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Red blood cells (RBCs) change shape and deformability with age, making them more
likely to be trapped in the splenic slits (IESs) and removed from circulation. Existing
evidence suggests that cell size and viscoelastic properties are altered during aging, making
it challenging to identify the determinants of mechanical retention of aged RBCs in the
spleen. Herein, we present a comprehensive computational study to investigate the flow
dynamics, morphological changes, and mechanical retention of age-associated RBCs in the
splenic IESs. Our results show that, before reaching the critical size for the age-associated
RBC to be trapped in the IESs, the reduced size of the RBC can shorten the transit
time it takes to pass through the IESs, while the increased membrane viscosity slows it
down. A narrower IES requires the RBC to undergo greater deformation to pass through.
Furthermore, during the shrinkage associated with normal aging, a more significant critical
pressure gradient is required for RBCs to deform more to pass through the IESs, resulting in
more intense damage. These quantitative findings provide unique insights into the traversal
dynamics and retention mechanism of age-associated RBCs.

DOI: 10.1103/PhysRevFluids.8.063103

I. INTRODUCTION

The spleen, located in the upper left abdomen, is the largest organ for secondary immunity,
accounting for about 25% of the total lymphatic tissue of the entire human body [1,2]. The
cellular and humoral immunity centers contain many lymphocytes and macrophages, which can
help eliminate pathogens and abnormal red blood cells (RBCs) to protect the body from pathogenic
microorganisms and blood diseases. Blood entering the spleen flows through two functionally
distinct compartments, the white and red pulps. The former, mainly composed of lymphoid tissue,
identify blood-borne antigens and initiates the appropriate immune response. The red pulp, on the
other hand, acts as a blood filter. The primary filtering holes are the interendothelial slits (IESs)
formed by the endothelial cells and annular fibers that allow healthy RBCs to pass through after
undergoing extreme deformation [see Figs. 1(a)–1(c)]. However, unhealthy, old, or misshapen RBCs
are often unable to pass through this passage and are retained and removed from the bloodstream.

Mature RBCs are produced from hematopoietic stem cells via a series of differentiations and
cleared by the spleen after roughly 120 days under normal circumstances. A young mature, healthy
RBC is a nuclear-less biconcave-shaped cell with a diameter of about 7.8μm and a thickness
of about 2μm. Such a unique structure enables the RBCs to pass through narrow capillaries of
3μm diameter and splenic IESs down to 0.6μm wide. Cyclic deformation through significant
elastic stretching and relaxation as the RBCs circulate in the bloodstream causes cumulative fatigue
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FIG. 1. Schematic representation of the traversal process of individual RBCs through the splenic IESs.
Note that the schematics (a) and (b) are adapted from Refs. [1] and [3], respectively.

damage, leading to alterations in cell deformability and membrane viscoelasticity [4–9]. These
altered RBCs would be intercepted and cleared in the spleen because they cannot perform their
physiological functions properly [10].

Limited by ethics and observational resources, it is a challenge to detect the mechanics and
dynamics of RBC passage through the splenic IESs in the human body. The only treasure trove of
in vivo data and images comes from experimental rat models by MacDonald et al. [11,12], who
investigated the kinetics of RBC passage through the rat splenic IESs. In addition, Safeukui et al.
developed an ex vivo perfusion of the human spleen system to explore the retention kinetics of the
surface-altered RBCs [13,14]. They showed that the RBCs with reduced surface area-to-volume
(SA/V ) ratio (or increased cell sphericity) would be entrapped by the splenic IESs. In contrast,
those with reduced cell membrane deformability do not significantly reduce their ability to cross the
splenic IESs. Microfluidics, which allows for precise control of the mechanical and chemical envi-
ronment around the living cells, has emerged as a powerful enabling technology for investigating
cell behavior from the single cell to the multicellular level. In the past decades, many researchers
have paid attention to the passage of RBCs through narrow spaces with diameters smaller than the
cell size [13–21]. For example, Quinn et al. investigated the biophysical properties of healthy RBCs
traversing microfluidic channels with cross-sectional areas as small as 2.7 µm×3 µm [15]. They
identified a cross-sectional area threshold below which the RBC membrane characteristics begin
to dominate its flow dynamic behavior at room temperature. Picot et al. employed a spleen-like
microfluidic device to study the flow behavior and mechanical retention of the RBCs in the splenic
IESs [17]. They showed that the RBCs with a low SA/V ratio are more prone to trapping in the
splenic IESs, indicating that the SA/V ratio plays a vital role in the mechanical clearance of RBCs
by the spleen. In a recent study, Qiang et al. developed a spleen-on-a-chip platform to study splenic
retention and RBC elimination [21]. They showed that the retention of sickle RBCs in spleen-like
IESs increases significantly under normoxia and even more intensely under hypoxia than normal
RBCs. The capabilities of the microfluidic technology also allow the study of the mechanical
fatigue and aging of RBCs caused by cyclic mechanical deformation as they recirculate through the
spleen during their 120-day lifespan [13,16,20,22–24]. For example, Sakuma et al. [16] and Qiang
et al. [24] show that cyclic straining of RBCs, caused either by passing through IES-like microfluidic
constrictions or by amplitude-modulated electrodeformation, leads to significant changes in the
mechanical properties of the RBCs. Recently, Garcia-Herreros et al. demonstrated that cyclic
passage through IES-like microfluidic constrictions affects the mechanical properties and molecular
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composition of RBCs, thereby accelerating cell aging [20]. These results provide unique insights
into how cyclic mechanical stress induces RBC clearance in the spleen.

In addition to the experimental studies mentioned above, recent advances in computational
modeling and simulation allow the investigation of the flow of microcirculatory blood flow dynam-
ics [15,25–34] and splenic blood flow [35–42]. For example, Freund employed a boundary integral
model (BIM) to study the flow dynamics of a RBC through a spleen-like IES [35]. They observed
that the old RBC with elevated cytosol viscosity slows the RBC passage through the splenic IES
compared with a young, healthy one. Pivkin et al. performed a computational study to simulate
RBC passage through the splenic IESs [37]. They showed that the SA/V ratio of the RBC is a more
critical determinant of splenic IES retention than its membrane stiffness, which agrees with previous
experimental results [13].

These experimental and computational studies have helped us better understand the process of
splenic IES clearance of RBCs. However, the mechanism underlying the traversal dynamics of the
interception of age-associated RBCs in the splenic IESs remains unclear. On the one hand, previous
experimental and computational studies have shown that the altered RBC membrane stiffness does
not significantly contribute to the mechanical retention of RBCs in the spleen [14,37,39,43]. How-
ever, the effect of surface-altered membrane viscosity during cell aging, an important factor affecting
cell rheology and dynamics [44–51], on cell passage in the spleen has not been systematically
investigated in previous studies. On the other hand, some available experiments evince that the SA/V
ratio of RBCs may not reduce during their aging processes [4,52,53]. In contrast, most previous
studies on splenic IES retention of RBCs did not consider that the surface area and volume of
age-associated RBCs are decreased compared with those of young mature ones [37,39,42,43]. The
above facts obscure the reasons for the interception of age-associated RBCs in spleen IESs.

It is known that several biophysical factors (including cell size, cell stiffness, and cell membrane
viscosity) and external environmental factors (such as cell orientation and its relative position to the
slit) can influence the process of cell transit through splenic IESs. However, in vitro experimental
measurements have limitations in isolating different factors for study and, like other experimental
studies, have variable control problems. In contrast, the computational approach can isolate the role
of each factor in the RBC passage. In this study, we perform detailed computational simulations by
applying the dissipative particle dynamics–based (DPD-based) mesoscopic RBC model to study the
flow dynamics and mechanical retention of the age-associated RBCs in the splenic IESs. Specifi-
cally, we focus on the isolated effects of cell size and viscoelastic properties of the age-associated
RBCs and their combined effects on the changes in their passage through the splenic IESs with
different slit opening widths. In the remainder of this article, we first briefly review the DPD method
and the DPD-based mesoscopic RBC model. Then, we present and discuss our simulation results in
detail. Finally, we summarize the main results and draw a conclusion.

II. MODELS AND METHODS

In this work, we study the flow dynamics of age-associated RBCs crossing the splenic IESs
with the help of the DPD-based mesoscopic RBC model. The splenic IES is modeled as a rigid
structure with several vertical and horizontal bars [Fig. 1(d)]. The fluids, including cytosol and
extracellular fluid, are established as free DPD particles with number density of 1 and 3, respectively.
And impermeable and no-slip boundary conditions are applied at the fluid-solid boundary through
bounce-back reflections and proper dissipative forces. Each DPD particle interacts with other
particles through pairwise DPD forces. This section briefly reviews the DPD method and the
DPD-based mesoscopic RBC model. For more details on the RBC model, we refer to Refs. [54,55].

A. Dissipative particle dynamics method

Dissipative particle dynamics is a coarse-grained mesoscopic method in which each DPD particle
is regarded as a lump of molecules. Within the cutoff radius rc, each particle i interacts with a
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surrounding particle j by three pairwise forces, including a conservative force FC
i j , a dissipative

force FD
i j , and a random force FR

i j , as

FDPD
i =

∑
j �=i

(
FC

i j + FD
i j + FR

i j

)
, ri j � rc, (1)

FC
i j = ai jω(ri j )ei j, (2)

FD
i j = −γω2(ri j )(ei j · vi j )ei j, (3)

FR
i j = σω(ri j )ξi j�t−1/2ei j, (4)

where ri j and vi j are, respectively, the distance and the relative velocity between particles i and j,
ei j is the unit direction vector between these two interacting particles, ai j is the conservative force
coefficient, ξi j is a Gaussian random number with zero mean and unit variance, �t is the time-step
size, γ is the dissipative force coefficient. The random force coefficient σ = √

2γ kBT , where kB

and T are the Boltzmann constant and temperature. The weight function ω(ri j ) is set as follows:

ω(ri j ) =
{

(1 − ri j/rc)s ri j � rc

0 ri j > rc,
(5)

where s denotes the exponent of the weight function.

B. Dissipative particle dynamics–based mesoscopic red blood cell model

The RBC membrane is modeled as a two-dimensional triangulated network composed of Nt

triangles, which contain Nv DPD particles and Ns bonds as vertices and edges of the triangles,
respectively. The total potential energy of the RBC membrane system is defined as four parts,

U = Uin−plane + Ubending + Uarea + Uvolume. (6)

The in-plane elastic part is taken as

Uin−plane =
∑

j∈1...Ns

[
kBT lm

(
3x2

j − 2x3
j

)
4p(1 − x j )

+ kp

(ν − 1)lν−1
j

]
, (7)

where l j is the equilibrium length of the edge j, lm is its maximum extension, x j = l j/lm, p is
the persistence length, kp is the spring constant, and ν is a specified exponent. By following the
theoretical analysis for a regular hexagonal network by Dao et al. [56], the membrane shear modulus
can be calculated as

μ =
√

3kBT

4plmx0

[
x0

2(1 − x0)3 − 1

4(1 − x0)2 + 1

4

]
+

√
3kp(ν + 1)

4lν
0 + 1

, (8)

where l0 is the equilibrium length of spring and x0 = l0/lm.
The bending energy of the RBC membrane is given by

Ubending =
∑

j∈1...Ns

kb[1 − cos(θ j − θ0)], (9)

where kb is the bending constant, θ j is the instantaneous angle between two adjacent triangles
sharing the same edge j, and θ0 is the spontaneous angle. For a macroscopic bending model
with zero in-plane shear modulus, the bending rigidity kc of the Helfrich model is calculated to
be

√
3kb/2.
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The elastic energy of the surface area and volume of the RBC is introduced to constrain the
membrane deformation and cytosol compressibility, given by

Uarea = ka(SA − SA,0)2

2SA,0
+

∑
j∈1...Nt

kd (Aj − Aj,0)2

2Aj,0
, (10)

Uvolume = kv (V − V0)2

2V0
, (11)

where kd , ka, and kv , are the constraint coefficients of the local area, global area, and volume,
respectively. Aj,0, SA,0, and V0 are the area of triangle j, the surface area, and the total volume of the
RBC at the stress-free state, respectively.

The area-compression modulus (K) and Young’s modulus (Y ) of the RBC membrane can be
respectively calculated as

K = 2μ + ka + kd , (12)

Y = 4Kμ

K + μ
, (13)

The membrane viscosity is imposed by introducing dissipative force and random force on each
spring instead of Eqs. (3) and (4), which follows the framework proposed by Español [57],

FD
i j = −γ Tvi j − γ C(vi j×ei j )ei j, (14)

FR
i jdt =

√
2kBT

(√
2γ TdWS

i j +
√

3γ C − γ T
tr[dWi j]

3
1
)

×ei j, (15)

where γ T and γ C are dissipative parameters, vi j is the relative velocity of spring ends, dWS
i j is

the trace-less symmetric part of a random matrix of independent Wiener increments dWi j , and tr
represents the trace of the matrix. Following the analysis by Fedosov et al. [55], other dissipative and
random forces are excluded in the RBC model so that the membrane viscosity can be determined
by

ηm =
√

3γ T +
√

3

4
γ C. (16)

According to the research of Liu et al. [58], the viscosity of the interior fluid is estimated as

ηi = 2πγρ2
i r5

c

15

(
1

s + 1
− 4

s + 2
+ 6

s + 3
− 4

s + 4
+ 1

s + 5

)
, (17)

where ρi is the number density of internal fluid particles.
Following the mapping strategy by Pivkin et al. [54] and Fedosov et al. [55], we obtain the

DPD length, energy, and timescales, as lscale = dP
R/dM

R ≈ 0.3128μm, Escale = (kBT )P/(kBT )M ≈
1.07×10−19 J, τscale = ηP

mμM/ηM
m μP ≈ 0.864 ms, where dR and η are diameter and membrane

viscosity of RBC, superscript P and M represent parameter values in the physical and model units,
respectively.

C. Parameter estimation and model setup

Physiologically, a young normal human RBC has a biconcave shape with a large SA/V ratio,
which supports the remarkable deformation that occurs as it circulates in the blood. During the
120-day lifespan of a human RBC, cyclic strain loading accumulates mechanical damage to the cell
membrane, causing a reduced cell volume and local densification of the spectrin network. In this
study, the RBC model composed of Nv = 23 867 particles is used; each DPD particle represents a
junctional complex in the spectrin network of the RBC membrane and each spring in the network

063103-5



MA, QI, HAN, WANG, HU, AND LI

TABLE I. Geometric parameters of different sizes of RBCs. The symbol RBC-I
represents a young, healthy RBC with typical cell volume and surface area values. In
contrast, the RBC-II and RBC-III represent senescent RBCs with reduced cell volume
and surface area. The SA,0/V0 of RBC-II is maintained to be the same as RBC-I, while
the volume of RBC-III is the same as RBC-II but with a smaller SA,0/V0.

SA,0 (μm2) V0 (μm3) SA,0/V0 (μm−1) SI

RBC-I 134.0 94.0 1.425 0.746
RBC-II 111.2 78.0 1.425 0.794
RBC-III 100.1 78.0 1.283 0.882

corresponds to a single spectrin tetramer with an equilibrium distance between two adjacent actin
junctions of about 75 nm. For more efficient simulations, the RBC network can also be highly
coarse-grained with the equilibrium spring length of up to 500 nm. We also consider a coarser
RBC model with Nv = 9128 and a finer RBC model with Nv = 27 344 to investigate the influence
of Nv on RBC shrinkage and slit flow, shown in the Supplemental Material [59]. Considering that
the senescent RBCs would have reduced surface area and volume values [20,52,53], we apply three
different sizes of RBCs, as shown in Table I, to simulate the shrinkage of RBCs under cell aging.
For details, the size of the RBC-I is set to be SA,0 = 134μm2 and V0 = 94μm3, which is regarded
as a normal young RBC. The volume of RBC-II is set to about 83% of the former and its SA,0/V0

ratio is kept in line with RBC-I, namely SA,0/V0 = 1.425μm−1. However, the sphericity index,
SI = π1/362/3V 2/3/SA, of the RBC-II is about 0.794, which is larger than that of the RBC-I (0.746).
Furthermore, the volume of RBC-III is set to have the same volume as RBC-II, but a decreased
SA,0/V0 = 1.283μm−1, and the SI is calculated to be 0.882. Additionally, several experimental
and computational studies have shown that the dense spectrin network of age-associated RBCs
significantly escalates the shear modulus and membrane viscosity values compared with young
mature RBCs [5]. In our previous study, we developed a multiscale computational framework
for RBC modeling to predict the viscoelastic properties of age-associated RBCs [45], which can
serve as a guide for the model setup of the present study (Table II). The shear modulus and
membrane viscosity of young healthy RBCs (n = 0%, where n denotes the increment of spectrin
network connectivity compared with young RBCs, see Supplemental Material for definition [59])
are μ = 10.3 μN/m and ηm = 0.46 µN/ms, respectively, both of which fall within the normal
range obtained by experimental measurement of about μ = 4–12 μN/m [22,24,60–63] and ηm =
0.057–2.8 μN/ms [22,24,60–62,64–66]. The shear modulus of the cell membrane increases linearly
with n while the membrane viscosity grows exponentially, see Table II. Other key parameters of the
model RBCs are set as ηi = 6 cP and kc = 2.1×10−19 J.

In the spleen, endothelial cells are connected by annular stress fibers to form narrow and short
IESs [Fig. 1(a)–1(c)]. The physiological dimensions of splenic IESs are 0.25–1.2μm in height

TABLE II. The computed viscoelastic parameters (including shear modulus μ and
membrane viscosity ηm) of the age-associated RBCs with enhanced connectivity in
spectrin network (n); adapted from Ref. [45].

n (%) μ (μN/m) ηm (μN/ms) γ C γ T

0.00 10.3 0.46 45.5 136.5
6.25 11.6 0.58 57.4 172.2
12.50 13.7 0.74 73.2 219.6
18.75 14.4 0.94 93.0 279.0
25.00 16.3 1.32 130.6 391.8
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TABLE III. Geometry parameters of different sizes of splenic IESs. The
symbol IES-I, having an upper limit on experimental measurement of the splenic
IES [3,67], represents a wider IES. The symbol IES-II is taken a size closer to
the average of the experimental measurement, representing a narrower splenic
IES.

Ws (μm) Hs (μm) Ds (μm) Ls (μm)

IES-I 4.0 1.2 2.47 1.89
IES-II 3.0 0.6 1.51 2.2

(Hs), 0.9–3.2μm in length Ls, and 2.0–4.0μm in width Ws [3,67]. The IES dimensions reported
in a recent microfluidic experiment are Hs = 0.85μm, Ls = 3.0μm, and Ws = 5.0μm [20]. Some
investigators have suggested that nascent IESs may have smaller openings [68–70]; however, to the
best of our knowledge, how an individual IES changes with age is still unclear. Since our primary
focus was on the effects of age-related RBC morphological changes on their flow dynamics and
mechanical retention in the splenic IES, we do not specifically investigate the potential effects of
aging on the IES dimensions themselves. In this study, we construct two splenic IES models, as
shown in Table III. Here, we consider the size of the IES-I as the upper limit of the IES, while
the IES-II is in the middle range of the IES. Specifically, we choose the dimensions of the IES-I
to be Hs = 1.2μm, Ls = 1.89μm, and Ws = 4.0μm, and the dimensions of the IES-II to be Hs =
0.6μm, Ls = 2.2μm, and Ws = 3.0μm. The IES dimensions chosen for our simulations compare
well with those reported in previous in vivo and in vitro studies [3,18,20,67]. Following previous
computational studies [37,43], we define the diameter of the circle, whose area is equal to that of
the cross-section of the IES, as its characteristic diameter (Ds = 2

√
HsWs/π ) to facilitate theoretical

analysis. The slit openings in the IES are dynamic in nature and undergo cyclic opening and closing.
According to the observations of MacDonald et al. [11] and Groom et al. [71], the opening period
of the slit aperture is ≈10 s, while it takes about two orders of magnitude less time for a single
RBC to cross the slit. Given this significant difference in timescales, the dynamic nature of the slit
opening has a minimal effect on individual RBCs as they traverse the IES. In addition, the effective
stiffness of RBCs is approximately 100 times less than that of endothelial cells [72]. Because of
this difference in stiffness, the RBCs are more likely to deform in response to the forces exerted by
the IES, while the IES remains relatively unaffected. Hence, the endothelial cells and annular stress
fibers are established to be rigid cylindrical walls [Fig. 1(d)].

By far, it is still challenging to obtain quantitative data on the flow dynamics of RBCs in the
human spleen. As observed and estimated by McDonald et al. [11,12], the blood hematocrit (HCT)
in the spleen is ≈64.5%, and the mean flow velocity is approximately 76μm/s. Furthermore,
previous ex vivo spleen perfusion experiments have shown that most RBCs can pass through the
splenic IES under a pressure gradient of ≈1.0 Pa/μm [13,14]. Therefore, we assume that the
human spleen under physiological conditions is similar to the situation described above. We set
the viscosity of the extracellular fluid to 7.0 cP, which is calculated using the empirical relationship
ln(ηb) = ln(ηp) + kHCT, where ηb is the viscosity of whole blood, ηp is the viscosity of blood
plasma (1.2 cP), and k is an empirical factor (0.025) [73]. We also apply a pressure gradient of
1.0 Pa/μm, which yields an average fluid velocity of ≈100μm/s. These parameters are in the same
order of magnitude as those used in previous experimental [18,67] and simulation studies [37,41],
ensuring that our model is consistent with existing knowledge and providing a solid basis for our
results.

In all simulations, the RBC is initially placed on the left side of the splenic IES at a distance of
10μm from the entrance of the splenic IES. The orientation of how the RBC passes through the
splenic IES affects its dynamics. In this work, we consider three different orientation conditions,
where the initial orientation of the RBC is depicted by the roll angle θ0 and the pitch angle φ0, see
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FIG. 2. Definition of the initial cell orientations. The line between the centroid of the RBC and IES is
consistent with the flow direction (along the x axis). Orientations 1–3 indicate that the direction of the RBC
thickness is consistent with the slit height direction, width direction, and flow direction, respectively.

Fig. 2. For simplicity, the line between the centroid of the RBC and the splenic IES is in the same
direction as the pressure gradient. And the orientation is not restricted while flowing.

The DPD parameters between the fluid particles are set so that the fluid particles have a stable
particle density, and the fluid viscosity can be mapped to ≈7.0 cP for extracellular fluid and ≈6.0 cP
for cytosol. The DPD parameters between the fluid and solid particles are set and tested as no-slip
boundary conditions. The fluids inside and outside the cell do not interact. In addition, only weak
repulsive forces of ai j = 1.0 exist between particles that are not connected by springs on the RBC
membrane to ensure stable mechanical properties of the RBC model. The parameters are listed in
Table S1. The simulation system is placed in a simulation box of 27μm×13μm×11μm. Periodic
boundary conditions are applied in all x, y, and z directions. All DPD simulations are performed
using a modified version of LAMMPS [74], and the time integration of the motion equations is com-
puted through a modified velocity Verlet algorithm with a time step of �t = 5×10−4τ ≈ 0.432 µs,
which balances the normal operation and computational efficiency of the RBC model. A typical
simulation in our study computes 1.0–5.0×106 steps, corresponding to approximately 0.432–2.16 s.
This simulation duration allows us to capture the entire RBC crossing process, which takes about
0.1–0.4 s.

III. RESULTS AND DISCUSSION

In this section, we employ the DPD-based mesoscopic RBC model to explore the mechanism
of splenic retention of age-associated RBCs, focusing on the effects of cell viscoelastic properties,
RBC size, and IES size on the flow dynamics of senescent RBC passage through the splenic IESs.

A. Effects of viscoelastic properties of age-associated red blood cells
on their flow dynamics in splenic interendothelial slits

We first apply the IES-I and RBC-I to study the effects of the cell viscoelastic parameters on the
flow dynamics of the age-associated RBCs when passing through the splenic IES. Figures 3(a)–3(c)
show the evolution of centroid displacement of the RBC (xc) with time (t), x-axis length of the RBC
(Lx) with xc, and transit time (tR) with respect to n for the RBC with three different initial orientation
conditions, respectively. In each simulation case, the RBC undergoes a deceleration process upon
entering the IES, a deceleration process within the IES, and an acceleration process upon exiting
the slit in all cases. Still, it is subject to different shape deformations and dynamic motions under
different initial orientations.

In the case of orientation 1 [θ0 = φ0 = 0◦, Fig. 2(a)], the RBC presents a simple dynamic motion
process, elongating as entering the IES and recovering due to elasticity after leaving the IES. As
n increases, the deformation mode remains almost unchanged, but the deformation gets smaller
and slower [black dashed line in Fig. 3(b)]. For this case, the Lx values change smoothly as the
RBC passage through the IES, which means it enters the IES easily. In the case of orientation 2
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FIG. 3. (a) Displacement of cell centroid, (b) cell elongation length along flow direction, and (c), (d) transit
time for RBC-I with different viscoelastic parameters during its passage through IES-I. For comparison,
the frequency distribution of RBC passage through IESs measured in vivo [11] is depicted in panel (a),
corresponding to the right axis.

[θ0 = 90◦, φ0 = 0◦, Fig. 2(b)], the centroid of the RBC moves more slowly than that for the case of
orientation 1 when crossing the IES [blue lines in Fig. 3(a)], and the value of Lx has a sudden decline
[the two blue lines in Fig. 3(b)], which means that the RBC gets shorter due to impact into the IES.
In the case of orientation 3 [θ0 = 0◦, φ0 = 90◦, Fig. 2(c)], the RBC in the direction of thickness is
stretched out when it enters the IES, manifested by a dramatic increase in Lx value [the two red lines
in Fig. 3(b)].

In the case of orientation 1, the transit time of the RBC with n = 0% is around 0.092 s, which
is close to the mode of the transit time, tR ≈ 0.1 s, measured in the rat spleen by MacDonald
et al. [11]. A previous simulation study under a similar computational condition shows that the
computed tR value is about 0.028 s [39], much lower than the values obtained in previous experi-
mental measurements [11] and our computational results. One possible reason is that their studies
underestimated the membrane viscosity of the RBC. In addition, as n increases, the transit time
grows exponentially for all test orientation cases [Fig. 3(c)]. This trend is similar to our previous
observation on the functional dependence of cell membrane viscosity with respect to n [45]. For
example, the transit time increases exponentially from 0.092 to 0.19 s with n increases from 0% to
25% for the case of orientation 1. It increases from 0.149 to 0.326 s and from 0.175 to 0.428 s for
the cases of orientations 2 and 3, respectively [Fig. 3(c)]. The longest transit time occurs for the
case of orientation 3, and the shortest one is for the case of orientation 1, which is consistent with
previous computational results [36,39].
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FIG. 4. Shear strain contours of RBC-I with n = 0% when passing through the IES-I with different initial
orientations. Panels (a1)–(a5), (b1)–(b5), and (c1)–(c5) represent orientation 1, 2, and 3, respectively.

Next, we use the RBC-I with different viscous membrane properties at a fixed shear modulus
(μ = 5.5 μN/m) to probe the effect of membrane viscosity on the RBC transit time. It is known that
the RBCs do rotate and twist in most previous experimental studies. In a previous computational
study, Salehyar et al. showed that the RBC would rotate or twist if the centroid of the RBC deviated
from the axis of symmetry of the splenic slit [39]. They found that the mechanical behavior of
the RBC starting from the simulation cases of orientation 2 (when the initial orientation angle is
slightly off from 90◦) and orientation 3 (when the centroid of the cell is not aligned with the slit in
the direction of flow) often switches to a scenario similar to orientation 1, by which they thought that
the RBC with orientation 1 might be the most common mode of translocation under physiological
conditions. Following this computational study, we consider the RBC simulations only for the case
of orientation 1. Figure 3(d) shows the functional dependence of cell transit time with respect to cell
membrane viscosity. The value of tR changes from 0.086 to 0.162 s, which increases linearly with
ηm, and the best-fit regression is tR = 0.091ηm + 0.046 with R2 = 0.99.

To further quantify the deformation of the RBCs when passing through the splenic IESs, we
compute the local shear strain (γs) of the RBCs during their passage, given by

γs =
√

E2
xy + E2

yz + E2
zx + 1

6
[(Exx − Eyy)2 + (Exx − Ezz )2 + (Ezz − Eyy)2], (18)

where Emn(m, n = x, y, z) is the component of Green-Lagrangian strain tensor E = (FT F − I)/2,
and F = ∂x/∂X = I + ∂u/∂X is the deformation gradient tensor, where x, X, u, I are the current
coordinates, the initial coordinates, the displacement vectors of the particles, and the identity
matrix, respectively. Figures 4(a1)–4(a5) displays the morphological changes and distributions of
the membrane shear strain of the RBC-I with n = 0% for the case of orientation 1. It shows that
the cell deformation occurs first in the downstream part of the RBC membrane. When the RBC is
in the middle part of the IES, its surface area inside the IES folds slightly inward. Eventually, the
RBC is pulled out of the long tail and leaves the IES, which is consistent with previous in vivo
observations by MacDonald et al. [11,12]. In the case of orientation 2, as shown in Fig. 4(b2), the
RBC hits the IES first, which induces a reduction in cell elongation length. The maximum γs occurs
in the concave of the RBC and is accompanied by folding during the entire transit process; see
Figs. 4(b3)–4(b5). In the case of orientation 3, the inflection point occurs later than the other two
cases, accompanied by a surge in Lx value. As the RBC enters the IES, its downstream concave is
rapidly pulled out [Fig. 4(c2)]. The RBC is then elongated in the direction of cell thickness but is
slightly shorter than those in the former two cases. As shown in Figs. 4(c3)–4(c5), the maximum
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FIG. 5. (a) Displacement of cell centroid, (b) cell elongation length along flow direction, and (c) transit
time for RBCs of different sizes during their passage through IES-I. For comparison, the frequency distribution
of RBC passage through IESs measured in vivo [11] is depicted in panel (a), corresponding to the right axis.

γs occurs in the concave, similar to the case of orientation 2, but large deformations occur in more
areas. While leaving from the IES, the bulged head of the RBC is more extensive, and the tail folds
more noticeably.

Among all the test cases, the RBCs for the cases of orientation 3 take the longest transit time
to pass through the IES. Such results illustrate that more significant and complex deformations of
RBCs prolong their transit time through the splenic IESs and that the membrane viscosity of RBCs
significantly affects the transit time.

B. Cell size alterations in age-associated red blood cells on their flow dynamics
in splenic interendothelial slits

We perform three parallel DPD simulations with different RBCs (i.e., RBC-I, RBC-II, and RBC-
III) to investigate the effect of altered cell size on the traversal dynamics of the age-associated RBCs
through the splenic IESs. In Figs. 5(a)–5(c), we compare the xc-t , Lx-xc, and tR-n curves between
the RBC simulation results. First, the RBC-II has a similar deformation pattern to the RBC-I under
all three different initial orientation conditions. However, it deforms smaller and takes a shorter
time to pass through the splenic IES. Compared with the simulation cases of RBC-I, the RBC-II for
orientation 1 is significantly different in two ways. On the one hand, as shown in Fig. 5(a), the speed
inflection point appears later because of its smaller size. The centroid of the RBC is thus closer to
the slit entrance when the RBC collides with the IES. On the other hand, as shown in Fig. 5(b),
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FIG. 6. Shear strain contours of RBC-II with n = 0% when passing through the IES-I with different initial
orientations. Panels (a1)–(a5), (b1)–(b5), and (c1)–(c5) represent orientations 1, 2, and 3, respectively.

there is a noticeable drop in Lx after the RBC enters the IES. It is because when the RBC-II is in the
middle part of the IES, causing a reduction in its elongation length, as shown in Fig. 6(a3). Second,
the RBC-III is trapped by the IES under all three initial orientation conditions, indicating that the
reduced SA/V is still a key factor in their mechanical retention for senescent RBCs whose volume
decrease. Typically, in the cases of orientations 1 [Figs. 7(a1)–7(b4)] and 2 [Figs. 7(b1)–7(b4)], the
value of Lx of the RBC-III is first reduced due to collision and compression [Figs. 7(a2) and 7(b2)]
and then increases because of being struggled to get into the IES [Figs. 7(a3) and 7(b3)].

The values of cell transit time are, respectively, 0.073–0.156 s, 0.124–0.269 s, and 0.123–0.308 s
for the RBC-II simulation cases with orientations 1, 2, and 3, see Fig. 5(c). These values are
significantly reduced compared with the simulation cases with the RBC-I. Figure 6 performs the
shape deformation and distribution of the membrane shear strain of the RBC-II with n = 0% when
passing through the IES-I. Compared with the RBC-I simulation results, the RBC-II deformation
pattern is similar. These smaller RBCs also become gourd shaped as they enter the IES. Furthermore,
when leaving the IES, they get closer to the dumbbell-shaped than the RBC-I and have a bulged head

FIG. 7. Shear strain contours of RBC-III with n = 0% when trapped by the IES-I with different initial
orientations. Panels (a1)–(a4), (b1)–(b4), and (c1)–(c4) represent orientations 1, 2, and 3, respectively.
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TABLE IV. The viscoelastic parameters used for RBCs at dif-
ferent SI.

SI n (%) μ (μN/m) ηm (μN/ms)

0.688 0.00 10.3 0.46
0.753 12.50 13.7 0.74
0.764 18.75 14.4 0.94
0.817 25.00 16.3 1.32

and elongated tail. Nevertheless, some details in cell shape deformation become different, such as
less buckling and less deformation. Specifically, no buckling appears at the bridge, and no large
deformation occurs when the RBC is in the middle of the IES for the case of orientation 1. There
is no considerable strain when leaving the IES. In the case of orientation 2, the RBC also infolds
when entering the IES, yet the deformation here is much less than that of the RBC-I. Besides, the
comparison between Figs. 4(a4)–4(c4) and Fig. 6(a4)–6(c4) shows that the tail of the RBC-II does
not adhere to the IES wall when leaving the IES, which is different from that of RBC-I. Generally,
the RBC-II is smaller and shorter in diameter, causing a shorter journey, less resistance, and less
deformation as it traverses the IES. Such alterations make it easier for the RBC-II to pass through
the IES instead of being trapped due to an enlarged Sw. Even becoming smaller, the age-associated
RBC (RBC-II) with greater membrane viscosity requires a longer transit time to pass through the
splenic IES than a young healthy one (RBC-I). Such an extended transit period may increase the
probability of macrophage recognition of these senescent RBCs.

C. Coupling effect of cell size and viscoelasticity of age-associated red blood cells on their
flow dynamics in splenic interendothelial slits

The results in the previous sections show that both the cell size and viscoelastic properties can
affect the flow dynamics of old RBCs in splenic IESs. To further explore the coupling effect of
these two factors, we perform and compare two different sets of simulations with the same settings
except for the cell viscoelastic parameters. One set of simulations where cell size is varied but
mechanical parameters are fixed (n = 0%), and another set of simulations where both cell size and
mechanical parameters are varied; see Table IV for details. Note that the viscoelastic parameters
change only for cells that can pass through the IESs. For each group, the SI values are derived from
the measured data in the microfluidic experiment of Garcia-Herreros et al. [20]. For each SI, three
representative RBCs are simulated, whose volume values are close to the average in Ref. [20]. For
example, V = 95.6μm3, 97.6μm3, 99.5μm3 (mean ±2%) is used for SI = 0.688. For brevity, the
initial orientation is set to orientation 1, and other conditions are set as in the previous sections.

In Fig. 8, we plot the simulation results of the two groups described above and compare them
with the available experimental data [20]. The simulation results show that the RBCs with SI � 0.87
cannot pass through the IES, while it is SI � 0.90 for the experimental results by Garcia-Herreros
et al. [20]. For the cells that can pass through the IESs, the tR decreases with SI (slope = −0.26)
when the viscoelastic properties of the RBCs are kept constant. At the same time, it shows an
increasing tendency with SI (slope = 0.46) for the group with altered viscoelastic properties of the
cells. The former phenomenon contradicts the trend reported by Garcia-Herreros et al. [20], while
the latter shows the same trend. These comparisons confirm the previously mentioned results that
the reduced size of senescent RBCs would allow them to pass through the IESs in less time, despite
being spherical. At the same time, the increased shear modulus and membrane viscosity during cell
aging would slow down this process. Such results indicate that in extreme cases of the aging process,
the high sphericity of these RBCs is the key factor in being trapped by the IESs. On the other hand,
in earlier stages of the aging process, the increasing shear modulus and membrane viscosity may
play an essential role in impeding the passage.
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FIG. 8. Dependence of cell transit time on sphericity index (SI) of the RBC. Each point represents the
transit time for a single RBC. Cell volume and surface area values are derived from in vitro microfluidic
experiment [20], whose results are also compared. Blue and gray solid lines are fit from simulations, and the
purple dashed line is reproduced from Ref. [20].

To the best of our knowledge, no experimental studies have reported the simultaneous changes in
cell size and viscoelastic properties during cell aging or mechanical fatigue process; therefore, this
is still a tentative study with an artificial combination of different research results. Future studies
can investigate this more systematically when such data are obtained from companion microfluidic
experiments.

D. Effects of interendothelial slit size and pressure gradient on the mechanical retention
of age-associated red blood cells

In this section, we apply a narrower slit (IES-II) and a more significant pressure gradient of
5.0 Pa/μm to investigate the mechanical retention of age-associated RBCs further. For simplicity,
the shear modulus and membrane viscosity of the RBCs are set to be the same as those used with
n = 0%, and only the case of orientation 1 is considered. It is worth noting that the membrane
viscosity and initial orientation of the RBCs do not affect their ability to pass through the splenic
IESs.

Figure 9 shows the dynamic motion and shape deformation of RBCs under two different pressure
gradients (i.e., 1.0 and 5.0 Pa/μm). At a lower pressure gradient (1.0 Pa/μm), the RBC-I passes
through the narrow IES after experiencing a significant and slow deformation, while the RBC-II and
RBC-III fail to pass. For the RBC-I, it reaches the dumbbell shape after experiencing a more signifi-
cant deformation, and its tail is pulled longer when escaping the IES [Figs. 10(a1)–10(a5). However,
the other cells fail in the transition from gourd to dumbbell-shaped, as shown in Figs. 10(b1)–10(b4)
and 10(c1)–10(c4). Furthermore, at a higher pressure gradient of 5.0 Pa/μm, the RBC-II can deform
more to pass through the splenic IES quickly [Figs. 10(b1)–10(b4)], while the RBC-III is still
trapped [Figs. 10(c1)–10(c4)]. The blue dashed lines in Fig. 9 and Fig. 11(b1)–10(b5) demonstrate
that the RBC-II deforms faster when entering the narrow IES-II, and its elongation decreases
instantaneously when the RBC moves forward from the dumbbell state. Comparing Figs. 10 and 11,
all cells are sheared more strongly under a more significant pressure gradient, damaging RBCs.
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FIG. 9. (a) Displacement of cell centroid and (b) cell elongation along flow direction for RBC-I, RBC-II,
and RBC-III with n = 0% during their passage through the IES-II under different pressure gradient levels. For
comparison, the frequency distribution of RBC passage through IESs measured in vivo [11] is depicted in panel
(a), corresponding to the right axis.

To further investigate the effect of IES size on mechanical retention of RBCs with different
surface areas and volumes. Several cases with different SA and V are performed under the pressure
gradient of 1.0 Pa/μm; see scatters in Fig. 12(a). Moreover, following the theoretical model
proposed by Pivkin et al. [37], we consider the critically deformed RBC as a dumbbell-shaped
cell when passing through a specific rigid IES as shown in Fig. 12(a). The dumbbell shape can be
considered a combination of two spheres and a torus. The cross-section of the splenic IES in the
y-z plane is assumed to be circular with a diameter of Ds. In the critical case, the surface area and
volume of the RBC are computed by

SA = 4(2πR2 − πRh) + 2πLsα

(
Ds

2
+ Ls

2
− Ls sin α

2α

)
, (19)

V = 2

[
4

3
πR3− 1

3
πh2(3R− h)

]
+ πLs

2
(R+ Ls) cos α(R sin 2α− Lsα)+ π

4

(
L3

s sin α− L3
s sin3 α

3

)
,

(20)

FIG. 10. Shear strain contours of RBC-I (a1)–(a5), RBC-II (b1)–(b4), and RBC-III (c1)–(c4) with n = 0%
when passing through or being trapped in the IES-II under pressure gradient of 1.0 Pa/μm.
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FIG. 11. Shear strain contours of RBC-I (a1)–(a5), RBC-II (b1)–(b5), and RBC-III (c1)–(c4) with n = 0%
when passing through or being trapped in the IES-II under pressure gradient of 5.0 Pa/μm.

where h is the height of the spherical cap cut by the y-z plane at the point of contact p, and α is an
angle of the torus part as shown in Fig. 12(a), given by

h = R − R

√√√√1 −
(Ds

2 + Ls
2

)2

(
R + Ls

2

)2 , (21)

α = arccos

[(
Ds

2
+ Ls

2

)/(
R + Ls

2

)]
. (22)

We then rewrite Eq. (20) as V = f (R), and its inverse function can be written as R = f −1(V ).
Thus, Eqs. (21) and (22) can be expressed as h = h(R) = h( f −1(V )) = g1(V ) and α = α(R) =
α( f −1(V )) = g2(V ), respectively. With the substitution of Eqs. (20)–(22) into Eq. (19), one can

FIG. 12. (a) Analytical prediction and numerical results (under pressure gradient of 1.0 Pa/μm) of splenic
IES retention for RBCs. (b) Critical pressure gradient and maximum surface area increasing ratio of RBCs
under the critical pressure gradient conditions (SA/V = 1.425μm−1, and IES-II). The red circle points,
considered trapped RBCs, represent those that cannot pass through the IES under the pressure gradient up
to 10.0 Pa/μm. In vitro experimental results [67] are depicted for comparison.

063103-16



COMPUTATIONAL INVESTIGATION OF FLOW DYNAMICS …

obtain the critical relationship between the RBC surface area and volume given by

SA = 4{2π [ f −1(V )]2 − π f −1(V )g1(V )} + 2πLsg2(V )

{
Ds

2
+ Ls

2
− Ls sin [g2(V )]

2g2(V )

}
. (23)

The orange and blue solid lines in Fig. 12(a) indicate the SA-V function of RBCs allowed to
pass through IES-I and IES-II, respectively. The space above the lines is predicted to be able to
pass through the slit it represents. The red square, triangle, and cross points represent the RBCs
that can pass through the IESs, which can only pass through IES-I, and RBCs trapped by two IESs,
respectively. The results show that most simulation results agree with the analytical prediction. For
each SA/V (dashed lines), these curves are steeper than the solid lines. This shows that when the
aging and smaller RBCs are more likely to be trapped by the slit if the SA/V remains unchanged,
the smaller SA/V can facilitate this process.

Using SA/V = 1.425μm−1, IES-II as an example, we investigate the critical pressure gradient of
RBC-I at shrinkage of 95% to 68%, corresponding SI of 0.759 to 0.848. As shown in Fig. 12(b), the
critical pressure gradient is ≈0.7 Pa/μm for RBC-I, and it creeps up to ≈1.1 Pa/μm for the RBC
with SI = 0.788, which agrees with the range measured in in vitro devices that healthy RBCs can
pass through while spherical RBCs cannot [67]. As the SI increases to 0.822, the critical pressure
gradient rapidly increases to ≈3.5 Pa/μm. Moreover, as the SI increases to greater than 0.841,
the RBCs lose the ability to pass through the narrow slit. The RBCs undergo extreme restriction
during the passage, slightly increasing their surface area. We monitor the increase of cell surface
area (�SA) under the critical pressure gradient, and the maximum values (�SA,max) are shown in
Fig. 12(b). As the cell size shrinks to 90% (SI = 0.773), the �SA,max slowly increases to no more
than 0.44%. Furthermore, when the cell size shrinks further down to 75% (SI = 0.822), �SA,max

increases rapidly to ≈3.04%, which reaches the threshold for RBC lysis, �SA = 24% [75]. These
RBCs are considered to have the potential to pass through the narrow IES under a high-pressure
gradient, such as RBC-II mentioned earlier in this section. However, significant shear and area stress
will cause great damage to these cells and promote aging. As the RBC shrinks to 68% (SI increases
to 0.848), �SA,max slowly increases to ≈3.20% under 10.0 Pa/μm. However, the increased SA of
these RBCs is much smaller than the one that IES-II allows to pass, which causes them to remain
trapped under the high-pressure gradient. Such a situation may prolong the high deformation of
these extremely senescent RBCs, making them more likely to rupture or lyse [75] and enhancing
their clearance by macrophages than intact ones [76].

IV. CONCLUSION

In this study, we employ a DPD-based mesoscopic RBC model to investigate the flow dynamics
and mechanical retention of age-associated RBCs when crossing the splenic IESs. We show that
an enhanced membrane viscosity of the age-associated RBCs significantly slows down the cell
passage process, and the posture of the circulating RBCs also plays an essential role in their traversal
dynamics through the splenic IESs. Furthermore, before getting extremely spherical to be trapped,
the age-associated RBCs with reduced volume differ in deformation mode from the normal young
ones with fewer buckling and minor deformation, which shortens the transit time. Additionally,
narrower IESs make it harder for RBCs to get through. Only if one increases the pressure gradient
to let the RBCs deform more can they get a chance to pass, which also brings more significant
damage and promotes the aging process. In the case of extreme aging, the increase in surface area
by more than 3% still cannot make it pass through some narrow slits, which significantly increases
the probability of its lysis. This view is also supported by the fact that RBCs with high fatigue levels
are more likely to lyse [20].

It is generally believed that the altered cell shape, poor deformability, and diminutive SA/V ratio
are crucial factors that cause RBC entrapment in the spleen. However, the splenic IES clearance pro-
cess is blurred by the reduced cell size of the age-associated RBCs. In this study, our computational
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results reveal some possible reasons for the mechanical retention of the age-associated RBCs by
the splenic IESs. It shows that extreme SI still plays an essential role in retaining senescent RBCs.
However, at some stages in the aging process, the reduced cell size does not extend the transit
time, while the increased viscoelasticity does. Such derivation might be attributed to the combined
data sets chosen from two separate experiments [20,24] since there is no systematic report on the
alterations in cell size and viscoelastic properties simultaneously during cell aging. The systematic
computational investigation of the coupling effects on RBC passage through the splenic IESs
requires more guidance from companion microfluidic experiments.
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