
Soft Matter

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
Ja

nu
ar

y 
20

14
. D

ow
nl

oa
de

d 
on

 1
2/

4/
20

25
 1

2:
30

:5
3 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Theoretical So Matter and Biophysics, In

Advanced Simulation, Forschungszentrum

d.fedosov@fz-juelich.de

† Electronic supplementary information
simulation snapshots of blood ow with
non-marginated white blood cell for diff
DOI: 10.1039/c3sm52860j

Cite this: Soft Matter, 2014, 10, 2961

Received 12th November 2013
Accepted 22nd January 2014

DOI: 10.1039/c3sm52860j

www.rsc.org/softmatter

This journal is © The Royal Society of C
White blood cell margination in microcirculation†

Dmitry A. Fedosov* and Gerhard Gompper

Proper functioning of white blood cells is not possible without their ability to adhere to vascular

endothelium, which may occur only if they are close enough to vessel walls. To facilitate the adhesion,

white blood cells migrate toward the vessel walls in blood flow through a process called margination.

The margination of white cells depends on a number of conditions including local hematocrit, flow rate,

red blood cell aggregation, and the deformability of both red and white cells. To better understand the

margination process of white blood cells, we employ mesoscopic hydrodynamic simulations of a three-

dimensional model of blood flow, which has been previously shown to capture quantitatively realistic

blood flow properties and rheology. The margination properties of white blood cells are studied for a

wide range of hematocrit values and flow conditions. Efficient white blood cell margination is found in

an intermediate range of hematocrit values of Ht z 0.2–0.4 and at relatively low flow rates,

characteristic of the venular part of microcirculation. In addition, aggregation interactions between red

blood cells lead to enhanced white-blood-cell margination. This simulation study provides a quantitative

description of the margination of white blood cells, and is also highly relevant for the margination of

particles or cells of similar size such as circulating tumor cells.
1 Introduction

Leukocytes or white blood cells (WBCs) defend our body from
various viral and bacterial infections and other foreign
substances. They are normally located in the blood stream and
in the lymphatic system, where they are able to monitor various
chemical signals or stimuli. Once WBCs have detected a
problem, e.g., an inammation, their cellular machinery is able
to facilitate transmigration into a surrounding tissue,1 which is
necessarily preceded by their adhesion to vascular endothe-
lium.2,3 However, the possibility of WBC interactions with a
vessel wall, and therefore adhesion, is directly associated with
the probability of being close enough to a vessel wall in blood
ow. A number of experimental observations4–6 suggest that
WBCs migrate toward vessel walls in blood ow, a process
which is called margination. Thus, the WBC margination prob-
ability, which characterizes the fraction of time a WBC spends
near a wall, directly affects the frequency of WBC adhesion.

A number of experimental observations7,8 and simula-
tions9–12 of owing blood have shown that red blood cells (RBCs)
concentrate in the vessel center leading to a layer free of RBCs
next to a wall. The migration of RBCs toward the vessel center
stitute of Complex Systems, Institute for
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has been attributed to a li force,13–15 which arises from cell-wall
hydrodynamic interactions in ow due to the non-spherical
discocyte shape and high deformability of RBCs. Therefore, the
migration effect for various cells is different due to the differ-
ences in size, shape, and deformability of blood cells, for
instance between RBCs and WBCs. Different cell-wall hydrody-
namic interactions of RBCs and WBCs lead to their segregation
in ow such that WBCs are likely to be present near a wall. In
fact, the li force on WBCs is expected to be much lower than
that on RBCs, since WBCs have a near-spherical shape and are
not very deformable. This argument supports the fact that RBCs
populate the vessel center, while WBCs may get marginated to
the RBC free layer. Therefore, WBCmargination in blood ow is
mediated by RBCs.

Existing experimental4,6,16–18 and simulation19–21 studies have
shown that WBC margination has a non-trivial dependence on
various blood ow properties including hematocrit Ht, (i.e. RBC
volume fraction), ow rate, vessel geometry, and RBC aggrega-
tion. Early in vivo experiments on WBC adhesion6 have shown a
high WBC adhesion rate at low ow rates characteristic of
venular blood ow and high Ht > 0.45. In vitro experiments on
WBC adhesion in glass tubes17 suggested a similar dependence
of WBC adhesion on the ow rate; however, they reported no
signicant dependence of WBC adhesion on Ht. One of the rst
simulation studies in two dimensions (2D)20 has also reported
no signicant effect of Ht on WBC margination. In contrast,
WBCmargination inmicrouidic experiments18 has been found
to be pronounced within an intermediate range of Htx 0.2–0.3,
while at both lower and higher Ht values WBC margination has
been reduced. Recent simulation work in 2D21 was able to
Soft Matter, 2014, 10, 2961–2970 | 2961
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reconcile the existing contradicting observations of WBC
margination dependence on Ht, showing that a strong
margination effect is achieved for an intermediate range of Ht

values. At low Ht, WBC margination is weak due to a low
concentration of RBCs, while at high Ht WBC margination is
attenuated due to interactions of marginated WBCs with RBCs
near a wall, which signicantly limit the time WBCs spend near
a wall. The apparent inconsistency with experiments17 and
simulations,20 which suggests no dependence of WBC margin-
ation on Ht, has been reconciled due to the fact that the Ht

values used in these studies fall almost entirely into the region
of a strong WBC margination predicted in ref. 21. Furthermore,
RBC aggregation has been found to result in an enhanced WBC
margination and adhesion in both experiments6,16–18 and
simulations.21

Even though the 2D simulations20,21 provide a qualitative
picture of WBC margination, it is not clear whether WBC
margination would display substantial changes in 3D. Another
evident difference between 2D and 3D is that 2D simulations
mimic blood ow in a slit geometry, while WBC margination in
a tube geometry is of great interest, since it mimics an idealized
blood vessel in microcirculation. To investigate WBC margin-
ation in idealized microvessels, we employ a particle-based
mesoscopic simulation technique. WBC margination is inves-
tigated in 3D for a wide range of blood ow conditions
including hematocrit, ow rate, and RBC aggregation,
providing a quantitative description of WBC margination in
microvessels. Our simulation results in 3D show a qualitatively
similar dependence of WBC margination on Ht as in 2D, pre-
dicting a strong margination effect within an intermediate
range of Ht values. Furthermore, WBC margination appears to
be pronounced only for low enough ow rates characteristic of
venular blood ow, consistent with existing experimental
observations.6,16,17 In addition, we estimate the forces on a
marginatedWBC in the normal direction to the wall, which may
aid in WBC adhesion.
2 Methods and models

To model blood ow we use a particle-based mesoscopic
simulation technique called the smoothed dissipative particle
dynamics (SDPD) method.22 Blood cells are represented by a
network membrane model, since triangulated surfaces with
curvature and stretching elasticity provide a very versatile
approach to model the shapes and deformation of vesicles and
cells in three dimensions.12,23–27 Cell membranes are coupled to
a background uid (i.e., blood plasma) through viscous friction.
We briey describe the employed cell model and the SDPD
method.
2.1 Blood cell model

2.1.1 Membrane network model. In simulations, a cell
membrane is represented by a collection of Nv particles with
coordinates {xi¼1.Nv} interconnected by viscoelastic
springs.27,28 The network of springs has a xed connectivity and
is characterized by the following energy
2962 | Soft Matter, 2014, 10, 2961–2970
U({xi}) ¼ Us + Ub + Ua+v, (1)

where Us is the elastic spring energy, Ub imposes membrane
bending resistance, and Ua+v denes the area and volume
conservation constraints. The spring's contribution Us mimics
membrane elasticity, which is, for instance, supplied by a
spectrin network for a RBC membrane. In addition, each spring
may contain a friction term in order to incorporate a non-zero
membrane viscosity similar to that of a lipid bilayer. The term
Ub implies bending resistance of a cell membrane, while the
area and volume conservation constraints mimic area-incom-
pressibility of the lipid bilayer and incompressibility of a
cytosol, respectively.

The vertices on a cell membrane are connected by Ns springs
with the potential energy

Us ¼
X

j˛1:::Ns

2
4kBTlm

�
3xj

2 � 2xj
3
�

4p
�
1� xj

� þ kp

lj

3
5; (2)

where lj is the length of the spring j, lm is the maximum spring
extension, xj¼ lj/lm, p is the persistence length, kBT is the energy
unit, and kp is the spring constant. Note that each spring
consists of the attractive wormlike chain potential and a
repulsive potential such that a non-zero equilibrium spring
length can be imposed. For the performance of different spring
models for a RBC membrane, we refer to ref. 28.

The membrane viscosity can be modeled by a viscous force
assigned to each spring. Thus, we introduce dissipative and
random forces for each spring FDij and FRij, respectively, similar to
those in the theoretical framework of the uid particle model.29

This force pair satises the uctuation–dissipation balance in
order to maintain a consistent membrane temperature and is
given by

FD
ij ¼ �gTvij � gC(vij$eij)eij, (3)

FR
ij dt ¼

ffiffiffiffiffiffiffiffiffiffiffi
2kBT

p � ffiffiffiffiffiffiffiffi
2gT

p
dWS

ij þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3gC � gT

p tr
�
dWij

	
3

1



$eij ; (4)

where gT and gC are dissipative parameters and the superscripts
T and C denote the “translational” and “central” components,
vij is the relative velocity of spring ends, tr[dWij] is the trace of a
random matrix of independent Wiener increments dWij, and
dWS

ij ¼ dWS
ij � tr½dWS

ij �1=3 is the traceless symmetric part. Note
that the condition 3gC � gT $ 0 has to be satised.

The bending energy of the RBC membrane is dened as

Ub ¼
X

j˛1:::Ns

kb
�
1� cos

�
qj � q0

�	
; (5)

where kb is the bending constant, qj is the instantaneous angle
between two adjacent triangles with the common edge j, and q0

is the spontaneous angle. The area and volume conservation
constraints are given by

Uaþv ¼
X

j˛1:::Nt

kd

�
Aj � At

�2
2At

þ kaðA� A0Þ2
2A0

þ kvðV � V0Þ2
2V0

; (6)

where Nt is the number of triangles in the network, At is the
triangle area, and kd, ka and kv are the local area, global area and
This journal is © The Royal Society of Chemistry 2014

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c3sm52860j


Table 1 SDPD fluid parameters used in simulations. n is fluid's number
density and h is the dynamic viscosity. In the simulation parameters,
mass is given in units of fluid particle mass m¼1, length in units of
r'¼2rc/3, and energy in units of E ¼ 2.5kBT, where rc and kBT values are
given in the table

p0 r0 a b rc h0 n kBT h

100 3.0 7 80 1.5 100.0 3 0.4 107.6
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volume constraint coefficients, respectively. The terms A and V
are the total cell area and volume, while A0 and V0 are the
desired total area and volume, respectively. More details of the
RBC model can be found in ref. 27 and 28.

2.1.2 Membrane elastic properties. A linear analysis of a
regular hexagonal network27,28 leads to relations between the
model parameters and the membrane's macroscopic properties
(e.g., shear, area-compression, and Young's moduli). For
example, the membrane shear modulus is given by

m0 ¼
ffiffiffi
3

p
kBT

4plmx0

 
x0

2ð1� x0Þ3
� 1

4ð1� x0Þ2
þ 1

4

!
þ 3

ffiffiffi
3

p
kp

4l0
3

; (7)

where l0 is the equilibrium spring length and x0 ¼ l0/lm ¼ 2.2.
Furthermore, the area-compression K and Young's Y moduli
can be computed as 2m0 + ka + kd and 4Km0/(K + m0), respectively.
The model bending coefficient kb can be related to the macro-
scopic bending rigidity k of the Helfrich curvature–elasticity
model30 by k ¼ ffiffiffi

3
p

kb=2.23,31 Finally, the membrane shear
viscosity is equal to hm ¼ ffiffiffi

3
p ðgT þ gC=4Þ.

Cell macroscopic properties (m0, K, Y, k, and hm) are selected
as input variables, while the mesoscopic model parameters are
calculated from the above equations without any further
adjustment. For instance, the spring parameters can be
uniquely computed for a given m0 using eqn (7) and the fact
that the spring force vanishes at l0. We also assume that x0 ¼
2.2 is a constant (see ref. 28), since it affects only non-linear
cell deformation. The membrane bending rigidity and
viscosity relations are rather straightforward, while the area
and volume constraint coefficients are set large enough to
properly approximate the incompressibility of the membrane
and inner cytosol. We also employ a “stress-free” membrane
model27,28 obtained by computational annealing, which
assumes that the equilibrium length l0

i of each spring is equal
to the edge length aer initial triangulation for i¼ 1,.,Ns. The
“stress-free”model provides a membrane network free of local
stress anomalies.

2.1.3 Inter-cell aggregation interactions. The cell–cell
aggregation interactions between RBCs32 are modeled
phenomenologically using the Morse potential

UM(r) ¼ De[e
2b(r0�r)�2eb(r0�r)], (8)

where r is the separation distance, r0 is the zero-force distance,
De is the well depth of the potential, and b characterizes the
interaction range. The Morse potential interactions are imple-
mented between every two vertices of separate RBCs if they are
within a dened potential cutoff radius rM. The Morse interac-
tions consist of a short-range repulsive force when r < r0 and of a
long-range attractive force for r > r0. However, such repulsive
interactions cannot prevent two RBCs from an overlap. To
guarantee no overlap among cells we also employ specular
reections of cell vertices on membranes of other cells.

The model for the above aggregation interactions describes
only RBC–RBC interactions and is aimed to reproduce normal
(healthy) RBC aggregation properties. RBC aggregation may
change in several hematologic diseases and disorders (e.g., sickle-
cell anemia, Gaucher's disease),33,34 which can be captured by
This journal is © The Royal Society of Chemistry 2014
proper tuning of the Morse potential strength. In some diseases
(e.g., sickle-cell anemia) aggregation between RBCs andWBCsmay
also exist,35 where a similar modeling strategy can be employed.
Finally, WBCs may adhere to vascular endothelium due to specic
interactions between receptors on a WBC and ligands at a vessel
wall.1 Tomodel such interactions, the adhesive dynamicsmodel of
ref. 36 can be employed, which is based on the stochastic bond
formation/dissociation strategy. Note that in this paper only the
effect of RBC–RBC aggregation interactions is included.
2.2 Smoothed dissipative particle dynamics

SDPD22 is a particle-based mesoscale hydrodynamic simulation
technique, which combines two frequently employed
approaches: smoothed particle hydrodynamics37,38 and dissi-
pative particle dynamics.39,40 The advantage of the SDPD
approach is that the dynamic viscosity of a uid and its equa-
tion of state can be input directly. Thus, the uid compress-
ibility can be well controlled. Nevertheless, the approximation
for the simulated uid viscosity is precise only if the cutoff
radius and/or particle density are large enough. Therefore, it is
always advisable to verify the value of the uid viscosity inde-
pendently in simulations.

The SDPD system consists of N point particles of mass mi,
position ri and velocity vi. SDPD particles interact through three
pairwise forces: conservative (C), dissipative (D), and random
(R), such that the force on particle i is given by

FC
i ¼

X
j

 
pi

ri
2
þ pj

rj
2

!
wijrij ;

FD
i ¼ �

X
j

gij

�
vij þ

�
vij$eij

�
eij
�
;

FR
i ¼

X
j

sij

�
dW

S

ij þ
1

3
tr
�
dWij

	

$eij ;

(9)

where eij¼ rij/|rij| and vij¼ vi� vj. pi and pj are particle pressures
assumed to follow the equation of state p¼ p0(r/r0)

a� bwith p0,
r0, a, and b being model parameters, see Table 1. The particle

density is calculated locally and dened as ri ¼
X
j

WðrijÞ with

WðrÞ ¼ 105
16prc3

�
1þ 3

r
rc


�
1� r

rc


3

being the Lucy function,

where rc is the cutoff radius. Note that W(r) is chosen such that

VW(r) ¼ �rw(r) with wðrÞ ¼ 315
4prc5

�
1� r

rc


2

. The coefficients gij

and sij dene the strength of dissipative and random forces and

are equal to gij ¼
5h
3

wij

rirj
and sij ¼ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffi
kBTgij

p
, respectively. The
Soft Matter, 2014, 10, 2961–2970 | 2963
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notation tr[dWij] corresponds to the trace of a randommatrix of
independent Wiener increments dWij, and d �WS

ij is the traceless
symmetric part.

The time evolution of velocities and positions of particles is
determined by Newton's second law of motion

dri ¼ vidt, (10)

dvi ¼ 1

mi

ðFC
i þ FD

i þ FR
i Þdt: (11)

The above equations of motion are integrated using the
velocity–Verlet algorithm.
2.3 Simulation setup and parameters

The solvent is represented by a collection of particles with the
parameters outlined in Table 1. Note that the dynamic viscosity
h is slightly larger than the desired viscosity h0, which has been
computed from a Couette ow simulation. h will converge to h0

if we increase rc and/or n, which would also lead to a larger
computational cost.

To dene the cell shapes and the ow geometry, we intro-
duce an effective RBC diameter Dr ¼

ffiffiffiffiffiffiffiffiffiffiffiffi
A0r=p

p
, which is based on

the RBC membrane area A0r (the subscript ‘r’ corresponds to the
red cell). Similarly, we dene an effective WBC diameter
Dw ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffi

A0w=p
p

(the subscript ‘w’ corresponds to the white cell).
The cell shapes (biconcave for a RBC and spherical for a WBC)
are imposed by a combination of the cell area A0 and volume V0,
which can be described by a reduced volume for both cells as
V0r/(pDr

3/6) ¼ 0.642 and V0w/(pDw
3/6) ¼ 1.02. Note that the

imposed WBC volume is 2% larger than the volume of a cor-
responding sphere, which leads to weak membrane tension and
reduces WBC deformability, similar to a realistic WBC.41–43 The
other cell membrane properties and parameters are given in
Table 2. The blood cells are suspended in a Newtonian uid
(plasma), which is represented by a collection of SDPD particles.
The cells are coupled to the uid by friction which includes only
dissipative and random forces.27,28

We simulate blood ow in a tube of diameter Dt ¼ 3.08Dr,
which is driven by a constant force applied to the solvent
particles, equivalently to a constant pressure gradient. To
characterize the ow, we dene a dimensionless shear rate as

cg* ¼ hDr
3 cg

kr
¼ s cg; (12)

where cg ¼ 4Q=ðpDt
3Þ is the average shear rate (or pseudo-shear

rate), Q is the volumetric ow rate, h is the solvent viscosity, and
s ¼ hDr

3/kr is a characteristic cell relaxation time. For
Table 2 Model parameters of red (RBC) and white (WBC) blood cells

Type Nv

k

kBT

YDr
2

kBT

KDr
2

kBT

RBC 500 70 1.8 � 105 2.2 � 106

WBC 1000 1300 7.8 � 106 2.6 � 107

2964 | Soft Matter, 2014, 10, 2961–2970
comparison in physical units, we assume cell diameters Dr¼ 6.5
mm and Dw ¼ 10 mm, which implies that Dw x 1.54Dr, tube
diameter Dt ¼ 20 mm, plasma viscosity h ¼ 1.2 � 10�3 Pa s,
temperature T ¼ 37 �C, membrane Young's modulus Yr ¼ 18.9
mN m�1, and bending rigidity kr ¼ 70kBT ¼ 3 � 10�19 J. Then,
the characteristic RBC relaxation time is s¼ 1.1 s and therefore,
the pseudo-shear rate cg is roughly equivalent in magnitude to
_g* in inverse seconds.

RBC aggregation interactions, if used, were mediated by the
Morse potential (eqn (8)). The Morse potential parameters were
set to De ¼ 0.75kBT, r0 ¼ 0.046Dr, b ¼ 9.75Dr

�1, and rM ¼ 0.17Dr.
For more details see ref. 32.
3 Results and discussion

In the presentation of WBC margination results, for conve-
nience, we schematically divide ow rates and Ht values in
several groups. In the subsequent discussion, low ow rates are
referred to as the rates of _g*( 20, intermediate ow rates are in
the range of 20( _g*( 90, and high ow rates are for _g*T 90.
Physiologically, the high shear rates correspond to the rates in
the arteriolar part of microcirculation, while low and interme-
diate shear rates are characteristic of venular blood ow.44,45

Similarly, we dene low hematocrits as Ht ( 0.2, intermediate
hematocrits as 0.2 ( Ht ( 0.4, and high hematocrits as Ht T

0.4. Intermediate Ht values are specically relevant for micro-
circulatory blood ow, while low Ht values may still be present
in some parts of microcirculation.44 HighHt values are not likely
to occur in healthy microvascular blood ow, but they are
relevant within tumor microvasculature, since it is oen subject
to hemo-concentration due to plasma leakage.46
3.1 Physical basis of WBC margination

Fig. 1 shows sample snapshots from simulations for two
different ow conditions. In the case of Ht ¼ 0.3 and an inter-
mediate ow rate _g* ¼ 32, as displayed in Fig. 1a, a WBC is
clearly marginated (i.e. located next to the wall), while for Ht ¼
0.2 and a high ow rate _g* ¼ 115, as shown in Fig. 1b, a WBC
remains in the vessel center. To characterize the WBC position
within the tube, we measure its center-of-mass distribution over
time, which reects the probability of a WBC to be at a certain
position r in the tube, as shown in Fig. 2. A peak near the
position of 2r/Dt z 0.5 (or r z 5 mm) indicates that the WBC is
marginated with high probability. At low Ht, WBC margination
is weak, since the volume fraction of RBCs is not high enough to
effectively push the WBC close to the wall; however, at low ow
rates ( _g* z 15), a WBC might still get marginated, as shown in
Fig. 2a. It is noteworthy that even at low Ht a WBC is expelled
kdDr
2

kBT

kaDr
2

kBT

kvDr
3

kBT

gTDr
2

skBT

4.2 � 104 2.1 � 106 1.4 � 107 66.44
4.2 � 105 2.1 � 107 1.4 � 108 66.44

This journal is © The Royal Society of Chemistry 2014
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Fig. 2 WBC center-of-mass distribution with respect to the vessel
position r normalized by Dt for various Ht values. (a) _g* z 15, (b) _g* z
60. The center of the vessel is at 2r/Dt¼ 0, while the wall is at 2r/Dt¼ 1.

Fig. 1 Simulation snapshots of RBCs (red) and aWBC (white). The flow
is from the left to the right. (a)Ht ¼ 0.3 and _g*¼ 32; (b) Ht ¼ 0.2 and _g*

¼ 115. See also movies in the ESI.†
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from the tube center by RBCs. As hematocrit is increased, we
observe stronger margination as being most efficient within the
range of Ht ¼ 0.2–0.4. However, at even higher Ht ¼ 0.5 WBC
margination seems to be attenuated, in particular, for low ow
rates ( _g* z 15). The mechanism for the margination attenua-
tion phenomena at high Ht has been previously discussed in 2D
simulations.21 It arises due to interactions of a WBC with RBCs
in ow. In ref. 21 it has been shown that for low enough Ht the
region in front of a marginated WBC remains virtually free of
RBCs, which could otherwise interfere with the WBC and li it
off the wall. However, at large enoughHt due to RBC crowding, a
marginated WBC may oen encounter RBCs in front, which
helps to effectively displace it away from the wall, leading to a
lower margination probability than for lower Ht. The effect of
hematocrit becomes weaker for higher ow rates ( _g* z 60), as
seen in Fig. 2b(b), and a WBC is found to be marginated for
essentially all investigated Ht values, but again most signi-
cantly in the range Ht ¼ 0.2–0.4.

To verify this mechanism in 3D, we plot in Fig. 3 the prob-
ability of RBCs to be around a marginated WBC for different Ht

values, which is proportional to the local RBC volume fraction.
The RBC distribution is calculated in a co-moving coordinate
system of the WBC center-of-mass and with the condition that
the WBC center is less than 0.5Dw (5 mm) away from the wall.
This condition is equivalent to the WBC nearly touching the
wall. An increase of Ht from 0.4 to 0.5 results in a substantial
increase of RBC crowding in the region in front of a WBC, while
for Ht # 0.4 this region remains virtually void of RBCs. To
demonstrate the quantitative differences in RBC crowding, one-
dimensional cuts along the y-axis at an x position of 8 mm away
from the WBC center are displayed in Fig. 4. At Ht ¼ 0.5 a strong
increase of the RBC presence in the region in front of a
marginated WBC is clearly observed. This margination–
This journal is © The Royal Society of Chemistry 2014
attenuation mechanism at high Ht does not contradict the main
hypothesis that WBC margination arises from a competition of
li forces on RBCs and WBCs and their interactions in ow,
which would imply that margination should become even
stronger at high Ht. We hypothesize that even at high hematocrit
WBCs are constantly marginated due to the differences in li
forces and RBC–WBC interactions; however, WBCs are almost
immediately sent back to the vessel center due to local interac-
tions with RBCs near the wall. As a result, the time a WBC is
marginated at high Ht can be short, which is reected in the
center-of-mass probability distribution. Finally, RBC aggregation
interactions can improve WBC margination at higher Ht values,
since the core of the ow consisting mainly of RBCs remains
more compact due to inter-cell attractive interactions, which is
consistent with ndings in ref. 21. However, such an effect can
only occur at low ow rates, because RBC aggregate structures are
fragile and break up at high enough ow rates.
Soft Matter, 2014, 10, 2961–2970 | 2965
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Fig. 3 Local RBC probability to be around a marginated WBC for Ht ¼
0.4 and Ht ¼ 0.5 at _g* z 60. The probability is calculated in a co-
moving coordinate system of the WBC center-of-mass and only for
time instances, when the WBC center is within 0.5Dw (5 mm) from the
wall. The black circle schematically shows a WBC. Only a part of the
vessel is shown. No RBC aggregation is present.
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3.2 WBC margination diagrams

To present our simulation data for a wide range of Ht values and
ow rates, we construct WBC margination diagrams, which are
based on a margination probability. The margination proba-
bility is dened as the probability of a WBC center-of-mass to be
within a certain distance away from the wall, i.e., for rw < d,
where rw is the distance of the WBC center-of-mass from the
wall and d is a selected value. In principle, the margination
Fig. 4 Local RBC distribution cuts from the plots in Fig. 3 along the y-
axis and 8 mm away from theWBC center. Both cases with and without
RBC aggregation are shown.

2966 | Soft Matter, 2014, 10, 2961–2970
probability is an integral of the WBC center-of-mass probability
distribution from 0.5Dt � d to 0.5Dt. Fig. 5 shows two margin-
ation diagrams for d ¼ 5 mm (i.e. the WBC membrane is nearly
touching the vessel wall) and d ¼ 5.5 mm (i.e. a distance of 0.5
mm between the WBC membrane and wall) without RBC
aggregation interactions. Both diagrams show that WBC
margination occurs in a certain range of Ht and _g* values. In
terms of hematocrit, the margination is mainly observed for Ht ˛
(0.2,0.4), which is consistent with hematocrit values in our
microcirculatory system, whereHt magnitudes are lower than the
systemic hematocrit of Ht ¼ 0.4–0.45. As we mentioned before,
margination at low Ht does not occur due to a low volume frac-
tion of RBCs, since they are responsible for WBC margination,
while at high Ht the margination effect also vanishes due to
WBC–RBC interactions discussed above. With respect to the ow
rate, we found WBC margination to occur mainly for _g* ( 130.
This range of _g* covers mainly the ow rates encountered in the
venular part of microcirculation, which is consistent with
experimental observations that WBC margination and adhesion
primarily occurs in venules and not arterioles.6,16,18 As an esti-
mation, the ow rates in the venular part of microcirculation
correspond to the range of _g* ( 90, while in arteriolar part the
ow rates are higher with _g* T 120.44,45

To study the effect of RBC aggregation on WBCmargination,
we have also performed a set of simulations, where RBC
aggregation has been explicitly included following the RBC
aggregation model of ref. 32, which has been shown to repro-
duce the viscosity and shear-thinning behavior of whole blood
very well. Fig. 6 presents the corresponding WBC margination
diagrams for simulations where RBC aggregation interactions
are included. The main effect of RBC aggregation is that the
WBC margination region expands along the Ht axis such that
RBC aggregation enhances WBC margination at high Ht values
as well as at low hematocrit. As expected, a stronger effect of
RBC aggregation is found at low _g* leading toWBCmargination
even at very low ow rates. Thus, RBC aggregation presents an
additional force that expels WBCs from the RBC core due to
attractive interactions between RBCs. At high enough ow rates,
RBC aggregation does not play a signicant role,32 and therefore
there is no substantial change in the margination diagram at
high _g*. The RBC aggregation effect on WBC margination is
qualitatively similar to that observed in simulations of 2D
model systems.21 The comparison of Fig. 5 and 6 indicates that
WBC margination could still be possible in the limit of _g* /

0 for the case of RBC aggregation.
3.3 Deformation of a marginated WBC

A marginated WBC is subject to ow-induced deformation,
since it experiences high shear stresses due to near wall uid
ow and RBCs. To quantify deformation of a marginated WBC
we compute the ratios Dxw/D

0
w and Drw/D

0
w (shown in Fig. 7),

which describe WBC deformation along the tube axis x and
along the radial direction, respectively. Note that we use the
notation Dw

0 here, which is the WBC diameter calculated in
equilibrium; it may slightly differ from Dw since the imposed
WBC volume is 2% larger than the volume of a sphere with the
This journal is © The Royal Society of Chemistry 2014
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Fig. 5 WBCmargination probability diagrams calculated for (a) rw < 5 mm and (b) rw < 5.5 mm, where rw is the distance of the WBC center-of-mass
from the wall. The small white circles in the diagrams indicate performed simulations. No aggregation interactions between RBCs are imposed here.

Fig. 6 WBC margination probability diagrams calculated for (a) rw < 5 mm and (b) rw < 5.5 mm for the case of RBC aggregation. The small white
circles in the diagrams indicate performed simulations.
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diameter Dw. The WBC deformation does not seem to be very
signicant and lies within approximately 5%. Deformation of
adhered WBCs in ow has been measured both experimen-
tally6,47 and in simulations;48,49 these studies indicate a WBC
deformation up to about 20–30% along the ow for comparable
ow rates. The deformation of a WBC in shear ow is expected
to be signicantly lower than that of an adheredWBC due to cell
spreading on the wall in the latter case. Thus, our modeledWBC
approximates a nearly non-deformable sphere in ow, which is
similar to observed shapes of owingWBCs in experiments. The
mechanical properties of WBCs have been measured in a
number of experiments,41–43 which estimate cell stiffness and its
cortical tension. A direct comparison of WBC mechanical
This journal is © The Royal Society of Chemistry 2014
properties is currently difficult, since our WBC model does not
consider an inner cytoskeleton; however, the membrane
tension of the modeled WBC has the right order of magnitude.
The effect of WBC deformation on margination properties has
been investigated for 2D model systems21 showing that a more
deformable WBC exhibits a reduction in its margination at high
ow rates, since the WBC shape may signicantly depart from a
sphere. In 3D, a similar trend is expected.
3.4 Force on a marginated WBC

WBC deformation in the radial direction appears to be stronger
than that along the ow, see Fig. 7, which points to the existence
Soft Matter, 2014, 10, 2961–2970 | 2967
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Fig. 7 Deformation of a marginated WBC (a) along the tube axis –
Dxw/D

0
w and (b) along the radial direction – Drw/D

0
w. D

0
w denotes the

WBC diameter in the absence of flow.

Fig. 8 Maximum force on amarginatedWBC normal to the wall (radial
direction). Positive force values indicate that a WBC is pushed toward
the wall.
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of a compressive force normal to the wall. Similar conclusion
can be drawn from the uid ow, since blood plasma and RBCs
have to go past a marginated WBC. We have measured the
maximum force on a marginated WBC normal to the wall,
dened as a cumulative force due to interactions with the
blood plasma and RBCs, which is shown in Fig. 8. The positive
force values indicate that a WBC is pushed towards the wall
along the radial direction. The normal force on a marginated
WBC is also expected to aid efficient WBC adhesion to the wall,
which is important for proper WBC functioning.2,3 A recent
simulation study50 has attempted to estimate the maximum
pressure normal to the wall on a xed spherical-like obstacle
in blood ow, which mimics an adhered WBC. The reported
values for the normal pressure are up to approximately 30 Pa.
If we convert our maximum force of about 130 pN to a normal
pressure by dividing the force by the area pDw

2/4 we obtain the
value of about 2 Pa. This pressure is much smaller than that
2968 | Soft Matter, 2014, 10, 2961–2970
predicted in ref. 50, which is expected to be due to the xed
obstacle position and a much stronger WBC connement
Dw/Dt ¼ 0.75 used in ref. 50 in comparison to our simulations
with Dw/Dt ¼ 0.5.
3.5 Effect of WBC margination on the ow resistance

We have also examined the effect of a marginated WBC on the
blood ow resistance in a microvessel. To characterize the ow
resistance, we dene an apparent viscosity (or average blood
ow viscosity), which is calculated by tting the Poiseuille law to
the measured ow rate. In order to quantify the effect of a WBC
on the ow resistance, we present in Fig. 9 the relative ow
resistance dened as the ratio of the computed apparent
viscosity of blood with aWBC to the apparent viscosity without a
WBC. At high ow rates ( _g* z 120), the relative ow resistance
is smaller than that for low ow rates. This is consistent with
the observation in Fig. 5 that the WBC is poorly marginated at
high ow rates and therefore, the resistance values mainly
reect the effect of an increased total volume fraction of cells
due to the presence of a WBC. At intermediate and low ow
rates, the presence of a WBC results in an increase of ow
resistance by 10–30%. The relative resistance is clearly corre-
lated with WBC margination such that WBC margination leads
to a larger ow resistance. At low Ht, a WBC is not strongly
marginated, and therefore the ow resistance is not signi-
cantly affected. At intermediate Ht values, where a WBC gets
strongly marginated, the ow resistance reaches its maximum,
while at high Ht the resistance due to a WBC slightly decreases,
since WBCmargination becomes less pronounced. The effect of
RBC aggregation on the ow resistance due to a WBC is
pronounced mainly at low ow rates, which is consistent with
the RBC aggregation effect on WBC margination. Also, we
expect that an increase in the ow resistance due to a margin-
ated WBC will be smaller than 10–30% in larger vessels in
comparison with the studied tube diameter of Dt ¼ 20 mm.
This journal is © The Royal Society of Chemistry 2014
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Fig. 9 Relative flow resistance for blood flow in a vessel with a WBC. It
is defined as the ratio of calculated apparent viscosity with a WBC to
the apparent viscosity of blood flow without a WBC.

Fig. 11 Angular velocity of aWBC for different flow rates andHt values.
The angular velocity is directed perpendicular to the plane going
through the tube axis and WBC center-of-mass.
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3.6 Translational and rotational velocities of a marginated
WBC

The WBC translational velocity can be used as an indicator for
WBC margination, since the velocity of a marginated WBC is
signicantly lower than that in the vessel center, as has been
pointed out in ref. 21. 3D simulation results for the trans-
lational velocity of a WBC for different ow rates and Ht values
are shown in Fig. 10. A drop in WBC velocity is clearly observed
when a WBC is marginated for the intermediate values of Ht ¼
0.2–0.4. Also, we notice that there is no signicant dependence
of the normalized translational velocity on the ow rate, so that
this criterion can be universally applied for WBC margination
detection. The opposite trend is found for the WBC angular
velocity u in blood ow, which is shown in Fig. 11. Here, u
increases with increasing Ht in the range Ht ¼ 0.2–0.4, indi-
cating that the rotational velocity of a marginated WBC is larger
Fig. 10 Translational velocity of a WBC normalized by the average
flow velocity for different flow rates and Ht values.

This journal is © The Royal Society of Chemistry 2014
than that in the vessel center. Such an effect is expected due to
larger shear rates near the wall than in the tube center. WBC
rotational velocity is likely to be difficult to measure in experi-
ments, so that this property cannot be employed easily for WBC
margination detection. Finally, the rescaled angular velocity
uDw/(2ū) shows only a very weak dependence on _g*, which
indicates that the scale factor 2ū/Dw captures the essential
dependence of the angular velocity on the ow rate.

4 Summary and conclusions

In blood ow, RBCs migrate toward the vessel center, while
WBCs migrate or marginate to the walls. WBC margination is
governed by ow-induced hydrodynamic cell-wall interactions
(i.e., li forces) and interactions among blood cells. We employed
3D mesoscopic simulations of blood ow to predict WBC
margination for a wide range of Ht values and ow rates. WBC
margination occurs mainly within a region of intermediate
hematocrits, Ht ¼ 0.2–0.4, and for relatively low ow rates, _g* (

130. This range of ow rates is characteristic of the venular part of
microcirculation. RBC aggregation slightly enhances WBC
margination, especially at high Ht values. The deformation of
marginatedWBCs appears to be rather small, remaining within a
few percent of the undisturbed shape. The force on marginated
WBCs is directed in the normal direction toward the wall, can
reach a value of several hundred pico-newtons, and might aid in
better WBC adhesion to the wall. Marginated WBCs also
contribute to an increase in ow resistance with up to approxi-
mately 30% for vessel diameters of 20 mm. The effect of WBC
margination on the ow resistance is expected to subside as the
tube diameter is increased to values several times larger than the
WBC diameter. Finally, we also presented translational and
rotational WBC velocities, which might be used for the detection
of WBC margination in experiments.

The WBC margination results can be also used to predict
margination of other micro-particles and cells in blood ow, if
Soft Matter, 2014, 10, 2961–2970 | 2969
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their size and mechanical properties are similar to those of
WBCs. For instance, many circulating tumor cells have a similar
size and are also rather stiff.43,51 Thus, the margination of many
tumor cells is also expected primarily in the venular part of
microcirculation, which would imply that the tissue invasion by
tumor cells present in blood largely occurs from venules. The
WBC margination results can be also employed in microuidic
devices for the separation of WBCs or circulating tumor cells
from whole blood. In the future, we also plan to include adhe-
sion of WBCs explicitly in order to study their adhesive inter-
actions with vessel walls in blood ow.
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