribution

to the vaso-occlusion crisis is identi ed.

7.1 Introduction

Sickle cell anemia is a genetic disease originating from thkbnormal sickle hemoglobin
molecules (HbS). In hypoxia conditions, the intracellulaHbS solution transit into
a polymerized state and results in a series of alterations the cell membrane func-
tions. Consequently, sickle cell exhibits heterogeneousoperties on both cell mor-
phology and membrane rigidity under di erent physiologicaconditions. According
to the seminal study by Kaul [84], sickle blood suspensionsntain heterogeneous
cell density classes, which can be roughly divided into fogroups by the intracellular

mean corpuscular hemoglobin concentration (MCHC) valued=raction | (SS1) and

148
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I (SS2) are mainly composed of reticulocyte and discocytegth MCHC similar to
the healthy cells (30 g/dL). On the other hand, the fraction V (SS4) group is mainly
composed of the irreversible sickle cells (ISC) with high M@C (> 45 g/dL). Mi-
cropipette experiments show that the cell rigidity of this faction is six to ten times
larger than the healthy cells in oxygenated conditions. Assiated with the hetero-
geneous cell morphology is the abnormal rheology and hemodynics of the sickle
blood suspensions. Compared with the healthy blood, the kie blood suspensions
exhibit a general elevation in the ow resistance in shear w [87, 86], micro- uidic
channel [69] and isolated vascular systems [83], where thenfodynamic properties
further depend on the cell morphology, MCHC values, oxygerension,etc..

Among the multiple hematologic disorders associated withhis disease, one of
the most important clinical features is the painful vaso-adusive crisis, as this is the
major cause of the morbidity in patients with sickle cell anmia. The mechanism of
the vaso-occlusion crisis has been studied extensively foore than 30 years. Since
this disease was rst described and characterized by the @mhgated sickle shape of
cells" [67], early studies suspected that the major cause thie vaso-occlusive is the
sickling process of the dense SS4 cells during their cirdiga in capillaries. However,
subsequent studies show that vaso-occlusion mainly occimspost-capillaries rather
than in capillaries. Moreover, clinical investigations idicate that there is no direct
correlation between the percentage of the dense SS-RBC withe disease severity
[11]. An alternative pathology was proposed by Hebbetc. [65] and Hooveretc.
[72]in 1980's. They revealed that there exist abnormal adbiee interactions between
the sickle cells and cultivated endothelium cells and susgted that this abnormal
interaction can potentially contribute to this crisis. This postulation was further
investigated by Kaul [84] in the ex vivo microvasculatures. It is found that vaso-
occlusion is a complex process triggered by multiple celltémactions in multiple
steps [21]. While single SS4 cells do occasionally get stutkhe capillaries, most of

the vaso-occlusion events are initialized by cell adhesiom the endothelium cells in
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post-capillaries, and those adherent cells can further tpathe other cells, resulting
in transient or permanent vaso-occlusions. Moreover, furer studies indicate that
the heterogeneous cell groups contribute di erently to th@cclusion crisis. While the
deformable SS2 cell group showed preferential adherencehe vascular wall, a large
number of rigid and elongated ISCs accumulated at the occios sites, indicating a
preferred pattern of SS-RBC suspension mixture for blood dasion. In addition, it
is found that the occlusion events exhibit a preferred distoution in post-capillaries
with diameter between 7 and 10m , where maximum adherent cells are found [83].

Currently hydroxyurea (HU) is the only FDA-approved drug u®d for patients
with sickle cell anemia. The major mechanism of this drug ishat it can induce
the production of the fetal hemoglobin (HbF), which can e etively decrease the
polymerization rate of HbS molecules and increase the deltigne required for cell
sickling under hypoxia conditions. However, the clinicallzservations discussed above
indicate that the predominant stimuli for this type of diseae inin vivo conditions is
the vaso-occlusion crisis, which is a complex multi-step gpeess involving multiple cell
interactions. Therefore, quantitative investigation of his process may facilitate our
understanding of this crisis and potentially provide new padigm for the therapeutic
treatments on this disease by targeting the individual physlogical conditions that
trigger the vaso-occlusion crisis.

To investigate the abnormal hemodynamic characteristicsfahe vaso-occlusion
process under di erent physiological conditions, we empted a previously devel-
oped multi-scale model of sickle red blood cells [98] (seeaph 5). That is based
on a coarse-grained particle method [71, 40]. This model sessfully captures the
heterogeneous cell morphological and rheological progest Using this model, ad-
hesive dynamics of single sickle red blood cell was investigd in simple shear ow
conditions. Our simulation results indicate that heterogeeous adhesive behaviors
among the di erent cell groups are mainly due to the di erentcell morphologies and

membrane properties. To further identify the speci ¢ contibutions of the individ-
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ual cell groups to the vaso-occlusion process, we investgahe hemodynamics of
sickle blood suspensions mixed with di erent cell fractiol Our simulation results
indicate that both SS2 and SS4 cell groups are the participerather than the sole
\causative" of the occlusive crisis. The interplay of the tw cell groups results in
the nal occlusion events in a tube ow with diameter and shearate similar to the

blood ow in post-capillaries under physiological conditns.

This chapter is organized as follow. In the next section, thedhesive dynamics of
single sickle red blood cell with di erent cell morphologi® and membrane rigidities
is investigated under shear ow condition. The e ects of thecell morphology and
membrane rigidity on shear ow responses are discussed. kacton 7.3, the hemo-
dynamics of the sickle blood ow is investigated in tube ow gstems coated with
adhesive ligand patrticles. Sickle cell mixtures with di eent cell groups are perfused
into the tube and their contribution to the vaso-occlusion & identi ed. We conclude

in section 7.4 with a brief discussion.

7.2 Adhesive dynamics of single sickle red blood

cell

7.2.1 Shear ow system

Di erent from the healthy red blood cell, the sickle red blod cell membrane ex-
presses multiple types of abnormal protein epitopes due tdhvé membrane injury
by the intracellular HbS polymerization. Moreover, the sikle red blood cell may
damage the endothelium cells, resulting in the activationral up-regulation of the
adhesive molecules expressed on the endothelium cells. Asesult, the sickle red
blood cells exhibit adhesive interaction with endotheliuneells through multiple path-
ways. For example, the adhesive receptor VLA-4 expressed tie cell membrane

can directly interact with the ligand VCAM-1 expressed on tle endothelium. And
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their interaction can be further elevated by cytokines in od plasma such as tumor
necrosis factor (TNF- ), platelet activating factor (PAF) and interleukin-1(IL- 1).
In addition, other adhesive receptors such as CD36 expredsen the cell membrane
can interact with endothelium ligands such as, 3 through the extracellular matrix
proteins such as TSP. A thorough review of the adhesive intstion mediated by
the multiple proteins expressed on the cell membrane and thagesponses on the
di erent in ammation level are discussed in Ref. [64].

Due to the physiological complexity and multiple-functioncharacteristics of the
adhesive interaction between the sickle red blood cell antld endothelium cell, ex-
plicit modeling of the individual receptor/ligand interactions is out of the scope of
the current work. Instead, the adhesive proteins are represted by the e ective
receptor particles expressed on the cell membrane and theeetive ligand particles
on the vascular wall, respectively. The adhesive interactn is modeled by the tran-
sient bond formation and dissociation between the receptand ligand particles in a
stochastic way. This model can be viewed by a coarse-grainggision of the adhesive
model for leukocyte dynamics developed by Hammet al. [62], where the multiple
adhesive proteins are coarse-grained and represented hygk DPD particles. We
refer to Sec. 5.2.3 and Ref. [47] for details of the model antfjarithms.

Adhesive dynamics of the individual sickle red cells was iestigated inin vitro
shear ow system by Barabinoet al. [12] using a parallel-plate ow chamber. It
was found that the SS-RBCs with di erent cell density show derent dynamic re-
sponses under similar shear ow conditions. The cell fractns with the least MCHC
value (SS1, SS2) exhibit the largest adhesion while the dess irreversible sickle
cell (ISC) exhibits the least adhesion. Basing on this expefrental observation, one
question arises naturally:is the di erent adhesive responses originated from the dif-
ferent adhesive proteins expressed on the cell membranetha di erent behavior is
mainly due to the heterogeneous bio-mechanical propertesiong the cell subpopu-

lations. Numerical modeling and simulation provide a convenient tddo elucidate
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this problem, as the di erent cell rigidity and morphologies can be easily imposed

on individual cells.

Figure 7.1: Successive snapshots of sickle red blood cellshear ow. Labels (a),
(b) and (c) represent a deformable SS2 cell, rigid SS3 celldatsC, respectively. The
arrow represents the ow direction.

As shown in Fig. 7.1, we consider three di erent types of theickle red blood
cells under shear ow conditions. The cell &) represents a deformable discocyte
cell from the SS2 subpopulation. The shear modulus and bending rigidity K
are similar to the value of healthy RBC. In the present work, & set the value

= =6:8N=m andk; = ke =3:7 10 **J, where o and k¢ represent the
shear modulus and bending rigidity of the healthy red bloodetl according to the
experimental measurements [42, 74, 113]. The cet)) (represents a ISC from the
densest SS4 cell group. (The \sickled" shape of cell is congited by applying local
stress - annealing process on the cell membrane. For detaiisthe construction
process, see Chap. 5 and Ref. [98].) Experimental measurataeshow scattered

results on the cell rigidity of this cell type. Evanset al. reported that the ratio of the
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cell rigidity between the densest sickle cell and healthy RBvaries from 4 to 11.5.
Itoh et al. reported that this ratio is round 2.0 before the deoxygenain. However,
the value increases up to 20 after one deoxygenation-reogpgtion cycle. These
results indicate that the cell rigidity further depends on he cell sickling process
since the cell membrane function can be altered during thiggcedure. To this end,
we set the shear modulus =10  and k. = 10k. Finally, the cell (b) represent a
rigid discocyte cell with medium MCHC value (SS3), the celligidity is between the
SS2 and SS4 cell group. We set=3 ( and k; = 3k for the comparative study.
According to the experimental set up in Ref. [12], the threeetls are placed
between two parallel plates as show in Fig. 7.1. The simulath domain is 60 30 15
in DPD unit, and periodic boundary condition is imposed alog the x and y direction.
The lower plate is coated with e ective ligand particles wih density 4m 2. Same
adhesive interaction is applied between the ligand partiet and the three types of

sickle red blood cells. Detail simulation parameters are awn in Tab. 7.1.

Parameters Simulations Physical
spring constant Ks) 50 241 10 °> N=m
equilibrium spring length (o) 0:0 0:0m
reactive distance (o) 0:15 1:44 10 'm
rupture distance (dofs ) 0:15 144 10 'm
on strength ( on) 0:1 4:83 10 8 N=m
o strength ( o ) 0:033 1:59 10 8 N=m
unstressed on rateKZ,) 1000 349 10s?
unstressed o rate kY ) 0:1 349s *
shear rate () 0:067 231s !

Table 7.1: Simulation (in DPD units) and physical (in Sl units) parameters for blood
ow with adhesive interaction with coated ligand particles

Three cells are initially placed at a distance of :Q@2m from the lower plate.
Shear ow is generated by imposing constant moving velocitgn the upper plate
while the lower plate is kept stationary. Detail simulation parameters among the
external solvent S,), cell vertices (), cytosol (S;) and wall particles(W) is shown
in Tab. 7.2.
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Interaction a le k
So So0Se W |[25|30|1.0/0.25
Si Si 20| 30| 1.2]0.25
Ss VW V |05]|10|1.0]0.25
S V 05|25(1.0]|0.25
vV V 201 30| 0.5|0.25

Table 7.2: DPD simulation parameters for the adhesive dynaos of single sickle red
blood cells.

Fig. 7.1 shows successive snapshots for each of the thre&lesiced blood cells
along the ow direction. Starting from the similar initial conditions, the three cells
exhibit di erent adhesive dynamics. The deformable discgte cell (a) moves to-
ward the lower plate due to the bond formation with the ligandparticles and shows
rm adhesion to lower plate thereafter. Similarly, the rigd discocyte cell p) show
transient adhesion to the lower plate initially. However, he cell shows periodic ip
movement along the ow direction thereafter, indicating that the adhesive inter-
action is weaker than the case of cella, and the cell can overcome the adhesive
constraint with certain probability. This result is similar to the adhesive behavior of
another type of disease red blood cell named as malaria-ictied RBC [47, 7], where
the cell membrane is about 3 to 9 times more rigid than the hahly RBC depending
on the parasite development stage. Di erent from celld) and (b), cell (c) does not
show apparent rm/transient adhesion to the plate. Followng the start of the shear
ow, the cell shows direct attachment from the lower plate de to the hydrodynamic
force and moves freely thereafter, indicating the least adBive interaction between
the cell and the plate.

To further quantify this heterogeneous adhesive behavione measure the instan-
taneous velocity and the contact area for the three di erentells. The instantaneous
velocity V. is de ne by

vi=(x"t X h=2t; (7.1)

where x'** and x' ! represent the position of the cell center of mass at snapshot
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i+1andi 1. t is the time interval between the two successive snapshotsh&

instantaneous contact area is evaluated as

(7.2)

whereN, is the total number of the cell vertices.Aq is the total area of the ceII.AJi

is de ned by 8
21 7 <do
A=, (7.3)
-0 ifz don;

where zji is the instantaneous position of cell vertex on z direction at snapshoti,
don IS the reactive distance de ned in Tab. 7.1.

Fig. 7.2 shows the instantaneous cell velocity and the comtiaarea for the three
cells as a function of time. The subplot Fig. 7.2(a) correspds to the simulation
results of cella. The initial peak value of the cell velocity is mainly due to he
limited bond formation during the starting stage. At the later stage, more adhesive
bonds are formed between the cell vertices and the ligand piates, the cell velocity
decreases and uctuates around zero, where the negativea@ty values are mainly
due to the thermal uctuation. Accordingly, the contact area increases from zero to
48m 2 at the later stage. Fig. 7.2(b) shows the simulation resultéor cell b. The
occasional ip movement is characterized by the peak valuad the instantaneous
cell velocity at 0.38, 0.64, 1.12 s. Accordingly, the conth@rea shows minimum
value at those times. The average velocity during the simuian period is 46m=s,
which falls within the velocity region of the adherent SS-RBs in Ref. [12]. Fig.
7.2(c) shows the simulation results for the ISC. In the inial stage, the small cell
velocity and the peak value of the cell contact area repredethe adhesive interaction
during which the ISC undergoes one half cycle of ip movememn the plate. After
that, the cell shows full detachment from the plate indicatg that the adhesive

constraint is not su cient to counter the hydrodynamic force on the cell. The cell
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moves freely thereafter with velocity on the order oD(10%) m=s and no adhesive
bond is established during the later stage.

Besides thein vitro experiment by Barabinoet al., we note that the current
simulation results are also consistent with several othexperimental observations
[141, 80]. In Ref. [141], the adhesive dynamics of a neutrdiphnd a rigid bead
coated with same ligands are investigated under the similahear ow conditions.
It was reported that the neutrophil exhibits di erent shear responses from the rigid
bead due to the cell deformation under shear ow condition. ifilar experimental
work is also conducted by Kaulet al. on the e ect of dehydration/rehydration pro-
cesses on the adhesive properties among the di erent cellgutations [80]. Using
the Nystatin-sucrose method, the cell rigidity and the MCHCvalue of the individ-
ual cells can be elevated/decreased through the dehydratioehydration process.
It was reported that the deformable discocyte group (SS2),fter the dehydration
procedure, results in larger ow resistance and less adhatesites, while those cell
can completely recover the cell adhesive properties aftdre rehydration treatment.
Similarly, the rehydration treatment on the densest cell grup (SS4) can signi cantly
improve the cell deformability, resulting in enhanced celddhesion and elevated num-
ber of adherent SS4 cells in post-capillaries.

These experimental results indicate that the deformable 2Xell group and the
rigid SS4 cell group share similar adhesive attribute; thei érent adhesive dynamics
exhibited in shear ow conditions is mainly due to the di erent cell rigidity. This
result is also consistent with present work. Since the samallegesive parameters
are adopted for the di erent cells, our simulation results sggest that the di erent
mechanical properties of the individual cell groups imposa profound in uence on
adhesive properties. Moreover, in Ref. [80], it is reportetiat the di erent cell types
among the rehydrated SS4 cell population also exhibit hetegeneous cell adhesion.
Although the ISCs outnumber the rigid discocytes by 2 to 1 inlie SS4 cell suspension,

80% of the adherent SS4 cells are the discocytes. This regulficates that the cell
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morphological characteristics may also contribute to theeail adhesive properties,
and it was proposed that the peculiar cell morphology of ISC ay further prevent
the e ective adhesive interaction and bond formation with adothelium cells. To
investigate this postulation, we simulate the adhesive imbation process of sickle

cells in a static condition.

7.2.2 Static incubation

Similar to the shear ow system, four di erent sickle cells & initially placed at a
distance of 012m from a plate coated with ligand particles. The same adhesive
parameters are adopted, as given in Tab. 7.1. The instantames contact area is
computed for each cell until a steady state is achieved, asostm in Fig. 7.3. The
subplot Fig. 7.3(a), Fig. 7.3(b) and Fig. 7.3(c) representlte incubation process
of the discocytes with shear modulus ¢, 4 , and 10 o, respectively. Fig. 7.3(d)
represents the result of a ISC with shear modulus = 10 ,. Three major points
emerge from the simulation results.

First, we note that the contact area measured after the statiincubation exhibits
an inverse relationship with the cell rigidity. While the catact area for all of the
cells increases sharply to 28 2 within the initial stage, the contact area the between
the deformable SS2 and the plate shows a further increase ame@ches 43n 2 at the
nal stage. In contrast, the contact area between the SS4 ¢ednd the plate does
not show further changes and keeps the value of :36n 2 at the nal stage. This
inverse relationship is consistent with the di erent cell dhesive dynamics in shear
ow system, and it can be understood by a qualitative analysi of the the change
of free energy during the incubation process. If we de ne theell and the ligand
particles as a single system, the change of total free energ¥ during the process

can be written as
E = Edeform E adhesion ; (7.4)
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where Egerorm represents the increase of the cell free energy due to the id¢on of
cell shape from the equilibrium state during the incubatiorprocess. Eaghesion rep-
resents the absolute value of the energy decrease due to tdéesive bond formation
between the cell membrane and the ligand particles. The nadtate is determined
by the counter-balance between the two free energy terms. Aefdrmable SS2 cell
is prone to form larger contact area than the rigid cell can benderstood as fol-
lows. For a SS2 cell with smaller cell rigidity, the energy bder induced by the
cell deformation is relatively small, and the decrease ofefe energy induced by the
adhesive interaction plays a dominant role. After the inital incubation stage, the
adhesive interaction forces the cell membrane to further ttem and extend on the
plate, resulting in the further increase of the contact arealn contrast, the rigid SS4
cell exhibits a \solid" like properties with a larger energybarrier for cell deforma-
tion. The adhesive interaction between the cell and plate more like the attraction
between two solid objects (two magnets, as a example of thetme case), where
the cell deformation plays a less important role. After thenitial incubation stage,
the adhesive interaction driven by the bond formation can rtoovercome the free
energy increase induced by the cell deformation. Thereforirther increase of the
contact area is avoided.

Second, for the deformable SS2 cell, we note that the equiliom contact area
obtained from the static incubation is smaller than the cordct area obtained from
the shear ow conditions. In contrast, the time required forstatic incubation to
reach the equilibrium state is longer than the value of the gar ow condition.
These discrepancies are mainly due to the further cell defoation under the shear
ow condition, e.g., part of the deformation free energy Egeform discussed above
is balanced by the hydrodynamic force exerted on the cell ménane under shear
ow condition. The extended cell membrane facilitates the bnd formation with
the ligand particles and results in larger contact area. TRiresult also provides a

reasonable explanation for the experimental observatioribat the cell adhesion of
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the deformable SS2 cell is more pronounced under ow conditis [12, 114].

Third, compared with the dense discocyte, the ISC shows sr&l contact area
with the plate although similar cell rigidities are appliedon the two cells. This result
validates that the cell morphology may also in uence the celdhesive properties.
Compared with the biconcave shape, the peculiar elongatetéacurved character-
istics of the ISC can further prevent the membrane receptofsom interacting with
the ligand patrticles, resulting in the di erent adhesive bhavior among the SS4 cell

groups, as reported in Ref. [80].
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Figure 7.4: Adhesive force between a sickle cells and the had a function of the
membrane rigidity for two cell morphologies. The subplot sbws a sketch of the
simulation set up, where a uniform lift force is applied on ta upper part of an ISC.

To quantify the e ect of the cell rigidity and morphology discussed above, we
measure the adhesive force between the cell and the plateai$ihg from the steady

state obtained from the static incubation, lift force alonghe z direction is uniformly



163

applied to the upper part of cell membrane (40%, 200 vertices total). A sketch
of the simulation set up is shown in the inset plot of Fig. 7.4The adhesive force is
determined as the lift force that drives the cell detachingrém the plate in the quasi-
static state, as shown in Fig. 7.4. Similar to the contact area, thedhesive force also
exhibits an inverse relationship with the cell rigidity. The adhesive force between
the deformable SS2 cell and the plate is SN. In contrast, the value decreases to
23.0pN for the rigid SS4 cell. Moreover, the ISC exhibits smaller &e@sive force than
the discocyte within a wide range of cell rigidity, indicathg a less adhesive property
induced by the peculiar cell morphology.

The above result, combined with the heterogeneous cell adihes dynamics under
shear ow conditions, suggest that the deformable discoay$ are the most adhesive
cell group among the di erent sickle cell classes. The ISC aip, on the contrary,
is the least adhesive cell group. In microcirculation, the uitiple cell groups play
di erent role in the hematological disorders such as vasccolusion. We discuss this

in the next section.

7.3 Sickle blood in tube ow

Sickle blood suspension is characterized by elevated owsrgtance in microcir-
culation, which can lead to vaso-occlusion imn vivo venule [81],ex Vvivo micro-
vasculatures [83] and micro-channels [69]. In a simpli edxeample presented in Sec.
5.3.4, we showed that for sickle cell suspension in a tube owith diameter 9m ,
vaso-occlusion is avoided unless certain adhesive intdrac between the sickle cell
and the tube wall is introduced. While this simplied exampk revealed the pre-
dominant role of cell adhesion to initialize the occlusionvents, homogeneous cell
morphology and membrane rigidity are adopted. The heterogeous adhesive prop-
erties among the di erent cell classes were not incorporaten that simulation. In

this section, we further investigate the abnormal hemodymaics of sickle blood sus-
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pensions mixed with di erent cell density groups. Blood sysensions composed of
di erent cell fractions are perfused into a tube system andhe resultant hemody-
namics is studied. Using this method, we want to identify thespeci c contributions
of individual cell groups to the vaso-occlusion crisis.

This simulation work is motivated by the experimental studyby Kaul et al. [83],
who conducted a microcirculatory study in an isolate@éx vivomesocecum vasculature
of rat. Following this experiment [83], we consider a sicklblood suspension of
hematocrit H; = 30% in a tube with diameter of 10m , which is a typical value for
post-capillaries. The set up of the system in shown in Fig. 5. The post-capillary
is modeled by a cylinder tube with diameter of 160 and length 40m . Periodic
boundary condition is applied along the ow direction. The ells are divided into two
groups. The green particles represent the adhesive liganarficles coated on the tube
wall within the region 15m <x < 25m . The arrow represents the ow direction
where a pressure gradient P= x = 8:7 10* Pa/m is applied. Blood suspension
of di erent cell groups are perfused into the cylinder tube ad the simulation results
are discussed as below.

SS2+ ISC

Five SS2 cells (labeled by blue color) and ve ISCs (labeled/ lved color) are placed
in the tube. Steady ow is achieved by turning o the adhesivanteraction, as shown
in Fig. 7.5 (a). The mean ow across the tube is about 15M=s . Starting from this

state (t = 0), the cell-ligand interaction is applied to both the SS2 ells and ISCs
where adhesive parameters are similar to the cases of singgdl (see Tab. 7.1). Fig.
7.6 shows the following instantaneous mean velocity acrabe tube. Steady ow is
maintained until one of the SS2 cells get attached to the tub&all in the region coated
with ligand particles, triggering a sharp decrease of the w rate at (t = 0:3s), as
shown in Fig. 7.5 (b). As a positive feedback, the decreasetbbd ow rate induces
more SS2 cells to adhere to the tube wall, leading to a furthelecrease of the ow

rate att = 0:4s and t = 0:53s. Moreover, these adherent cells decrease the e ective
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Figure 7.5: Snapshots of blood cells in a cylinder tube Bf = 10 m with H; = 30%.
The blue and red cells represent the SS2 cells and the ISCsspectively. The
subplot (a) represents the steady ow state free of adhesivieteraction. Subplots
(b-d) represent the snapshots of the blood ow where adhesivnteraction is applied
to both the SS2 cells and the ISCs. Speci cally, (b) represena snapshot where one
SS2 cell adhere to the tube wall; (c) represents a snapshotavl more cells adhere
to the tube wall; (d) represents a snapshot of the blood ocdion state at the nal
stage of the simulation. The subplots (e-g) represent the apshots of the blood
ow where adhesive interaction is only applied to the ISCs. fie subplot (f) shows a
transient adhesion between ISC and the tube wall. Steady ous recovered as the
cell detaches from the tube wall, as shown in (g).

tube diameter near the adhesive sites, resulting in a secary trapping of the other
ISCs, as shown in Fig. 7.5(c). Full occlusion is achieved nodit = 0:8s, as also
shown in Fig. 7.5(d). The above simulation results show thatuunder physiological
conditions similar to the blood ow in post-capillaries, the adhesive cell-endothelium
interaction can potentially trigger the full blood occluson state. Moreover, the nal
occlusion state exhibits a speci c pattern similar to the egerimental observations
[83, 80]: the rigid, elongated ISCs trapped by the adherenS2. To verify this unique
phenomenon, three more identical independent simulatiofgve been performed for
this case. All of the nal occlusion states exhibit this featred pattern. Although
same adhesive parameters are applied to the two cell groupsm) adherent ISC is
observed in the present simulations.
Non-adhesive SSZ ISC

To explore if the above pattern is mainly due to the limited nmber of free ligands,
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Figure 7.6: Instantaneous mean velocity of the blood ow in aylinder tube of
D =10 m containing SS2 cells and ISCs. Adhesive interaction is ajmgad to both cell
groups. The inset plots show several snapshots of the blooow in the simulation.

or the less adhesive feature of the ISCs, we've performed miar simulation of the
blood ow where the SS2-ligand interaction is turned o . Stating from the steady
state shown in Fig. 7.5(a), the blood ow is simulated for 6. The snapshots of the
following states are shown in Fig. 7.5(e), Fig. 7.5(f) and Bi 7.5(g). Due to the
ISC-ligand interaction, occasional transient adhesionfmtact can be formed between
the ISC and the tube wall as shown in Fig. 7.5(f). The transigradhesion results in
the decrease of the ow rate at 2sandt 4s, as shown in Fig. 7.7. However, no
rm adhesion has been observed; the blood ow can recover tivdtial ow rate when
the adherent ISCs detach from the tube wall. Blood occlusios avoided during the
simulation. This result reveals the distinct role of the SS2ell in vaso-occlusion: it
is the major cell group that initializes the cell adhesion irpost-capillaries. This is
also consistent with the positive correlation between theed cell deformability index
and the severity of the disease reported by clinical obseti@n [11]. The ISC group,

on the contrary, contribute di erently to the occlusion process, as discussed in the
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Figure 7.7: Instantaneous mean velocity of the blood ow in aylinder tube of
D = 10 m containing SS2 cells and ISCs. Adhesive interaction is onbpplied
to the ISC group. The inset plots show two snhapshots of the bl ow in the

simulation.

Figure 7.8: Snapshots of the red blood cells in a cylinder tebof D = 10 m with

H; = 30%. The blue and red cells represent the SS2 cells and hégltcells, respec-
tively. The subplot (a) represents the steady ow state freef adhesive interaction.
The subplots (b-d) represent snapshots of the blood ow wheradhesive interaction
is applied to the SS2 cell group. The SS2 cells adhere to thébwwall, as shown in
the (b) and (c). Healthy cells can squeeze through the adhetesites as shown in

(d).
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Figure 7.9: Instantaneous mean velocity of the blood ow in aylinder tube of
D = 10 m containing SS2 and healthy cells. Adhesive interaction ispplied to
the SS2 cell group. The inset plots show several snapshotstiod blood ow in the

simulation.
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next simulation.

Figure 7.10: Instantaneous mean velocity of the blood ow im cylinder tube of
D =12 m, H; = 30%. Simulation parameters are similar to the case shown #g.
7.6.

SS2+ Healthy
Equal amounts of healthy (labeled by red color) and SS2 (laleel by blue color)
cells are mixed and perfused into the cylinder tube. The indl state (Fig. 7.8(a))
represents a steady ow free of adhesive interaction. Stamg from this state, blood
ow is simulated with adhesive interaction applied betweerthe SS2 cells and the
coated ligands. Fig. 7.8(b), Fig. 7.8(c) and Fig. 7.8(d) repsent typical snapshots
of the following ow states. Similar to the SS2+ ISC case, the SS2 cells show rm
adhesion to the tube wall, resulting in the decrease of the w rate at t = 0:25
and t = 0:48. While blood ow exhibits sluggish characteristics, fulocclusion is
avoided as the adherent SS2 cells fails to trap the healthyllsg as shown in Fig. 7.8.
This discrepancy is mainly due to the high deformability of he healthy red cells,
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which enables the healthy cells to squeeze through the tubeh&re large number
of adherent SS2 cells accumulated. The result, in turn, reats the distinct role of
the ISC group in the vaso-occlusion process. Although thealst adhesive, the ISC,
due to this high membrane rigidity and elongated cell shapsgrve as the particular
cell group trapped by the adherent cells in the post-capiliges. This result explains
the experimental observation that large number of dense telaccumulate in the

occlusion region and disappear in the peripheral blood [83]
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Figure 7.11: (a) Instantaneous mean velocity of the blood w in a cylinder tube of
D =12 m, H; = 45%. Simulation parameters are similar to the case shown irg.
7.10. (b) a snapshot of the blood occlusion at the nal stagef the simulation.

E ect of the tube size
Seven SS2 cells and seven ISCs are mixed and perfused into landgr tube with
diameter of D = 12 m , where same pressure gradient and adhesive interaction are
applied. Dierent from the case ofD = 10 m, blood occlusion is avoided in the
present simulation. The sieve-like pattern formed by the duerent SS2 cells do not
fully trap the ISCs due to the larger spatial accommodation @ar the adhesion sites.

The blood ow maintains a mean ow velocity round 35m=s at the nal stage, as
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show in Fig. 7.10.

200
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Figure 7.12: (a) Instantaneous mean velocity of the blood w in a cylinder tube of
D =13:4m, H; = 45%. Simulation parameters are similar to the case shown in
Fig. 7.10. (b) a snapshot of the blood ow at the nal stage of he simulation.

E ect of the hematocrit
Up to this point, the hematocrit of the blood ow is chosen as 8% according to the
ex vivoexperiments [83, 80]. As a sensitivity study, we have alsorwmucted several
simulations of blood ow with H; = 45%. Fig. 7.11 shows the instantaneous mean
velocity of the blood ow in a tube of diameter ofD = 12 m , where the pressure
gradient and adhesive parameters are similar to the previewcase. Di erent from
the H; = 30% case, blood ow exhibits full occlusion state at the ndstages. This is
mainly due to the lower ow rate and smaller spatial accommaoation at the adhesion
sites, both induced by the high cell volume fraction in the the system. However,
as the tube diameter further increases, the blood ow systesnexhibit similar trend
to the cases ofH; = 30%. As the tube diameter increases t@ = 13:4m, our
simulation suggests that the full occlusion can be avoideds shown in Fig. 7.12.

E ect of the in ammation stimulated leukocytes
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In the previous cases, we discuss the microcirculation ofolld ow under normal
physiological conditions. Simulation results indicate tat the vaso-occlusion sites
mainly distribute in blood vessels with diameter smaller tan 12m . However, we
note that in clinical, the vaso-occlusion crisis is not linted in post-capillaries. Re-
cent studies [85] indicate that the sickle disease is oftet@mpanied with an in-
ammatory endothelial phenotype, which results in elevate leukocyte recruitment.
Further more, studies by Turhanet al. [147] in transgenic-knockout mice show that
the in ammaton stimulated (by cytokine TNF- ) adherent leukocytes interact with
the sickle red blood cells, resulting in the vaso-occlusiamisis in blood vessels with
larger diamter. Here, we brie y discuss this e ect by impogig an ad hocattractive
interaction between the sickle cell and leukocyte.

Leukocyte recruitment on vascular endothelium is inducedybthe interaction
of the adhesive moelcules on Leukocytes such as L-selectiM 2 inegrin, et al.
with endothelial adhesion molecules, including ICAM-1, VEAM-1, E-selectin and
P-selectin. These adhesive interactions are further in ueed by the in ammation
stimuli such as IL-1, TNF- , CXCL8. Under similar physilogical conditions, a leuko-
cyte may exhibits various adhesive dynamics. For systematinvestigation on the
phase diagram of the adhesive dynamics, see Ref. [20]. In fhesent work, the
leukocyte-endothelium adhesive interaction is modeled ke stochastic bond for-
mation/dissociation between leukocyte cell vertices anche ligand particles, as de-
ned by Eq. (5.7). Simulation parameters are similar to the aes for sickle cell-
endothelium interaction presented Tab. 7.1 except fdks, which is chosen between
100 and 3000 to represent the bond a nity under di erent in ammation stages.

Fig. 7.13 shows the instantaneous cell velocity of a singkukocytes in tube ow
of diamter D = 13:4m with pressure gradient P= x = 8:7 10* Pa/m. Fig.
7.13(a) corresponds to the free motion state, where the leutyte detaches from the
tube wall due to the low bond a nity (ks = 100). Fig. 7.13(b) represents the stable

rolling on the tube wall with medium bond a nity ( ks = 300). This is characterized
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Figure 7.13: Instantaneous velocity of a single leukocyteitv adhesive bond coe -

cient ks = 100(a), 300(b), and 1000(c), respectively.
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by the velocity oscillating between 20n=s and 100m=s. Fig. 7.13(c) represents the
rm adhesion state with high bond a nity ( ks = 1000). The cell velocity uctuates
around zero except few peaks representing the transient neorent along the ow
direction.

The adhesive interaction between the sickle red blood cebsd the leukocytes

are modeled by the Morse potential
Um (1) = D[e? 0 D 2e (fo D (7.5)

wherer is the distance between cell-membrane vertices of adjacemlls, ro and D¢
are the zero force distance and well-depth &fy (r), respectively. determines the
range of interaction. In the present work, we choosg =0:3, =1:5,De =80 with
cut-o distance ry = 0:45. This yields adhesive forces between two cells in range
55 63pN.

With the cell interaction de ned above, we reconsider the lolod ow circulation in
larger tube ow. First, we consider blood ow in a tube with diameterD = 13:4m
with one leukocyte. Steady ow shown in Fig. 7.14(b) is achied by turning o
the adhesive interactions. To represent in ammation-indaed cell adhesion, we turn
on the adhesive interaction between the leukocyte and the heésive ligands with
ks = 1000 att = 0s. Due to the cell margination e ect, the leukocyte touches wti
the tube wall at t = 0:47s and shows stable adhesion as shown in Fig. 7.14(c).
The adherent leukocyte decreases the e ective tube diametand the mean velocity
drops from 150m to 45m during this stage. Finally, to represent the stimulated
in ammation state in clinical (induced by various cytokine), we further turn on the
sickle cell-leukocyte interaction de ned by Eq. (7.5) att = 1:47s. Multiple sickle
cells get trapped on the adherent leukocyte as shown in Fig.14(d). This results
in the further decrease of the ow rate. Full occlusion statés achieved att  2:2s.

Finally, we note that for venular ow, multiple leukocytes may accumulate at

the in ammation activated region, which may also result in w@so-occlusion. Here
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Figure 7.14: (a) Instantaneous mean velocity of the blood w in a cylinder tube of
D =13:4m with one leukocyte. (b-d) represent the blood cells in free ation, rm
adhesion and ow occlusion states, respectively.
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Figure 7.15: (a) Instantaneous mean velocity of the blood w in a cylinder tube of
D = 20:2m with three leukocytes. (b-d) represent the blood cells in é motion,
rm adhesion and ow occlusion states, respectively.
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we consider a blood ow with diameterD = 20:2m with multiple leukocytes as
shown in Fig. 7.15. Starting from the steady ow att = 0s, we turn on the adhesive
interaction between the leukocytes and the ligands coatechahe tube wall. In
physiological aspect, this refers to the in ammation statg(stimulated by cytokine
such as TNF- ). The blood ow can be roughly divided into three stages. Dung the
rst stage, the leukocytes adhere to the tube wall, resultig in the decrease of ow
rate at t = 0:40;0:71; 0:88s. During the second stage, the blood ow shows sluggish
characteristics due to the adherent leukocytes. The mean wo velocity drops to
162m=s . At the end of the second stage, we further turn on the interdion between
the leukocytes and the sickle red blood cells. This results the further entrapment
of the sicke red blood cells in the in ammation region and vasocclusion att
3:2s. Therefore, for vaso-occlusion induced by leukocytes, tkey mechanism is the
recruitment of adherent leukocytes. In a blood vessel de@mt of the in ammation

activated endothelium, vaso-occlusion can be successfyrotected.

7.4 Summary

In this chapter, we employed a validated multi-scale modelfickle red blood de-
veloped in Chap. 5 to investigate the adhesive dynamics ofdividual cells as well
as the abnormal hemodynamics of sickle blood ow in a cylindeube. Under the
same shear ow conditions, the sickle cells of di erent deitg groups exhibit di er-
ent dynamic behaviors ( rm adhesion, ipping movement, fre motion, etc.), which
is consistent with the experimental observations reporteth Ref. [12, 114]. The
di erent cell contact area and adhesive force measured frothe static incubation
and quasi-static detachment simulations illustrate that the cell adhesions further
in uenced by both the cell morphology and membrane rigidity The SS2 cell group,
due to its high deformability characteristics, is the most dhesive cell group while

the ISC group, due to the high membrane rigidity and peculiaelongated cell shape,



178

is the least adhesive cell group.

With regards to the abnormal hemodynamics of sickle blood spension, the
simulation results agree well with experimental measuremis conducted in isolated
vasculatures . The dynamic responses obtained from the drent cell suspensions
reveal that the SS2 cells and ISCs contribute di erently to he vaso-occlusion pro-
cess. The speci c cell patterns (ISCs trapped by adherent 3%ells) observed in the
occlusion region indicate that the SS2 cells are the majorlcgroup that initializes
the cell adhesion in the post-capillaries, while the 1SCs arthe major cell group
that induces the secondary cell entrapment in the adhesivegions. Sensitivity stud-
les on the tube size and hematocrit value reveal that the bldo ow rate and the
venule diameter can further in uence the pre-condition forthe vaso-occlusion cri-
sis. Given the typical physiological conditions of blood w in post-capillaries, the
present simulations suggest that most of the vaso-occlusi@events occur in venules
with diameter smaller than 12m . This result is also consistent with the experi-
mental observation [83] that the blood occlusion sites coawtrate in post-capillaries
with diameter between 7 and 10n . (H; = 30% is adopted in that experiment.) For
blood ow with larger vessel diameter, the present work vatiates that the adherent
leukocytes may also results in vaso-occlusion crisis in wgr ow by introducing the
adhesive interaction between the leukocytes and the sickied blood cells.

While the present work provides reasonable explanationsrfthe heterogeneous
cell adhesion and consistent simulation results with the eerimental observation,
we are cautious to claim that the present model can capture ¢hwhole features of
the abnormal hemodynamics of the sickle blood ow. We note #t the in vivo
blood occlusion is a complex process involving the interpl@f multiple physiological
factors; several physical conditions simplied in the premt work can potentially
contribute to the abnormal hemodynamics. First, the propdion of the SS2 and SS4
cells is kept as a constant ratio (1:1) in the present work. Heever, dierent cell

proportion may further in uence the local cell entrapment n the microcirculation.
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In this sense, the threshold valu® = 12 m obtained from the present work should
not be treated as the criterion of the vaso-occlusion in posapillaries. Second, we
assume that both the SS2 and the ISC cell membranes express same \e ective"
protein receptors. However, the cell-endothelium interéion is actually composed
of multiple ligand-receptor interactions. Further invesigation is needed to identify
the individual ligand-receptor interaction and the contrbution to the cell adhesion
among the di erent cell density groups. Third, we note that te rigid SS4 cells can
contribute to the vaso-occlusion through two pathways. Ahough most of the occlu-
sion events concentrate in the post-capillaries as an infgay of the SS2 and SS4 cell
groups, a single SS4 cell may also contribute to vaso-ocatusby blocking the blood
ow at the pre-capillary sites, which exhibits stochastic lehavior and the occurrence
can not be predicted in a given microvascular environment,sasuggested by Kaul
et al. [83, 84, 102]. Finally, we note that the blood occlusion is aydamic process
where the local oxygen saturation may further in uence the lbod ow circulation.
This results in a dilemma competition between the extreme aditions of local cell
concentration. On one hand, high locaH; can provide high oxygen saturation en-
vironment and prevent the cell sickling process. Howevet, riesults in lower blood
ow rate which favors the cell adhesion process. On the othérand, the lower local
H; may facilitate the local blood ow circulation. However, the hypoxia condition
may cause more cells involving in the \deoxygenation-si¢hlb" process, as suggested
by Kaul et al. [13]. Systematic investigation of these e ects may furthefacilitate
our understanding on this abnormal hematological disorder

With regards to the therapeutic treatments, the present wdt suggests that vaso-
occlusion, the major cause of clinical morbidity, is trigged by the adhesion of the
deformable SS2 cells and propagated by the selective sea@mydentrapment of the
rigid SS4 cells. While the present medical treatment by hydxyurea can e ectively
prolong the delay time of cell sickling procedure, medicaldatment on the target and

blockage of the other procedures such as the vessel endatimelactivation and cell-
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endothelium adhesion may provide new paradigms on the treaéent of this disease,

which requires further experimental and numerical inveggation.



Chapter 8

Summary and Perspective

8.1 Concluding remarks

In this dissertation, we have achieved the following goals:

By constructing a coarse-grained particle system directlfrom the atomistic
system governed by Lennard-Jones potential, we demonsteal that the Dissipative
Particle Dynamics is originated from a further simpli cation of the Mori-Zwanzig
theory applied to the coarse-grained molecular dynamics ). The dissipative and
random forces appear naturally if the coarse-grained forceld is approximated by
the pairwise decomposition. When the many-body e ect is nopronounced (e.g.,
low density, smaller cluster state), the pairwise DPD forcéerms provide a good
approximation of the atomistic interactions, and the strutural and dynamic proper-
ties of the atomistic systems can be successfully reprodddeom the coarse-grained
system.

We demonstrated that the no-slip boundary condition in DPD uid can be
achieved by imposing an e ective dissipative force on the OP particles adjacent
to the bounded wall, where the freezing wall particle discaed in Ref. [127] can be
removed. We also developed an adaptive method that allows target the prescribed

out ow rate for open uid systems. This method is examined irbifurcated ow where
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di erent ow rate is prescribed on each outlet. The DPD simultion results agree
well with the numerical results by Navier-Stokes Equation.

We explored the delity of the continuum approximation for blood ow systems
on mesoscopic level. By analyzing the simulation results thfe blood ow in di erent
tube size, we identify a non-continuum to continuum transibn as the tube diameter
increases to above 106 .

We constructed a multi-scale model of the sickle red blood Itéo represent
di erent sickle cell morphologies based on a simulated anaéng procedure and ex-
perimental observations. Cell distortion is quanti ed by te asphericity and the
elliptical shape factors and agree with the medical image alysis. This model is
examined in both homogeneous shear ow and tube ow system3$he shear viscos-
ity and ow resistance obtained from the present work show esonable agreement
with the experimental measurements. The transition from gar-thinning to shear-
independent ow reveals the profound e ect of the cell memlame sti ening during
deoxygenation.

We developed a coarse-grained (CG) stochastic model to repent the growth
of the intracellular aligned hemoglobin polymer domain. Té CG model is calibrated
based on the mechanical properties (Young's modulus, bendirigidity) of the sickle
hemoglobin bers reported in experiments. The process ofélhcell membrane transi-
tion is simulated for physiologic aligned hemoglobin polyar con gurations and mean
corpuscular hemoglobin concentration. Typical SS-RBC mphologies observed in
experiments can be obtained from this model as a result of thetracellular aligned
hemoglobin polymer development without introducing any ftther ad hocassump-
tions.

We examined the e ect of the cell-endothelium interaction o the abnormal
hemodynamics of the sickle blood suspensions. The hetenmog@us sickle cell groups
exhibit di erent adhesive dynamics due to the various cell mrphologies and mem-

brane rigidities. We demonstrated that the typical SS2 and$4 cell groups contribute
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di erently to the vaso-occlusion crisis. This result explans the speci c cell patterns
widely observed at the occluded sites (SS4 cells trapped bgtheerent SS2 cells) as

reported by in vivo and ex vivoexperiments.

8.2 Future research

We conclude this thesis by providing some areas of future ezsch which follow from
some of the work presented herein.

Systematic investigation of the many-body e ect in the coae-graining pro-
cedure. Construct more sophisticated coarse-grained ferelds to incorporate the
\many-body" information that lead to a more accurate predit¢ion of the structural
and dynamic properties of the atomistic system.

Develop the out ow boundary method for complex uid systemssuch blood
suspensions.

Develop proper models for the sickle hemoglobin (HbS) molde/solution to
capture the HbS polymerization process. This work may prade new insight to
the polymerization kinetics and quantify the physical conifions that control the
homogeneous/heterogeneous nucleation, polymer growthigand nal con guration
of the polymer domain.

Numerical simulation of di usion of chemicals (e.g., hydmeyurea, decitibine,
erythropoietin) to quantify the therapeutic e ects of drug treatments on the micro-
circulation of the sickle blood ow.

Modeling of other types of disease cells such as HIV and disicered blood

cell.
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