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ABSTRACT Prospects of vesiculation occurring during splenic flow of erythrocytes are addressed via model simulations of
RBC flow through the venous slits of the human spleen. Our model is multiscale and contains a thermally activated rate-depen-
dent description of the entropic elasticity of the RBC spectrin cytoskeleton, including domain unfolding/refolding. Our model also
includes detail of the skeleton attachment to the fluidlike lipid bilayer membrane, including a specific accounting for the expan-
sion/contraction of the skeleton that may occur via anchor protein diffusive motion, that is, band 3 and glycophorin, through the
membrane. This ability allows us to follow the change in anchor density and thereby the strength of the skeleton/membrane
attachment. We define a negative pressure between the skeleton/membrane connection that promotes separation; critical levels
for this are estimated using published data on the work of adhesion of this connection. By following the maximum range of nega-
tive pressure, along with the observed slight decrease in skeletal density, we conclude that there must be biochemical influences
that probably include binding of degraded hemoglobin, among other things, that significantly reduce effective attachment den-
sity. These findings are consistent with reported trends in vesiculation that are believed to occur in cases of various hereditary
anemias and during blood storage. Our findings also suggest pathways for further study of erythrocyte vesiculation that point to
the criticality of understanding the biochemical phenomena involved with cytoskeleton/membrane attachment.
INTRODUCTION
The spleen uses, in concert, both innate and adaptive mech-
anisms to provide a unique immune and filtering system for
the blood (1). Of direct interest here is its ability to remove
older or defective erythrocytes from circulation. Moreover,
the action of the spleen may also be to produce vesicles con-
taining removal molecules (i.e., those damaged such as
denatured hemoglobin) as a self-protective mechanism (2),
thereby guarding against premature cell removal. For
example, one of the recognition mechanisms in the spleen
involves Heinz bodies. They are intraerythrocytic inclusions
of hemichrome formed from the oxidized or denatured
hemoglobin typically found in aged red cells. They have
also been found in drug-induced hemolytic anemia, result-
ing from defects in the red blood cell (RBC) reducing sys-
tem (e.g., glucose 6-phosphate dehydrogenase deficiency)
(3,4). The rigid intraerythrocytic hemichrome inclusions
are known to act as sticking points, causing Heinz body-
containing erythrocytes to be trapped (5). Thus, there are
other causes of erythrocyte vesiculation not related to
splenic flow as noted below in the Discussion, where the
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notions of nano- and microvesiculation are defined and
discussed.

The specialized structure of the venous system gives the
spleen the ability to sequester erythrocytes in an environ-
ment containing macrophages (1,6). Most important here
are the venous sinus slits through which erythrocytes
flow as schematized in Fig. 1. The sinuses are lined by
endothelial cells and possess stress fibers running parallel
to the cellular axis (again see Fig. 1 and its insets). The
stress fibers are composed of actin- and myosinlike fila-
ments suggesting that they act in a slidinglike action
that, in turn, controls the caliber (the spacing of the slits).
Indeed, MacDonald et al. (7) performed a remarkable se-
ries of experiments involving in vivo microscopy of RBC
flow through rat sinus slits that demonstrated that the slit
caliber varies in time. In observing given slits, they re-
ported that slits are open (i.e., they allow RBC passage)
for only �19% of the times they were observed. Chen
and Weiss (8) reported that their observed slit caliber in
rats ranged from 0.2 to 0.5 mm; for perspective the rat
RBC diameter is of order 6.5 mm as compared to human
RBC diameters on order of 8.5 mm. The reported slit
size for human is �1 mm (9). We will assume herein that
the operative slit caliber of human sinus slits is in the range
0.6 mm % d % 1.5 mm.
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FIGURE 1 Sinus slits of the spleen. The draw-

ing is taken from Mebius and Kraal (1).

Multiscale Simulation of RBC Splenic Flow
With aging, erythrocytes experience degradation of
membrane and cell components (for example, hemoglobin
proteolysis and band 3/glycophorin degradation (10,11)).
To prevent premature cell elimination, such degraded
components are shed within vesicles formed during flow
through the spleen (2,11,12). As this occurs, cell volume
and cell hemoglobin content decrease by as much as 30
and 20%, respectively. Subsequently, hemoglobin concen-
tration increases by �14%. Indeed, it is reported that the
hemoglobin concentration within spleen-shed vesicles is
quite similar to that found in older cells as measured by
their HbA1c concentrations. Vesicles shed this way are
deficient in spectrin but contain band 3 and glycophorin
(13–15). Because the cytosol viscosity is known to increase
nonlinearly with hemoglobin concentration, it is also sus-
pected that this may impede cell passage through the
venous slits and limit cell life (16,17). It is, however, inter-
esting that we reveal herein that the probability of splenic
vesiculation tends to decrease with increasing cytosol vis-
cosity. This is, to our knowledge, a novel observation
made via the results we present below. To understand these
effects, a comprehensive numerical model is needed to pre-
dict large deformation and vesiculation rate of erythrocyte
as a function of the initial volume, mechanical strain, cell
adhesion, and geometry. This model will provide a rigorous
yet flexible platform for developing multiphysics models at
any scale of interest.

Based on the above observations, Bosman et al. (11) have
proposed that erythrocyte vesiculation is a key mechanism
of cell aging. Accordingly, we have explored the process
of possible vesiculation during splenic flow via simulation
to determine mechanisms of forming vesicles and the
detailed conditions required for vesiculation to occur.
Indeed, we find that to cause vesiculation it is necessary
for the density of anchorages (i.e., integral membrane pro-
teins such as band 3 and glycophorin) of the erythrocyte
spectrin skeleton to the bilipid membrane be reduced to
values <10% of their nominal values. However, whereas
such reductions in skeletal density occurs during ex vivo
processes, such as erythrocyte flow through narrow pipettes
(18), there is not enough time for such large reductions to
occur during splenic flow. Thus, we conclude that other
causes of anchorage density decrease must occur—these
would include binding of hemoglobin as suggested by Bos-
man et al. (11).

This view is consistent with observations of increased
vesiculation in the presence of membranopathies and/or
hemoglobinopathies (19). In hereditary spherocytosis,
characterized by deficiencies in membrane or cytoskel-
eton proteins, such as in ankyrin, band 3, 4.2, or a,b spec-
trin (20), the skeleton/membrane anchorages are clearly
reduced. Similarly in hereditary elliptocytosis, character-
ized by lateral defects in the a,b spectrin linkage and in
protein 4.1, skeleton integrity and its attachment to the
membrane are compromised. In cases of hereditary hemo-
globinopathies, unstable hemoglobin induces oxidation
of membrane lipids and binding of hemoglobin to the
membrane (21) that likewise reduce skeleton/membrane
anchorage. In fact, microvesicles obtained from stored
blood are found devoid of cytoskeleton proteins but to
contain actin and band 3 in aggregated or degraded form
(22–25). This is discussed further after our simulation re-
sults are reviewed.

The plan of the article and the steps involved are as fol-
lows: our simulations describe the flow of RBCs through
the venous slits of the spleen to explore the possible condi-
tions that may cause, or allow, vesiculation. Thereby we first
describe a computational configuration to simulate the pro-
cess of a RBC being driven through a slit, to mimic the
venous slits, driven by a pressure difference. The simulation
model and methods are then described along with results. In
presenting results we focus on describing the maximum
dissociation stress between the cytoskeleton and the lipid
bilayer, because this tends to separate the membrane from
the skeleton. Sufficiently high stress may trigger the separa-
tion of the skeleton from the bilipid membrane and vesicu-
lation. We also focus on the transit time of a RBC through a
slit, because this is important for determining if sufficient
time is available for skeleton restructuring via anchoring
protein motion (i.e. diffusion) within the membrane. To
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quantitatively interpret the results, we then explore the
strength of the skeleton/membrane connection by analysis
of existing data concerning the work of adhesion of that
interface and also existing molecular theory concerning
bond strength. Of particular interest are: 1) the mechanisms
by which vesicles form during splenic flow; 2) the condi-
tions, vis-à-vis the density of anchorages required for vesic-
ulation to occur; and 3) the separation stresses that can
develop to cause vesiculation. Summary and conclusions
follow.
MATERIALS AND METHODS

Problem description

As demonstrated in Fig. 2, we consider the translocation process of a red

blood cell through a slit located in the middle of a rectangular channel.

The dimensions of the channel are 64 (in x direction), 20 (in y direction),

and 20 mm (in z direction). The slit has well-rounded edges. Its depth (in

x direction) is fixed to be 2 mm, whereas the width d (in y direction) can

be varied.

As noted above, we take the slit caliber in any given simulation to be con-

stant, and in the range 0.6 mm% d% 1.5 mm. It is worthwhile to note, how-

ever, that our model is fully capable of simulating time-variable calibers as

observed in the experiments of MacDonald et al. (7). This could well be

critical for accounting for the total throughput of RBCs and for the time’s

history of vesiculation that occurs within splenic flow.

Unlike recent studies of RBC passing through a slit after an incoming

flow (26,27), in this investigation the motion of the cell is driven by a pres-

sure difference—the pressure at the inlet is prescribed to be P and the pres-

sure at the outlet is 0. Motivation for this change to imposed pressure

differences comes from at least two directions: 1) the computational cost

and the necessity to study cases with viscosity ratios other than one,

and 2) the convenience to relate this configuration with experimental setups

(e.g., (28)). To elaborate, we note that in a flow-driven configuration it is

necessary to employ a doubly periodic condition in the lateral directions.

With such a condition instead of two blocks to form the slit, there is an in-

finite number of them (otherwise the cell will just go around the blocks

without passing through the slit). Although there exist efficient algorithms,

the computational effort is still formidable, considering the large number of

elements we use. This makes it computationally infeasible to study viscos-

ity ratios other than 1 because it involves an iteration scheme for fluid-cell

interaction at each time step. For this reason, in the previous work we

concentrated on the viscosity ratio of 1, which is not physiologically rele-

vant (27). On the other hand, in this study we create a closed computational

domain to avoid the doubly periodic conditions. Mathematically, such a

configuration requires knowledge of the pressure at the inlet and outlet so

that it leads to a pressure-driven process. Moreover, the pressure-driven
FIGURE 2 Translocation of RBC through a slit in a rectangular channel.

902 Biophysical Journal 113, 900–912, August 22, 2017
configuration we use in this study is similar to experimental settings so

that it will be more natural and accurate to relate our results with experi-

mental observations.

The mechanical properties of the cell membrane, including the lipid

bilayer and the cytoskeleton, are listed in Tables 1 and 2. The viscosity

of the fluid inside the cell (i.e., cytosol) is 0.006 pN s mm�2 (29). The

normal viscosity of blood plasma, on the other hand, ranges between

0.011 and 0.013 pN s mm�2 (30). Therefore it is reasonable to assume

that a physiologically relevant value of viscosity ratio L (the ratio between

the viscosity of the surrounding fluid and that of the cytosol) is 5 (16,26,31).
Mathematical formulation and numerical model

The problem shown in Fig. 2 is studied numerically by coupling a multi-

scale structural model of the red blood cell with a Stokes-flow-based bound-

ary-element model that solves the flow fields inside and outside of the cell

simultaneously. In the following, we briefly describe the primary character-

istics of these models. The details are included in our previous publications

(18,32–34).
Multiscale model of RBCs

Unlike most existing models of erythrocytes, which simplify the membrane

as a single layer of elastic or viscoelastic material with uniform properties,

in our description we model this biological structure as two layers with

distinctive material properties using a finite-element approach (18). The

outer layer represents the lipid bilayer. It has large area stiffness, finite

bending stiffness, and tiny shear stiffness (referring to the fact that this ma-

terial is fluidlike). The inner layer represents the cytoskeleton. It has finite

area and shear stiffness but tiny bending stiffness. Due to the mobility of the

pinning points (band 3 and glycophorin C) between them, the two layers

can slide against each other. This fact is incorporated into our model by de-

picting the interaction between the two layers as a viscous friction in the

tangential (in-plane) direction (following the derivation in our previous

work, the friction coefficient is chosen to be 144 r/r0 pN s mm�3, where

r and r0 are the deformed and initial protein densities of the cytoskeleton,

respectively (34)). This characteristic allows us to study scenarios in which

the inner and outer layers develop different local (area or shear) deforma-

tions during dynamic processes (35). Moreover, the double-layer represen-

tation allows us to predict the contact stress between the cytoskeleton and

the lipid bilayer, which is critical for this study. In this model the connec-

tivity between the outer layer (lipid bilayer) and the inner layer (skeleton)

is depicted by distributions of linear springs. The stress inside these springs

represents the contact stress between the layers. The fracture of these

springs when the stress exceeds the limiting value allows simulation of skel-

eton-bilayer dissociation (18).

The mechanical properties of the lipid bilayer (e.g. the bending stiffness)

are taken from reported values in the literature (see Table 1). The properties

of the cytoskeleton (specifically, its area and shear stiffness) are obtained

from a mesoscale model of the 3D molecular architecture of a junctional

complex (JC), the basic unit in the cytoskeleton (33). The JC contains a cen-

tral piece of actin protofilament (modeled as a rigid rod) surrounded by six

flexible spectrin dimers (Sp), modeled as nonlinear springs, as described in

the following paragraph. In our model, the exact configuration of this struc-

ture is based on state-of-the-art understanding of its molecular structure.
TABLE 1 Parameters of the Lipid Bilayer

hb (nm) mb (pN mm�1) Kb (pN mm�1) kc (J) nb (pN s mm�1)

2.2 10�3 9.6 � 102 2 � 10�19 10�3

hb, bilayer thickness (different from reality due to the homogeneous shell

assumption); mb, bilayer shear stiffness (a very small value to stabilize nu-

merical algorithm); Kb, bilayer areal stiffness; kc, bilayer bending stiffness

(42); nb, bilayer viscosity (63).



TABLE 2 Parameters of the Cytoskeleton

hs (nm) ns (pN s mm�1) pf (nm) pu (nm) Lf (nm)

2 0.0625 11.12 0.8 6.39

Lu (nm) DDx* (nm) F1/2 (pN) ms (pN mm�1)

39 12.6 12 5.7

hs, cytoskeleton thickness; ns, cytoskeleton viscosity (64); pf, persistence

length of folded domains in Sp; pu, persistence length of unfolded domains

(32); Lf, contour length of folded domains (32); Lu, contour length of

unfolded domains (32); DDx*, the difference between the activation length

of the unfolding process and that of the refolding process (32); F1/2, the

force corresponding to the state when half of the domains are unfolded

(32); ms, initial shear modulus of the cytoskeleton (65). A spectrin consists

of 19 domains in our model.

Multiscale Simulation of RBC Splenic Flow
This model predicts the area and shear stiffness of the cytoskeleton as

nonlinear functions of its local deformation (rather than constants used in

other models) so they vary both spatially and temporally. These properties

are then used by the double-layer membrane model in the complete-cell

level.

Conventionally, spectrin dimers are modeled as nonlinear springs with

wormlike-chain behavior. This simple depiction is consistent with the ten-

sion-elongation curve of Sp in relatively small deformations. In large defor-

mations, however, the wormlike-chain model is incapable of reproducing

the domain-unfolding effects (i.e., when overstretched the folded domains

in Sp may open and release internal tension). With domain unfolding

modeled as a thermally activated process, this issue has been fixed in our

Sp model (32). The Sp model is embedded into the mesoscale JC model

for high-fidelity prediction of the mechanical properties of the cytoskeleton

in arbitrary deformations.
Fluid-cell interactions

Within the low-Reynolds number regime, at any point x0 on the cell surface,

the velocity v satisfies the following boundary integral equation:

vðx0Þ ¼ � 1

4ph1ð1þLÞ

2
4Z Z

Gc

Gðx; x0Þ ,DfðxÞdGðxÞ

þ
Z Z
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Gðx; x0Þ , fðxÞdGðxÞ

� P

Z Z
Gi

Gðx; x0Þ , bxdGðxÞ
3
5

þ 1�L

4pð1þLÞ �
Z Z
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þ 1

4pð1þLÞ
Z Z

GiþGo

vðxÞ ,Tðx; x0Þ , nðxÞdGðxÞ;

(1)

where Gc is the fluid-cell boundary, Gb is the surface of the solid boundary,

Gi is the inlet, and Go is the outlet; h1 is the viscosity of the external fluid;L

is the viscosity ratio (L ¼ h2/h1, where h2 is the viscosity of the internal

fluid); the vector Df is the total traction (the difference between the tractions

outside and inside the cell) on the cell membrane; the vector f is the traction

on the solid boundary;�!! denotes the principal value integration; the vec-
tor bx is a unit vector in the x direction; and n is a unit normal vector pointing
out of the cell. The matrix G contains the Green’s function for velocity Gij,

given as

Gij ðx; x0Þ ¼ dij

jx� x0 j þ
ðxi � x0iÞ

�
xj � x0j

�
jx� x0 j 3

; (2)

where dij is Kronecker’s delta, and the matrix T is the Green’s function for

stress. Its components Tijk are
Tijk ðx; x0Þ ¼ �6
ðxi � x0iÞ

�
xj � x0j

�ðxk � x0kÞ
jx� x0 j 5

: (3)

On the boundaries (Gb, Gi, or Go), we have2

vðx0Þ ¼ � 1
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(4)

where v(x0)¼ 0 on the solid boundary due to the no-slip, no-flux condition.

By using a boundary-element approach, Eqs. 1 and 4 are solved together
iteratively to find the updated velocity of the cell. A forward Newtonian

integration algorithm is then employed to update the new location of

each collocation point on the cell surface. To prevent the singularity that

arises when the cell membrane approaches too close to the solid boundary,

a repulsive zone with a thickness of 100 nm is introduced between the cell

and slit surface. Whenever the cell membrane enters this zone, it is repelled

by a pressure along the normal direction of the boundary. The physical basis

of this zone is the layer of endothelial glycocalyx consisting of glycopro-

teins and other molecules that covers the endothelial cells (36,37). In addi-

tion, electrostatic forces exist that repel the cell from the endothelial cells of

the slits. This is explored below.
Perspective on glycocalyx repulsive forces

The glycocalyx is an extracellular layer that consists of glycolipids and gly-

coproteins that protrude from the bilipid membrane surface (38–40). It is, in

essence, a polyelectrolyte anchored to an electrically neutral membrane.

Sialylated glycoproteins within it induce a negative charge that creates an

negative surface potential, js; this, in turn creates a repulsive force between

cells each possessing such a potential. The thickness of the glycocalyx is

thought to be in the range 5–10 nm (38,39).

As the cell is in an ionic environment, an electrical double layer forms, as

described by the Gouy-Chapman analysis (41). When two such layers over-

lap, the equilibrium charge and potential fields are perturbed and a repulsive

force, or stress se, between the cells’ surfaces develops. Such stresses have

been analyzed (e.g., (41)) and for this case, where we assume that the sur-

face potential is the same for each cell, they take the form

se ¼ ek2Dj
2
s

½coshðkhÞ þ 1�; (5)
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where E is the medium’s dielectric permittivity with units [C2/(Nm2)]; kD is

the inverse Debye length with units [m�1]; js is the surface potential with

units [V]; and h is the separation between the charged layers in units of [m].

To explore magnitudes, we will take js¼�15 mV, kD¼ 109 m�1, which

is appropriate for a medium with an ionic concentration in the range 0.1–

0.15 M (41), E ¼ 6.96 � 10�10, and h � 10–15 nm. This yields

sez14 Pa if h ¼ 10 nm; z0:1 Pa if h ¼ 15 nm:

(6)

The scenario this numerology depicts is this: an erythrocyte with a surface

potential in the range�20 mV% js%�10 mVmay approach a surface of

similar potential up to a distance of, say, 15 nm. At that distance, the repul-

sive electrostatic stress rises exponentially, as described by Eq. 5. As the

glycocalyx itself has a thickness in the range 5 nm % hg % 10 nm, where

steric repulsion would set in, the repulsive stress would rise even more

dramatically. Thus we expect that at separations of, say, h ¼ 15 þ
2(10) ¼ 35 nm, an essentially rigid standoff is reached. To date, we have

used a standoff of 100 nm; we continue to use this value because, whereas

it aids in numerical stability, it contributes little or no inaccuracy by the

above perspective. Even if surface potentials were on the order of js �
�30 mV, this would change the picture little.

On the other hand, the effects of electrostatic interactions remain to be

exploredwith regard to interactions among smaller structures such as vesicles

of dimensions of order 200–400 nm. This topic will drive future research.
RESULTS

In the following simulations, we consider two different
initial orientations of the cell—Orientation 1 (Fig. 3) and
Orientation 2 (Fig. 4). According to our previous studies
(27), these two orientations lead to large cell deformations,
and subsequently large contact stress between the skeleton
and the lipid bilayer. Overall, we use 6000 elements on
the cell membrane and 2500 elements on the solid boundary
(with mesh density increased near the slit). We first concen-
trate on a slit width of 1 mm. Effects of slit size will be
explored later.

Figs. 3 and 4 demonstrate snapshots of the cell during its
passage through the slit with d ¼ 1 mm and P ¼ 200 Pa. In
904 Biophysical Journal 113, 900–912, August 22, 2017
both cases, infolding (referring to the formation of a
concave shape on the cell membrane, as shown in both fig-
ures at t ¼ 0.0145 s) is observed in the later stage of the
translocation before the cell leaves the slit. This is consistent
with our previous simulations of a flow-driven translocation
problem (27). There are, however, differences in the detailed
cell deformations. In particular, we note that the occurrence
of infolding in these cases is much less significant than the
one observed in the previous study (see, e.g., Fig. 2 in (27)).
In addition to differences in setup (pressure-driven translo-
cation in a closed channel versus flow-driven translocation
in a periodic computational domain), this is attributed to
the difference in viscosity ratio L. In this study, the value
of L is chosen to be 5, much larger than the one used in
the previous simulations (L ¼ 1), although consistent with
conditions in vivo. Higher viscosity ratio greatly reduces
the flexibility of a cell, leading to changes in cell deforma-
tion, especially the formation of infolding areas.

Fig. 5 a summarizes the transit time T (defined as the dif-
ference between the time when part of the membrane enters
the slit and the time when the cell completely leaves the
slit) at different values of the applied pressure difference
P. It is seen that within the range of P considered in this
research (50 Pa % P % 200 Pa), the transit time varies be-
tween 0.012 and 0.053 s. The reported value of T based on
the in vivo experiments is 0.02–64 s, with the peak occur-
ring at �0.1 s (7). This indicates that although the actual
pressure drop in physiological conditions is not available,
the range of P chosen in our simulations is physiologically
relevant (we focus on the lower side of T because our sim-
ulations suggest that these cases are usually associated with
large contact stress between the lipid bilayer and the
cytoskeleton).

In Fig. 5 b, we plot the typical time histories of the
maximum dissociation stress s at P ¼ 200 Pa. Hereby s is
defined as the biggest negative contact stress (the interaction
FIGURE 3 Snapshots of cell deformations as the

cell passes through the slit at P ¼ 200 Pa with

Orientation 1. The width of the slit (d) is 1 mm.



FIGURE 4 Snapshots of cell deformations as the

cell passes through the slit at P ¼ 200 Pa with

Orientation 2. The width of the slit (d) is 1 mm.

Multiscale Simulation of RBC Splenic Flow
force between the skeleton and the bilayer in the normal di-
rection per unit area) over the entire cell membrane at any
instant. In our model, positive values of the contact stress
refer to scenarios when the cytoskeleton and the lipid
bilayer are pushed toward each other, whereas negative
values refer to cases when they are pulled away from each
other. It is seen that with both initial orientations, the peak
values of s (hereafter referred to as sp) occur at the late
stage of translocation when the cell is about to leave the
slit and recover its original biconcave configuration. The
detailed distributions of the contact stress at one particular
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FIGURE 5 (a) Given here is the dependence of transit time T upon the

pressure difference P. (b) Given here are variations of s (the maximum

dissociation stress) in time. (c) Given here are values of sp (peak values

of the maximum dissociation contact stress) at different pressure differ-

ence measures of P. In all the plots, results from Orientation 1 are shown

in solid lines, whereas those from Orientation 2 are shown in dashed lines.

d ¼ 1 mm.
instant are shown in Fig. 6 a and b. Large dissociation stress
is seen to be concentrated at the edges of the infolded area
together with significant bending deformation. Indeed, it is
in these regions that vesiculation is expected to occur.

In Fig. 6, c and d, we plot the corresponding area defor-
mation of the cytoskeleton. Hereby the area deformation is
defined as a ¼ l1l2, where l1 and l2 are the two principle
in-plane stretches. The value a is related to the density
change of the skeleton through r/r0 ¼ 1/a; a > 1 repre-
sents area expansion (associated with the decrease in the
density of band 3 and glycophorin that connect the skel-
eton to the lipid), and a < 1 represents area compression
(with the increase in the density of the transmembrane
proteins). Our results show that at the locations with signif-
icant dissociation stress, there is almost no change in skel-
eton density (a � 1). The maximum area change elsewhere
is �5–6% (area compression), which is negligible in com-
parison with the area deformation in a typical micropipette
aspiration (18). This is attributed to the small timescale of
the translocation process—there is no sufficient time for
significant sliding between the lipid bilayer and the skel-
eton. Moreover, as pointed out in our previous work
(27), the small but finite area deformation shown in these
simulation is actually caused by the reduced area stiffness
of the lipid bilayer. For numerical stability, we have to use
an area modulus of 9.6 � 102 pN mm�1, rather than the
measured value of 5 � 105 pN mm�1 (42). Subsequently
our model tends to overestimate the area deformation.
With this fact taken into account, we expect that the area
deformation of the cytoskeleton is insignificant and its ef-
fect in the areal density of JC is negligible. In comparison,
our previous simulations show that in a typical micropi-
pette aspiration with a pipette radius of Rp ¼ 0.668 mm,
as the aspired length is 8Rp the skeleton area expansion
factor a near the cap may reach 7 (or even higher with
larger aspired length when spectrin unfolding occurs)
(18). Similar large area deformation of the cytoskeleton
Biophysical Journal 113, 900–912, August 22, 2017 905



FIGURE 6 Distributions of the contact stress

(a and b), area deformations (c and d), and shear de-

formations of the cytoskeleton (e and f). (a), (c), and

(e) are from Orientation 1, whereas (b), (d), and (f)

are from Orientation 2. The contact stress is defined

as the interaction force between the skeleton and

the bilayer per unit area and is shown in units of

Pa. In both cases, the snapshots are taken at t ¼
0.0145 s, when the cell has just left the slit. d ¼ 1

mm. P ¼ 200 Pa.
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is shown in a micropipette simulation with a two-compo-
nent DPD algorithm (43).

Another factor that may affect the magnitude of the con-
tact stress is the size of the slit. To illustrate this effect, two
additional slit sizes, 0.6 and 1.5 mm, are considered. As
shown in Fig. 7 a, the transit time T is highly sensitive to
slit size d. Indeed, a reduction of d from 1.5 to 0.6 mm leads
to an increase in T by a factor of 50. The dependence of sp
upon d (Fig. 7 b), on the other hand, is more complicated. As
shown in the figure, decreases in d may (Orientation 2) or
may not (Orientation 1) increase sp. This is attributed to
the complexity in the deformation mode of the cell mem-
brane as it leaves the slit. As demonstrated in Fig. 8, a
smaller slit (e.g., d ¼ 0.6 mm) generates a narrower tongue
on the cell membrane (this is not a tether because it is an
intact skeleton-bilayer entity), which may lead to more sig-
nificant membrane deformation. On the other hand, it also
suppresses infolding (as compared with the case when d ¼
δ (μ )0.6 0.8 1 1.2 1.410-3
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FIGURE 7 Dependencies of the transit time T (a) and sp (b) upon the slit

size d. P ¼ 200 Pa. Results from Orientation 1 are shown in solid lines,

whereas those from Orientation 2 are shown in dashed lines.
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1.5 mm) so that less membrane deformation is expected.
Consequently the relation between the peak contact stress
sp (which depends on membrane deformation) and the slit
size may not be monotonous. Our results show that
compared with the transit time T, sp is much less sensitive
to d. For example, as d decreases from 1.5 to 0.6 mm, T in-
creases from 0.003 to �0.16 s (for Orientation 1); mean-
while, the variation of sp is between �230 and �97 Pa.

Although the cell deformations in Fig. 8 for Orientations
1 and 2 look similar, there are essential differences between
the two. In Orientation 1, the part of the membrane (e.g., the
infolded area in Fig. 8 c) that experiences the maximum
dissociation stress during translocation originates from the
dimple region of the cell, whereas in Orientation 2 this
part originates from the rim region. As demonstrated in pre-
vious studies (e.g., (35)), membrane elements from these
two regions maintain their identities during cell deforma-
tions and display completely different mechanical charac-
teristics. After the cell recovers its biconcave shape, they
will go back to their original locations (i.e., the shape mem-
ory effect) (44). Therefore, it is not a surprise that in these
two cases there are differences in mechanical response.

To summarize, our simulations suggest that in physiolog-
ical conditions the possible range of peak dissociation
stress between the lipid bilayer and the cytoskeleton is
0.2�0.3 kPa, which is below our previous estimate of
1 kPa. The discrepancy is attributed to the fact that in our
previous study the viscosity ratio was chosen to be 1 due
to numerical consideration. However, this value is unlikely
to happen in vivo. A much more realistic viscosity ratio of
5 is chosen in this study. It greatly diminishes the cell defor-
mation as well as the internal stress.



FIGURE 8 Snapshots show cell deformations as

the cell leaves the slit with (a) d ¼ 0.6 mm, Orien-

tation 1; (b) d ¼ 0.6 mm, Orientation 2; (c) d ¼
1.5 mm, Orientation 1; and (d) d ¼ 1.5 mm, Orien-

tation 2. P ¼ 200 Pa.

Multiscale Simulation of RBC Splenic Flow
The aging process of RBC is usually accompanied by in-
crease in the viscosity of the cytosol h2, and subsequently
the viscosity ratioL. It is interesting that as the cell’s viscos-
ity increases, its chances of sequestration, leading to
a pathway of removal, increases. For example, we have
simulated the translocation of a cell with Orientation 1 at
P ¼ 200 Pa and L ¼ 10. The transit time changes from
0.012 s (at L ¼ 5) to 0.019 s (at L ¼ 10). This suggests
that increase in cell viscosity has a similar effect in transit
time as decrease in surface area-to-volume ratio or increase
in cell stiffness (28). On the other hand, the peak dissocia-
tion stress sp changes from �201 to �129 Pa. Thus, as vis-
cosity increases, the intensity of cell deformation decreases,
and thereby the probability of vesiculation decreases. This
may well suggest that a key role of vesiculation is to pre-
serve erstwhile viable cells against premature removal.
f
L

R

rc

lipid flow
thru skeleton
 + integral proteins

tether

FIGURE 9 Tether formation as forced via aspiration or pulling. The

value rt is the tether’s radius and L is its length.
DISCUSSION

The mechanics of separation of the bilipid membrane from
the spectrin skeleton has been studied via the formation of
tethers extracted from the cell membrane during forced pull-
ing accomplished by either aspiration into pipettes or via
pulling attached beads using mechanical or electromechan-
ically induced forces; for example, the work of Waugh and
Hochmuth (45), Hochmuth and Marcus (46), Butler et al.
(47), Knowles et al. (48), Waugh and Bauserman (49),
Hwang and Waugh (50), Borghi and Brochard-Wyart (51),
and Waugh et al. (52), has been pivotal in such studies.
Fig. 9 illustrates the mechanical scenario whereby a tether
is extracted by a force f. It is established that the tether—
which, in effect, is a long liquidlike cylinder of lipid
membrane—involves the separation of the membrane and
spectrin skeleton.

A rough synopsis of the analysis that leads to estimates of
the so-called work of separation, g, and ultimately to esti-
mates of the critical stresses between the membrane and
skeleton, would go as follows. The differential free energy,
dF , for this under static conditions is given by the incremen-
tal work done on the tether extension, as

dF ¼ 2prt

�
1

2
k
1

r2t

�
dLþ 2prtP dLþ 2prtg dL: (7)

In Eq. 7, the first term represents the differential work of
increasing the area of tether that is bent to radius rt from a
nominally flat cell membrane; the bending modulus is k

so that 1/2k/rt
2 is bending energy per unit area. The second

term comes about as follows: P is a surface osmotic pres-
sure that arises if the membrane concentrations of integral
proteins (e.g., band 3 and glycophorins) are altered and
might be thought to be akin to osmotic pressures due to
semipermeable membranes separating ionic solutions.
Below, we estimate this contribution to dF as it may matter
in the estimate of g. The analysis of Borghi and Brochard-
Wyart (51) describes the dissipative work due to the viscous
flow of lipids over the skeleton, which does not concern us
here—such work effects are naturally included in our simu-
lations. Noting that the second and third terms both scale
with area created, Hochmuth and Marcus (46) define the
Biophysical Journal 113, 900–912, August 22, 2017 907
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work quantity gp ¼ g þP. It is necessary to explore the os-
motic effect at this point.

It has been reported in most tether experiments on pre-
sumably healthy cells that integral proteins are deficient in
tethers; thus their molar fractions are near 0 rather than
the 0.01 they would be in the cell membrane. The lipids
are mobile, and we assume equilibrated, from cell mem-
brane to tether and hence a simple balance of their chemical
potential would read as

m+
‘;c þ RT lnx‘;c ¼ m+

‘;t þ RTlnx‘;t; (8)

where m+
‘;i is the standard chemical potential for a lipid

molecule, ‘, in the cell membrane or tether, i.e., i ¼ c,t,
respectively; x‘,i is the concentration; and RT has the usual
meaning. Now we have

m+
‘;t ¼ m+

‘;c þ
vm+

vp
d p ¼ m+

‘;c þ ad p; d p ¼ p2 � p1; (9)

with a being the partial molar area of a lipid, and d p ¼ �P.
The pressure d p acts so as to inhibit the tether extension and
hence, d p ¼ �P. This leads to

d p ¼ �P ¼ RT

a
lnðx‘;c=x‘;tÞ: (10)

Now, with R ¼ 8.3(N,m(MK)�1), T z 300 K, and a z
20 Å2, we find

�d p ¼ Pz124lnðx‘;t=x‘;cÞ pN=mmz1:2 pN=mm with

x‘;c=x‘;t ¼ 0:99:

(11)

Typical values for gt reported are as (46)

gtz74� 104 pN=mm (12a)

and (50)

gtz59 pN=mm: (12b)

If there is little or no segregation of integral proteins, these
estimates should be corrected for the osmotic effect just esti-
mated. This modest correction yields (46)

gtz73� 103 pN=mm (13a)

and (50)

gtz58 pN=mm: (13b)

It should be noted here, in concern for what follows next,
that such tether formation processes do not greatly affect
the skeletal density and thus the nominal density of mem-
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brane/skeleton anchorages must be broken to achieve sepa-
ration of membrane from skeleton.

With these numbers we can proceed along two paths to
estimate a critical membrane/skeleton stress, smax, for
separation.
Path 1

Consider a simple phenomenological cohesive law of the
form

s ¼ z dsepe�bdsep ; (14)

where dsep is the membrane-skeleton separation. Note that
smax ¼ (z/b)e�1 at dsepmax¼ 1/b. With this, g is computed as

g ¼
Z N

0

zdsepe�bdsepddsep ¼ z

Z N

0

dsepe�bdsepddsep

¼ z
�
b2: (15)

Thus we find, with g ¼ 58–103 pN/mm,

smax ¼ z=be�1 ¼ b � ð87� 128Þ
e

pN=mm2: (16)

Note that the units of b are m�1. Let dsepmax¼ 1 nm; then b ¼
103 mm�1. Then

smax � 32� 58 � 1000 pN=mm2 � 32� 58 kPa: (17)

To put this into another perspective, we note that Peng et al.
(18) define the force per junctional complex, fjc ¼ sAjc, with
Ajc being the area per junctional complex and s being the
local stress between the membrane and skeleton. As the
nominal areal density of JCs is �r

�
jc z 275 mm�2, the

above estimates for smax would lead to

f max
jc � 108� 193 pN: (18)

If dsepmax is larger, say even as large as dsepmax¼ 3 nm, smax ¼
10.8–19.3 kPa. This would place fmax

jc as �35–62 pN.
The perspective leading to the definition of fjc is that dur-

ing complex deformations, and depending on the properties
of the spectrin skeleton, the areal density of jc values be-
comes highly variable as discussed below. This can have sig-
nificant consequences for the prediction of, say smax ¼
fmax
jc /Ajc. For example, in their simulations of aspiration of
an RBC into a pipette of radius 0.668 mm, Peng et al. (18)
found that the areal density of jc values can fall to rjc �
0.1 r

�
jc or less. This would set smax � 500–1000 Pa!. In

fact, they reported maximum stresses tending to separate
the membrane from the skeleton of order 100–130 Pa and
simulated vesiculation. Such large reductions in skeletal den-
sity require, however, spectrin unfolding which, in turn, re-
quires that the parameter F1/2 be of order F1/2 � 7.5 pN.
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FIGURE 10 Binding of denatured hemoglobin to band 3 causes distur-
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Path 2

As analyzed by Evans (53), the most probable breaking
force, f, for molecular bonds of the type we are concerned
with, is given by

fð _rÞ ¼ kT

dsepmax

lnð _r=V1Þ; V1 ¼ V0 e
�B=kT ; (19)

where B is an activation energy B z 20 kT; _r is a rate as
defined, for example, in connection with Fig. 9, say _r�
2 mm/s; V0 � 10 m/s is a typical thermal velocity; and we
have kT¼ 4� 10�3 pN,mm. Here as before, dsepmax is the crit-
ical stretching distance for bond breakage. Evans (53) would
assume dsepmax � 1 nm.

If dsepmax � 1 nm, for example (as Evans would estimate),
we would get

fð _r ¼ 2 mm=sÞ ¼ 18:4 pN! (20)

This is an interesting value because it is right in the range
(actually at the low end of the range) of most probable un-
folding forces for spectrin as analyzed by Zhu and Asaro
(32). This might well suggest that it is somewhat improbable
to generate such high forces. On the other hand, this value is
indeed comparable to the fmax

jc �16–32 pN estimated above.
To obtain a critical stress, let us multiply by the areal den-
sity, n, of such bonds (i.e., anchorages) as n z 500 mm�2

(51). This value for n now takes into account both band 3
and glycophorin anchorages, whereas in the above only
the JC anchorages, with density �r

�
jc z 275 mm�2, were

accounted for. This gives, again with dsepmax� 1 nm,

smax � 10 kPa; (21)

which can be compared to our phenomenological value
range of smax � 22–45 kPa. Here again to get to values as
low as, say, smax � 2 kPa, would require dsepmax� 5 nm, which
would be judged too large.

A dilemma

In summary, it would appear that these estimates of the work
of separation and/or the magnitude of critical molecular
breaking forces would lead to critical separation stresses
in the range smax � 10–30 kPa if dsepmax� 1 nm. If values of
dsepmax� 3 nm can be justified, then smax � 5–10 kPa may
be estimated. As it happens, however, our simulations
show that the maximum separation stresses during flow
through splenic slits are at most smax <e 1 kPa!. Thus it
would appear that, indeed, large reductions in skeletal den-
sity are down to the range where rjc % 0.1 r

�
jc are required

to arrive at conditions in which the maximum stresses are
sufficient to induce vesiculation. Such reductions in skeletal
density can occur in circumstances such as aspiration into
narrow pipettes (18), but do not occur in others such as dur-
ing flow through the splenic sinus slits.
Possible resolution of dilemma

It is believed that with aging, erythrocytes lose hemoglobin
via the shedding of vesicles during flow through the spleen
(e.g., (10,11,14,15)). It is also believed that as part of this
process, hemoglobin binds to band 3 and this ‘‘disturbs
the anchorage of the lipid bilayer to the cytoskeleton’’
(11). Indeed, it has been reported that spleen-related vesicles
are deficient in skeletal spectrin and related proteins but
contain band 3, glycophorin (also an skeletal/membrane an-
chor), and the shed hemoglobin (10,11,14,15). It is also ex-
pected that hemoglobin binding to the membrane will
induce local curvature at the binding site, most especially
if there is clustering of bound hemoglobins; a scenario is de-
picted in Fig. 10. Here we illustrate this with respect to the
band 3-spectrin binding complex and later we expand the
scope of the effects of Hb binding to the JC itself. Indeed,
Reynwar et al. (54) have demonstrated via MD simulation
that membrane binding of spherical caplike particles can
induce high curvatures that can lead to membrane buckling
and vesiculation. In addition, Li and Lykotrafitis (55) have
also shown, using a coarse-grained MDs model, that sponta-
neous, or induced, membrane curvatures can develop into
small vesicles, i.e., those on the order of the spectrin coral
dimensions; these are called ‘‘nanovesicles’’ and may
form outside the spleen (also see (56)) during, for example,
blood storage. No specific consideration was given here to
release of the spectrin network in these studies. Splenic ves-
icles are found to be, however, somewhat nearly a factor of
10 larger (11); these are referred to as ‘‘microvesicles’’ in
the size range of 25–250 nm in diameter.

Taken together, these observations suggest a mecha-
nism of significant reduction of the local skeleton density,
or more precisely anchorage density, as is suggested is
required for vesiculation. Moreover, binding of hemoglo-
bin, especially in clusters, will likely lead to a high mem-
brane curvature that assists in driving vesiculation during
splenic flow. The clustering of hemoglobin into microdo-
mains within the membrane results in, and acts to stabi-
lize, membrane-bending forces and interactions between
constituent molecules. The likelihood of changes in
Biophysical Journal 113, 900–912, August 22, 2017 909
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membrane curvature being the driving force behind eryth-
rocyte vesiculation is soaring, as the binding of hemoglo-
bin to the membrane basal surface not only changes the
local membrane interactional and conformational energy
of the system, but also inserts amphipathic moieties into
the lipid matrix. In the latter case, hemoglobin clusters
act as a wedge for the cytoskeleton contractile forces,
creating a structural asymmetry and subsequently mem-
brane bending. Furthermore, hemoglobin binding to the
membrane affects the lipid composition and asymmetry
that exists in the erythrocyte membrane. Lipids in erythro-
cyte membrane are asymmetrically distributed across the
bilayer; the amine-containing phospholipids are enriched
on the cytoplasmic surface, whereas the choline-contain-
ing lipids and sphingolipids are enriched on the outer sur-
face. The maintenance of transbilayer lipid asymmetry is
essential for normal membrane function. In erythrocytes,
the asymmetry is generated and maintained by a family
of membrane-bound transport proteins called ‘‘phospho-
lipid translocases’’. The best-known translocase is the
aminophospholipid flippase, which pumps phosphatidyl-
serine to the membrane inner monolayer (57). Exposure
of phosphatidylserine is not always followed by the
release of microvesicles, which may be regulated by intra-
cellular calcium (58) and mechanical forces.
CONCLUSIONS

Membrane microvesiculation is an important part of the
RBC aging process in vivo, as has been discussed. On the
one hand, it contributes to irreversible membrane and hemo-
globin loss; this, in turn, leads to an increase in HB concen-
tration and viscosity. Increases in viscosity will eventually
result in a reduced ability of the cell to transit venous slits
before being eliminated (11). Indeed, although using a
nonmolecular based continuum model, it has been shown
that the transit times, T, scale as T � ns

0.5; in this study,
intra-to-extracellular viscosity ratios of up to 10 were
considered (26). Here we find a similar trend, but with
T � ns

0.6. Moreover, the membrane loss associated with
vesiculation may also shift the cell area-to-volume ratio
downward, which has been proposed to mediate the passage
or blockage through the venous slits (28).

On the other hand, vesiculation can also be interpreted
as a mechanism to remove damaged and signaling-effec-
tive components from the cell (59). The exocytosis of
nonfunctional proteins through vesiculation not only pro-
tects the RBCs from premature death, but also indicates
that the same recognition signals mediate the rapid
removal of old RBCs and vesicles from circulation (2).
Through the continuous release of vesicles, RBCs’ indices
change as they age, accompanied by progressive increase
in cell density and decrease in membrane flexibility. Later
we add the observation that as the cytosol viscosity in-
creases the tendency for microvesiculation decreases.
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This adds additional perspective to the points made just
above.

Using our multiscale numerical model, we simulated the
dynamic process of RBCs being squeezed through venous
slits of the spleen, one of the most extreme loading scenarios
in physiological conditions. By simulating the lipids and the
cytoskeleton as separate but connected layers, our model
was capable of predicting the contact stress between these
two, an important parameter associated with the mechani-
cally induced separation of the skeleton from the bilayer
and the subsequent formation of vesicles. The model also in-
cludes the diffusive motion of the skeleton through the lipid
bilayer, and thus describes the changes in skeletal density,
and hence anchorage, that occurs during deformation. Our
results suggest that the level of dissociation stress that can
be achieved in vivo is an order-of-magnitude lower than
the critical value for dissociation. This estimate is based
on the cell possessing an intact anchorage of skeleton to
membrane.

The implication is that for skeleton-bilayer separation to
occur in vivo during splenic flow, significant decreases in the
density of the anchorage between the cytoskeleton and the
lipids is necessary. In ex vivo experiments such as micropi-
pette aspirations, this is achieved by the local area expansion
of the cytoskeleton because it is capable of sliding within
the lipid bilayer (18). Inside the spleen, however, there is
not sufficient time for significant area deformation of the
skeleton to occur because the typical transit time is only
in the order of 0.1 s (see Fig. 6). We thus conclude that addi-
tional mechanisms, e.g., weakening of the skeleton-bilayer
connectivity due to the binding of hemoglobin to band 3,
must be involved in the in vivo vesiculation of erythrocytes.

This view is consistent with observations of microvesicles
extracted from stored blood that contain ankyrin (bound to
glycophorin) and band 3 in aggregated and degraded forms
(22). It is also consistent with observations of increased mi-
crovesiculation in cases of hereditary anemias (19). In these
cases, either the skeleton is disrupted or in the case of hemo-
globinopathies, altered hemoglobin may bind to anchor pro-
teins and disrupt anchorage. Therefore, although it seems
clear that RBC vesiculation is indeed promoted by flow
through the venous slits of the spleen, it appears that
biochemical factors associated with aging and/or with
pathology play a definite role in regulating the process.
Thus, additional attention is required to provide a more
comprehensive analysis of vesiculation, including effects
of biochemical changes to the integral and cytoskeleton pro-
teins. Phenomena such as aggregation of degraded proteins
and their binding to the membrane, thus causing large cur-
vatures, need to be explored as part of this, to our knowl-
edge, new comprehensive analysis (54).

Our findings also support, to our knowledge, a new para-
digm for splenic vesiculation that would go like this: during
cell aging, the binding of denatured hemoglobin to band 3,
and hence to the JC complex (see Figs. 10 and 11), causes a
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reduction in the density of skeleton-to-membrane connec-
tion. Fig. 11 illustrates that not only the band-3 link is
vulnerable as shown in Fig. 10 but the JC complex itself
may be disrupted as well (also see (19,60–62)). This then
allows for microvesiculation that leads to a reduction in
membrane area, cell volume, and hemoglobin content, but
to an increase in hemoglobin concentration. The increase
in viscosity due to increased hemoglobin concentration
and the reduction in membrane area leads to increased
transit times and possible cell blockage, both promoting
cell removal. Yet higher cytosol viscosities tend to suppress
continued microvesiculation and hence cells are unlikely to
be prematurely removed.
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