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Erythrocyte sedimentation: Effect of aggregation energy on gel structure during collapse
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The erythrocyte (or red blood cell) sedimentation rate (ESR) is commonly interpreted as a measure of cell
aggregation and as a biomarker of inflammation. It is well known that an increase of fibrinogen concentration,
an aggregation-inducing protein for erythrocytes, leads to an increase of the sedimentation rate of erythrocytes,
which is generally explained through the formation and faster settling of large disjoint aggregates. However,
many aspects of erythrocyte sedimentation conform well with the collapse of a particle gel rather than with the
sedimentation of disjoint aggregates. Using experiments and cell-level numerical simulations, we systematically
investigate the dependence of ESR on fibrinogen concentration and its relation to the microstructure of the
gel-like erythrocyte suspension. We show that for physiological aggregation interactions, an increase in the
attraction strength between cells results in a cell network with larger void spaces. This geometrical change in the
network structure occurs due to anisotropic shape and deformability of erythrocytes and leads to an increased
gel permeability and faster sedimentation. Our results provide a comprehensive relation between the ESR and
the cell-level structure of erythrocyte suspensions and support the gel hypothesis in the interpretation of blood
sedimentation.
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I. INTRODUCTION

The erythrocyte sedimentation rate (ESR) is a common
blood test that measures how fast red blood cells (erythro-
cytes) settle at the bottom of a test tube that contains an
anti-coagulated but undiluted blood sample, composed of
cells and blood plasma as carrier liquid. It is one of the oldest
nonspecific medical tests for inflammation and is still a gold
standard for diagnosis and monitoring of inflammatory dis-
eases [1,2]. Its first description dates back to the 19th century,
but a similar procedure was already in use by ancient Greeks
[3].

Interestingly, the sedimentation rate is usually much faster
than one would expect from the sedimentation of a single cells
in a highly diluted sample. A common physical interpretation
of the ESR is that erythrocytes suspended in blood plasma
sediment as separate large aggregates, which is amenable to
a theoretical description using the Stokes law for the drag
force [4–9]. However, the state of the art indicates that particle
suspensions with a high volume fraction of weakly attractive
particles form a percolating network, which is generally re-
ferred to as a gel [10–19].

In the joint letter [20], we have demonstrated that sed-
imenting erythrocytes at high volume fractions indeed also
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form a gel, which explains pertinent features of the sedimen-
tation process and leads to a consistent theoretical description
of sedimentation dynamics. An interesting observation for
blood sedimentation is that the ESR increases with increas-
ing the attraction between suspended cells [5,21]. This is
exactly opposite to the behavior of hard-particle suspensions,
where an increase in attractive interactions between particles
results in gel stabilization, which can significantly delay and
slow down the sedimentation process [12,17,21–26]. This
observation is of particular importance for medical appli-
cations which generally use the ESR as an inflammation
marker. The current rationale for this marker is that inflam-
mation correlates with high fibrinogen levels, which enhances
the aggregation of erythrocytes. Therefore, a faster ESR for
stronger aggregation interactions is believed to be related to
the aggregation-mediated formation of large separate aggre-
gates, whose sedimentation is faster in the Stokes regime
[27,28]. The dependence of ESR on fibrinogen concentration
is illustrated in Fig. 1.

To systematically investigate the behavior of ESR on fib-
rinogen concentration and its relation to the microstructure of
erythrocyte suspension, we employ a combination of experi-
ments and numerical simulations. We show that, in contrast
to classical hard-particle suspensions [17–19], an increase in
attraction strength between cells significantly modifies the
structure and permeability of erythrocyte gel, resulting in a
faster ESR. This sedimentation behavior is due to the char-
acteristic discocyte shape of erythrocytes and their membrane
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FIG. 1. ESR experiments. Cuvettes containing blood samples
with various levels of fibrinogen are shown after 2 hours at rest.
Hematocrit (i.e., erythrocyte volume fraction) in all containers has
been adjusted to φ = 0.45. The very left container corresponds to
erythrocytes suspended in autologous serum (no fibrinogen), while
the very right contains erythrocytes in autologous blood plasma
(maximum amount of fibrinogen). Middle containers contain cells
suspended in a mixture of serum and plasma, with volume propor-
tions of 25%, 50%, and 75% of plasma, from left to right. The various
height characteristics (h0, h(t ) and �h(t )) are also indicated.

flexibility. The discocyte geometry facilitates the formation of
well-known rouleaux stacks, which are eventually arranged
into a network-like structure. More importantly, the deforma-
bility of red blood cells (RBCs) implies an increase in ESR
at high fibrinogen concentrations, as simulations demonstrate
that the dependence of ESR on the attraction strength nearly
disappears for stiff erythrocytes. These results provide a con-
sistent explanation for the behavior of ESR as a function of
fibrinogen concentration and further support the gel hypothe-
sis for erythrocyte suspensions.

The paper is organized as follows. Section II summarizes
the theoretical model for gel permeability and dynamic sed-
imentation introduced in the joint letter [20], since changes
in the associated model parameters form a basis for the anal-
ysis of presented data. Experimental and numerical methods
are given in Sec. III. Section IV presents the dependence of
sedimentation on fibrinogen concentration from experimental
measurements, along with its correlation with the microstruc-
ture of erythrocyte suspensions.

II. THEORETICAL DESCRIPTION OF SEDIMENTATION

We start with a brief summary of the theoretical model
for gel structure and permeability developed in the joint let-
ter [20], since model parameters are frequently used in data
analysis. To describe the gravitational collapse of erythrocyte
gel, a time-dependent volume fraction φ(t ) is considered, cov-
ering the range from dilute to close-packed cell suspensions.
For simplicity, we assume that only gravitational forces drive
gel sedimentation, and a Carman-Kozeny relationship with
the maximal volume fraction φm smaller than unity is used
to approximate gel permeability [29–33]. The characteristic
velocity for the gravitational collapse of an erythrocyte sus-
pension is obtained on the basis of Darcy’s law for the flow of

a fluid through a porous medium as

−dh

dt
= �ρga2

κ0η

(φm − φ)3

φ(1 − φ)
, (1)

where h(t ) is the height of the gel at time t , �ρ is the
density difference between erythrocytes and blood plasma,
g is the gravitational acceleration, η is the viscosity of the
suspending liquid, a is the characteristic size of pores within
the gel structure, and κ0 is the dimensionless scaling constant
of the Carman-Kozeny relationship. Here the conservation of
the volume of erythrocytes provides the necessary relation
between the height h and the volume fraction φ via h(t )φ(t ) =
h0φ0, where h0 and φ0 are the initial height and volume
fraction at t = 0, respectively. A typical size of a = RrRBC

is considered, where rRBC = 4 μm is the average radius of
an erythrocyte and R is a parameter reflecting the ratio be-
tween the size of erythrocytes and a characteristic size of fluid
channels within the gel [12,18,19]. The density difference
is approximately �ρ ≈ 80 kg/m3 [34,35]. Starting from the
initial conditions for the height h0 and volume fraction φ0, and
taking into account the usual delay time t0 for the gel collapse
[12,14,26], the height of the gel as a function of time becomes

h(t ) =
{

h0, if t < t0
f −1

(
f (h0) − Gφ3

m
γ

(t − t0)
)

if t � t0
, (2)

where G = �ρgr2
RBC/(ηφ0h0) is proportional to the inverse

characteristic time for the sedimentation of single cells, and
γ = κ0/R2 is a dimensionless fit parameter related to a char-
acteristic time of the system. The third parameter φm of this
model is also included in the function f , obtained as

f (x) = log (φmx − φ0h0)

+ φ0h0[φ0h0(3 − φm) − 2(2 − φm)φmx]

2(φ0h0 − φmx)2 . (3)

It is instructive to consider the asymptotic behavior of the
time dependence of h(t ) for small and large volume fractions,
corresponding to short and large times, respectively. An ex-
pansion of the right-hand side of Eq. (1) for small φ yields the
behavior

�h = h0 − h(t ) ≈ h0[1 − exp(−(t − t0)/t∗] (4)

with the characteristic timescale t∗ = γ /(Gφ3
m), while small

δφ = φ − φm yields to

δh(t ) = h(t ) − hm ≈ hm

( t

t∗
)−1/2

√
1 − φm

2
(5)

where hm is the height corresponding to φm.
The comparison of erythrocyte sedimentation under dif-

ferent conditions includes the three fitting parameters: the
maximum volume fraction φm, the dimensionless charac-
teristic collapse time γ , and the delay time t0 of the gel.
The dependence of these parameters on the fibrinogen con-
centration, which modifies the aggregation strength between
erythrocytes, will be presented, and the behavior of γ with
respect to the aggregation strength will be discussed.
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III. METHODS

A. Macroscopic measurements of sedimentation

Blood samples were collected from healthy volunteers af-
ter an informed consent, in compliance with the declaration
of Helsinki, as approved by the Ärztekammer des Saarlandes,
ethics votum 51/18.

The sedimentation process is monitored by taking an image
sequence of a translucent cuvette containing blood with a
frame rate of one frame per minute (see Fig. 1 for an exam-
ple of the pictures). The cuvette has an inner square cross
section of 10 mm × 10 mm and a height of 40 mm. In all
investigations, the interface is sharp. The height of the packed
erythrocyte phase is determined using a custom written Mat-
lab code, as follows. The image is first binarized with the Otsu
threshold, using the difference between the red and the blue
channels as intensity. The binarized image is then averaged
horizontally to obtain an intensity profile with minimal noise.
The position of the interface is then determined as the position
of the maximum intensity gradient. The pixel resolution leads
to a spatial accuracy of approximately 0.1 mm.

Sedimentation recordings are performed for different lev-
els of fibrinogen, in order to quantify its effect on the
parameters of the theoretical model. We focus on fibrinogen
because it is one of the most efficient aggregation-promoting
agents of erythrocytes [36,37]. The aggregation energy be-
tween erythrocytes, defined as the work required to separate
two aggregated cells, is known to increase linearly with fib-
rinogen concentration for a wide range of concentrations, in
contrast to some other aggregation-inducing molecules such
as Dextran [36,38]. The initial volume fraction of cells was
always kept at φ0 = 0.45, independently of fibrinogen con-
centration. To closely approximate physiological conditions,
red blood cells (RBCs) are suspended into well-controlled
mixtures of autologous blood plasma and serum. Serum can
be considered as plasma without fibrinogen, as the coagu-
lation cascade occurs during serum extraction [39,40]. The
concentration of fibrinogen along with other usual blood
plasma parameters was measured by standard methods in the
Clinical Chemistry Laboratory of Saarland University Hospi-
tal (Homburg, Germany).

B. Microscopic cell structures

To rationalize dependencies of the macroscopic sedimenta-
tion parameters on the fibrinogen concentration, experiments,
and numerical simulations characterizing the microscopic
structure of the gel are performed.

1. Experiments with quasi-2D sedimented structures

To assess structural properties of aggregated erythrocytes
as a function of aggregation strength (or equivalently fibrino-
gen concentration), erythrocytes were allowed to settle in a
pillbox-shaped microscope chamber with an inner diameter
of 5 mm and a height of 1.5 mm. The initial volume frac-
tion of 0.3% was selected very low, but high enough such
that after sedimentation, a quasi-2D percolating aggregate is
formed at the bottom of the chamber. Note that for these
experiments, phosphate-buffered saline (PBS) solutions with
fibrinogen (from 0 to 550 mg/dl) were used instead of the

plasma-serum mixture, in order to minimize possible donor-
based variabilities. Fibrinogen used was from human plasma,
provided by Sigma-Aldrich (St. Louis, Missouri, USA) as
a powder stabilized with NaCl, and the required amount
of distilled water was incorporated to the solutions to ad-
just osmolarities of the suspension to 290 mOsm. The final
hematocrit of a 8-µm-thick monolayer of erythrocytes at the
chamber bottom is approximately φ = 0.56, which provides a
reasonable approximation for the hematocrit of the quasi-2D
layer of erythrocyte gel.

2. Numerical simulations: Model and methods

Since the properties of percolating networks are known
to depend on the dimensionality and the underlying par-
ticle characteristics [17,19,41], numerical simulations are
employed to support the interpretation of the experiments
and to characterize the structure of erythrocyte gels in three
dimensions during sedimentation. Simulations of blood sed-
imentation are performed using a mesoscopic coarse-grained
model of RBCs [42–44]. Each RBC is represented by a trian-
gulated surface with Nv = 500 vertices, whose total potential
energy consists of in-plane elastic energy, bending energy,
surface area, and volume constraints as

Utot = Uelastic + Ubend + Uarea + Uvol. (6)

The elastic energy Uelastic is a sum of attractive wormlike-
chain and repulsive potentials over all network edges Ne

Uelastic =
Ne∑

i=1

[
kBT 	m

(
3x2

i − 2x3
i

)
4p(1 − xi )

+ kp

	i

]
, (7)

where p is the persistence length, 	i is the length of edge i, 	m

is the maximum edge extension, and xi = 	i/	m. In the second
term, kp is the nonlinear spring constant of the repulsive force
coefficient, defined as a power function [43,44].

The bending energy

Ubend =
Ne∑

i=1

κ[1 − cos(θi − θ0)] (8)

describes the cost of membrane deformations due to curva-
ture elasticity. Here κ is the bending rigidity, θi is the angle
between two adjacent faces at the edge i, and θ0 represents the
spontaneous curvature.

The third and fourth terms in Eq. (6) correspond to con-
straints for surface area (both local and global) and volume
and are expressed as

Uarea = ka(A − A0)2

2A0
+

Nf∑
i=1

kd
(
Ai − A0

i

)2

2A0
i

,

Uvol = kv(V − V0)2

2V0
, (9)

where ka, kd, and kv are local area, total surface area, and
volume constraint coefficients, respectively. Nf is the number
of faces, Ai, A, and V are the instantaneous area of face i, total
area, and volume, respectively, and the quantities with a zero
subscript or superscript represent their targeted values.
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FIG. 2. (a) Time dependence of height of the interface between dense erythrocyte suspension and cell-free plasma, for various fibrinogen
concentrations. The curves show the relative variation �h/h0 = [h0 − h(t )]/h0 which corresponds to the height of the cell-free plasma layer.
The symbols are experimental data, while the curves are fits from the theoretical model for h(t ) in Eq. (2). (b) Associated interface speed as a
function of the volume fraction φ(t ) = φ0h0/h(t ). The symbol data are computed from a smoothing spline of the �h measurements, while the
curves correspond to the expected speed from the fit parameters in Eq. (1).

Aggregation interactions between RBC membranes is im-
plemented via the Lennard-Jones potential

ULJ =
{

4ε
[(

σ
r

)12 − (
σ
r

)6]
for r < rc

0 for r � rc,
(10)

where ε is the aggregation strength and σ = 0.6 μm charac-
terizes the excluded-volume distance between RBCs. Here
the distance σ is essentially determined by the resolution
of the membrane discretization, i.e., the bond length of the
membrane triangulation. A RBC model based on the actual
structure of the lipid bilayer and the glycocalyx would be
extremely expensive computationally (it would require ap-
proximately a 104 higher, since the total thickness of both
layers is around 10 nm [45,46]). This cost would not allow
simulations with such a large number of erythrocytes as con-
sidered here. The cutoff distance rc is selected to be 1.2 μm.
To calibrate the aggregation strength ε, several simulations are
performed, in which two RBCs are first placed close to each
other and let to aggregate. Then these RBCs are pulled apart
with a force applied in the normal direction until they detach
from each other, so that the force required for their detachment
is determined [47]. For aggregation forces between two RBCs
in the range of 2–6 pN, ε value is in the range of 2–5 kBT
(e.g., Fdetach � 3.6 pN for ε = 2.5 kBT and Fdetach � 6 pN for
ε = 4.4 kBT ). Such aggregation forces are similar to those
measured experimentally in autologous blood plasma with
optical tweezers [48]. In such conditions, the total aggregation
energy between two cells in the simulations is then of the
order of Fdetachσ ∼ 6. 102–9 × 102 kBT .

In simulations, a fixed number of RBCs (depending on
hematocrit) is distributed in a fluid within a simulation do-
main of (50 μm)3 with periodic boundary conditions in all
directions. The fluid is modeled by the smoothed dissipa-
tive particle dynamics (SDPD) method, which is derived
through a Lagrangian discretization of the Navier-Stokes

equations [49,50]. The choice of these boundary conditions
and the fluid model is motivated by previous studies, which
show that relevant collapse mechanisms for macroscopic sam-
ples are observed only with hydrodynamic interactions in
bulk systems [51–53]. RBC properties correspond to av-
erage characteristics of a healthy RBC with a membrane
area A0 = 133 μm2, cell volume V0 = 93 μm3, shear modu-
lus μ = 4.8 μN/m, and bending rigidity κ = 70 kBT = 3 ×
10−19 J [54–56]. This leads to a RBC reduced volume of
V ∗ = 6V0/(πD3

r ) ≈ 0.64, where Dr = √
A0/π = 6.5 μm is

the effective RBC diameter. Note that the stress-free shape of
a RBC elastic network is assumed to be the biconcave shape of
a RBC with V ∗ = 0.64. In addition to aggregating RBC sus-
pensions, several cases without aggregation interactions are
also considered by setting rc = 21/6σ such that only repulsive
forces between RBC vertices are present.

To mimic cell sedimentation, a constant force FRBC is ap-
plied to all membrane vertices of RBCs along the negative z
direction, and force Ffl in the opposite direction is applied to
all fluid particles. Since the numbers of RBC vertices and fluid
particles differ, the forces applied on each type of particles
are also different. However, the total force in the simulation
domain remains zero. In this way, the flow resistance, or
permeability, of porous-like RBC structures for different sim-
ulation parameters can be measured. The pressure difference
over height z can be calculated as �P/z = ρRBC FRBC − ρfl Ffl.
This pressure difference results in a net sedimentation velocity
v = vRBC − vfl. The permeability k of the RBC structure is
then derived through Darcy’s law as k = (1 − φ)vη/∂P

∂z .
It is important to note that we are considering here the

case of small sedimentation velocities, so that the shape of
individual RBCs is only weakly affected by the flow forces
[57]. An illustrative movie from the simulations can be found
as Supplemental Movie S1 [58].

In the theoretical model of the joint letter [20], this perme-
ability is assumed to be related to the structure of the pore size
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FIG. 3. Dependence of the model parameters on the fibrinogen concentration for different blood donors. Different symbols and colors
indicate different donors. (a) Initial sedimentation velocity at t0 computed using Eq. (1) with φ = φ0 = 0.45. (b) Dimensionless characteristic
time γ of the sedimentation process. (c) The final volume fraction φm. (d) The delay time t0 before the sedimentation starts.

a of the RBC structure through a modified Carman-Kozeny
relationship: k = 1

κ0

a2(φm−φ)3

φ2 . The calculation of characteristic
pore sizes which determine the permeability of suspended
RBC structures is performed as follows. For each simulation
trajectory, we take multiple xy slices (at constant z) over
several time intervals. For each slice, multiple straight lines
are drawn in the x and y directions. The lengths of these lines
outside the RBCs determine the lengths of void spaces and
their average provide an estimation of the pores mean chord
length, which corresponds to an average pore size (see Sup-
plemental Fig. 3 for illustration [58]). We focused on the xy
plane, since the flow during sedimentation is mainly directed
along the z axis, implying that the characteristic length for the
shear stress is the one in the xy plane. Supplemental Fig. 4
compares the obtained values in xy and xz planes.

The choice of a different method for the determination of
characteristic pore sizes has been determined mainly by the
difference in dimension between the observations in experi-
ments and in simulations. In experiments we observe areas of
500 m × 400 m, while the simulation domain is only 50 m
× 50 m, i.e., around 100 times smaller. In the experiments,

we observe enough holes not touching the border of the pic-
tures to perform statistics based on single-hole properties. For
simulations, only a few holes are observed in each cut, and
the biggest holes are truncated by the simulations borders,
often not allowing us to compute hole areas. The statistics per-
formed offers an estimation of the mean chord length (which
is one of the usual tools to characterize percolating structures;
see, e.g., [12]), which presents more robust statistics.

In addition to the aforementioned measurements, we also
characterized the percolation probability within the numerical
simulations, since this percolation is a prerequisite of the
macroscopic model [Eq. (1)]. Those results are discussed in
the Supplemental Material [58]; see also Ref. [59–61].

IV. RESULTS

A. Macroscopic sedimentation measurements

Figure 2(a) shows the time dependence of the erythrocyte
column height during the sedimentation process for vari-
ous levels of fibrinogen. The sedimentation of erythrocytes
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FIG. 4. Pictures of 2D cell networks obtained for various fibrinogen concentrations in PBS, after sedimentation to the bottom of a
microscopy chamber. The final hematocrit at the bottom of the chamber within a 8 µm height monolayer of erythrocytes is equal to
approximately φ = 0.56. Qualitative differences in aggregate geometries and characteristic sizes of the pores are clearly visible for different
fibrinogen concentrations. Insets in (a) and (c) are schemes of the xz plane in the quasi-2D experiments, for both minimal (a) and maximal
(c) fibrinogen concentration. Although the volume fraction is the same for each measurement, the total 2D pore area in the xy plane increases
from (a) to (c) because more cells are seen from the side when incorporated in a rouleau, while most of the cells lie flat at the bottom of the
container in (a).

becomes slower when the concentration of fibrinogen de-
creases. The lines in Fig. 2(a) represent the corresponding
fits using the theoretical model from Eq. (2). (Correspond-
ing fit parameters, for the respective fibrinogen concen-
trations of {74, 147, 295} mg/dl are γ = {0.59, 0.69, 0.21},
φm = {0.75, 0.845, 0.85}, and t0 = {7.1, 1.6, 1.6} × 103 s, re-
spectively.) The theoretical curves generally show a good
agreement with experimental data, except at short times when
the sedimentation starts. The beginning of sedimentation is
not well captured by our model, because gels may require
some structural rearrangements (e.g., dynamic formation of
fluid channels) before macroscopic sedimentation can be ob-
served [14,18,19]. For instance, the curve with fibrinogen
concentration 74 mg/dl exhibits first a slow sedimentation
velocity, which then suddenly increases. Presumably, a slow
settling of the gel occurs before larger fluid channels ap-
pear and significantly accelerate sedimentation in some cases
[18]. In this respect, the delay time t0 characterizes the time
required for cells to reorganize and establish dynamic fluid
channels which enable fast sedimentation [12–16].

Figure 2(b) presents sedimentation velocities as a function
of calculated φ(t ) from height measurements for different
fibrinogen concentrations. The speed of the interface be-
tween dense erythrocyte suspension and the cell-free plasma
extracted from experimental measurements (symbols) show
strong fluctuations, especially at the beginning of the sed-
imentation process or when φ ∼ φ0. However, we slightly
smoothed the experimental data to calculate the numerical
derivative. As a result we obtain speeds that follow well the
average trend given by the theoretical curves of dh/dt from
Eq. (1).

As mentioned before, Eq. (2) allows the extraction of the
model parameters from sedimentation experiments, which are
shown in Fig. 3 along the initial speed of the interface be-
tween packed erythrocytes and the cell-free plasma. Data from
various donors are shown with different symbols and colors.
The initial sedimentation speed v0 right at the beginning of the
sedimentation process (i.e., at φ = φ0 = 0.45) increases with
an increase in the fibrinogen concentration [see Fig. 3(a)].

Here Eq. (1) is employed to compute v0 instead of raw data
because the relative variation in the instant velocity is of the
order of magnitude of the slowest velocities observed. Even
though there is some variation in v0 for different donors, the
common trend of increasing v0 with fibrinogen concentra-
tion remains consistent. These donor-related differences are
likely due to differences in the concentration of other blood
proteins beside fibrinogen, since they also influence RBC
aggregation and sedimentation properties, but to a smaller
extent.

Consistently with the velocity increase, the dimensionless
characteristic time γ of sedimentation in Fig. 3(b) decreases
overall with increasing fibrinogen concentration. This can be
rationalized by the fact that characteristic channel sizes (i.e.,
the parameter R in the model) within erythrocyte structures
become larger with increasing fibrinogen concentration, as
will be shown later.

Figure 3(c) shows that the final volume fraction φm of
sedimented erythrocytes is nearly independent of fibrinogen
concentration and mostly lies within the range of 0.84 ± 0.05.
A very slight increase in φm with the fibrinogen concentra-
tion implies that an increasing attraction strength generates
a slightly better compaction of flexible cells. However, this
trend is within the order of the variations found for various
donors, and further measurements would be required to rigor-
ously support such a trend. In any case, changes in φm cannot
explain the observed variations in the sedimentation velocity
for different donors.

Surprisingly, the delay time t0 in Fig. 3(d) decreases with
increasing fibrinogen concentration. Given that the delay time
is usually related to the coarsening of particle gel [12,26], this
seems to indicate that stronger attractive interactions lead to
faster rearrangement of initial erythrocyte structures towards
the establishment of fluid channels. Interestingly, the depen-
dence of t0 on particle interactions is exactly opposite for
suspensions of the isotropic hard sphere, where a strong at-
traction stabilizes such gels [12,14]. In these studies, the main
proposition is that t0 characterizes the time required to break
existing “bonds” within an initially stable gel. This appears to
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be different for a suspension of RBCs, where attractive inter-
actions are associated with accelerated apparition of vertical
channels within the RBC gel. Therefore, we hypothesize that
the flexibility and/or anisotropy of RBCs causes a change in
the dependence of t0 on intercell attractive interactions. Pre-
liminary measurements supporting this claim are available in
the Supplemental Material [58]. We can also partially exclude
the diffusion-limited process of initial structure formation, as
it is expected to occur on a significantly shorter timescale
than the delay time t0. For example, the characteristic time
for doublet formation by diffusion-limited aggregation can
be estimated as tD = πr3

RBCη/(φkBT ) ∼ 102 s [62], which is
an order of magnitude smaller than t0 values in Fig. 3(d).
Furthermore, the initial diffusion-limited aggregation should
not depend significantly on the aggregation strength between
particles. Thus, we hypothesize that aggregation interactions
can destabilize initial gel structure formed by flexible RBCs,
which leads to structure rearrangement and the apparition of
fluid-filled cracks. Interestingly, t0 seems to have little or no
effect on the sedimentation velocity. Note that our t0 measure-
ments saturate at around 1500 s for fibrinogen concentrations
larger than about 100 mg/dl, which is likely the minimal time
required for the rearrangement of initial cell network.

B. Microscopic cellular structures

1. 2D structures of sedimented RBCs

Sedimentation speed should directly correlate with the per-
meability of erythrocyte gel, which can be characterized by
the size of voids (or pores) between the cells. In experiments,
it is difficult to image such voids in 3D within an ESR tube
filled with blood at high hematocrit. Therefore, to assess
the dependence of pore sizes within aggregated erythrocyte
structures on the attraction strength, we turned to a reduced
quasi-2D experiment, in which a small amount of erythrocytes
is allowed to settle to the bottom of a pillbox-shaped micro-
scope chamber, as described in Sec. III B 1. Typical resulting
gel conformations are presented in Fig. 4. An increase in
sedimented gel porosity is also clearly visible, which shows
that erythrocytes form long rouleaux structures in strongly
aggregating media (i.e., at high fibrinogen concentrations).

Figure 5 shows average pore sizes, defined as the square
root of the pores area, as a function of fibrinogen concentra-
tion. An increase in the pore size with increasing attraction
strength is in qualitative agreement with the hypothesis that
the parameter R should increase with the fibrinogen concen-
tration. Although the volume fraction is the same for each
measurement, the total 2D pore area then increases because
more cells are seen from the side when incorporated in a
rouleau, while most of the cells lie flat at the bottom of
the container in Fig. 4(a). This is schematized as insets in
Figs. 4(a) and 4(c) for more clarity. Note that the data for
pore sizes in Fig. 5 exhibit a substantial deviation for various
donors, summarized through the error bars showing standard
deviation for the measured average size of various samples.
Such donor dependency indicates that erythrocyte proper-
ties might also affect the magnitude of void sizes. This is
not unexpected, as the properties of percolating gel network
are known to strongly depend on the underlying geometrical
and dimensional properties of suspended particles [17,19,41].

100 200 300 400 500 600
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10

15

FIG. 5. Mean pore sizes within a quasi-2D percolating network
of erythrocytes at the bottom of the observation chamber as a func-
tion of fibrinogen concentration in PBS. A trend of increasing pore
size with increasing fibrinogen concentration is observed at fibrino-
gen concentrations above 300 mg/dl. The bars represent standard
deviations of the average values measured in various samples from
different donors.

Moreover, the quasi 2D-experiments are unlikely to reproduce
the quantitative behavior of 3D gel structures. Indeed, the
dimension of the system is known to modify the properties of
percolating networks [17,19,41], and the presence of a solid
wall also likely modifies the obtained structures, due to the
trend of the cells to lie flat at the bottom surface. Thus, numer-
ical simulations currently provide the most straightforward
way to analyze the bulk structure of erythrocyte suspension
during sedimentation.

2. Simulations of erythrocyte sedimentation

To understand the relation between microstructural prop-
erties of a RBC suspension and its sedimentation, flow
simulations are performed for various hematocrits and aggre-
gation interactions, as described in Sec. III B 2. Characteristic
simulation snapshots for three attraction strengths ε, cor-
responding to three different fibrinogen concentrations, are
shown in Figs. 6(a)–6(c). In order to obtain a reasonable
computation time, we used volume fractions of 0.25 and 0.35,
which are smaller than characteristic values in experiments,
but still produce percolating aggregates [20]. The snapshots
clearly demonstrate that an increase in ε leads to stronger clus-
tering of RBCs and larger aggregates. Geometrical analysis
of these structures (see Sec. III B 2 for details) allows the
extraction of the permeability coefficient k and the average
pore size 〈l〉. Figure 6(d) presents the permeability coefficient
which increases with increasing interaction strength ε, at least
in the range of physiological attractive interactions. The char-
acteristic pore size 〈l〉 in Fig. 6(e) also consistently increases
with the interaction strength.

An increase in the permeability of the erythrocyte gel with
increasing pore size is explicitly shown in Fig. 6(f). More im-
portantly, the dependence of k on 〈l〉 is nearly quadratic (i.e.,
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FIG. 6. Effect of interaction strength on the structure and permeability of erythrocyte aggregates from simulations. (a–c) Gelation process
from hydrodynamic simulations for different interaction strengths ε = {0, 2.5, 4.4} kBT . All snapshots are for volume fraction φ = 0.35 and
show a 10-μm-thick layer in z with a cross section of 50 μm × 50 μm in x-y. (d) Permeability coefficient, computed as k = (1 − φ)vη/ ∂P

∂z ,
as a function of the interaction strength ε. The data are displayed for two different hematocrits, and the lines are a guide to the eye. (e) The
average pore size 〈l〉 from simulations for varying interaction strength ε. Errors on the average are typically smaller than the symbol sizes. The
corresponding distributions of pore sizes are shown in Supplemental Fig. 5 [58]. The lines are a guide to the eye. (f) Permeability coefficient
k as a function of the mean pore size l obtained by varying the interaction strength. The lines are quadratic fits (k = A + B〈l〉2 with A and
B being fit parameters), which follow the scaling in the Carman-Kozeny relationship (k ∝ a2). Except for the data points marked by upward
triangles, all data were generated with φ = 0.25. (g) The average pore size 〈l〉 for different suspension conditions, including a static (no flow)
case with deformable RBCs and a suspension of rigid RBCs and spherical particles. All curves are for a volume fraction of φ = 0.25. The
lines are a guide to the eye. Errors on the average are smaller than the symbol sizes.

k ∝ 〈l〉2), which is consistent with the Carman-Kozeny rela-
tionship used in the theoretical model (see Sec. II and the joint
letter [20]). In agreement with experimental observations, the
increase in the pore size is related to the formation of long
network-like rouleaux aggregates (see Fig. 4). This argument
is also consistent with distributions of l (see Supplemental

Fig. 5 [58]) which show that an increasing interaction strength
mainly leads to an increase in the number of large pores
within the gel network. The combination of these observations
explain how an increase in fibrinogen concentration during
inflammation results in a faster collapse (or sedimentation)
of the erythrocyte gel. Indeed, they show that an increase of
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erythrocytes attraction leads to a higher permeability through
geometrical effects, which are then responsible for the higher
sedimentation rate. This then reconciles the usual diagnostic
explanation with the gel-collapse model.

In addition to the effect of interaction strength on the
size of pores within erythrocyte gel, it is interesting to look
at the importance of fluid stresses, cell elasticity, and cell
shape for sedimentation. Figure 6(g) presents average pore
sizes for the cases with no fluid flow and for rigidified RBCs
and spherical particles. The snapshots of corresponding struc-
tures are shown in Supplemental Fig. 6 [58]. The comparison
of the φ = 0.25 curve (with sedimentation flow) with the
“static” curve in Fig. 6(g) shows that 〈l〉 is only slightly
affected by fluid stresses. This is likely due to the fact that
fluid flow during sedimentation is generally slow, and thus,
the corresponding fluid stresses do not induce significant
rearrangements within aggregated network structures. Inter-
estingly, the largest difference in 〈l〉 occurs at the largest ε,
which suggests that structures in highly aggregating media
might be more fragile. Note that one of the limitations of
our simulations is a relatively small simulation domain, since
aggregated structures may have differences in stability over
different length scales.

We also consider for comparison the case of rigidified cells,
whose bending and shear moduli of the membrane are set to
be ten times larger than those of normal RBCs. The results in
Fig. 6(g) demonstrate that even though 〈l〉 still increases with
ε for rigidified RBCs, the slope of the curve nearly vanishes at
large enough attraction strength. This means that for ε � kBT ,
membrane deformability plays a dominant role for the pore
size and the speed of sedimentation. For instance, this is likely
the main reason why the ESR is very low in acanthocytosis
disease, where an increased rigidity and shape changes in
RBCs are frequently observed [63]. For comparison, Fig. 6(g)
also presents pore sizes for suspensions of both soft and
rigid spheres during sedimentation. In these simulations, we
observed that the spheres form aggregates which percolate
(pφ > 0.9) for ε � 1.2. At low ε, 〈l〉 for the suspension of
spheres is larger than that for RBCs. As soon as ε > 0 in-
creases, the average pore size quickly saturates and becomes
independent of ε, which is consistent with the effect of particle
rigidity on sedimentation discussed above. The dependence
on the aggregation energy is slightly smaller for the rigid
than for the soft spheres. This supports the idea that both
shape and rigidity influence the structure of the network. As
shown by the permeability reported in Fig. 6(f), the increase in
average pore size leads to faster sedimentation. Interestingly,
when the permeability of the various shapes is shown as a
function of the average pore size 〈l〉, the data obtained with a
constant hematocrit φ = 0.25 have fairly comparable values.
This supports our assumption that the average pore size is the
appropriate parameter to describe the dynamic properties of
the percolated network. Furthermore, the small variation of
〈l〉 as a function of ε is in agreement with properties of rigid-
particle suspensions, such that spherical particles form fractal
aggregates whose fractal dimensions depend on the aggrega-
tion regime, but not on the magnitude of the attractive force

[64–66]. As a result, the dependence of ESR on fibrinogen
concentration for erythrocyte suspensions is governed by the
combination of anisotropic shape and membrane flexibility of
these cells.

V. SUMMARY AND CONCLUSIONS

We have shown with a combination of experiments, theory,
and simulations that an increase in erythrocyte sedimentation
velocity due to an increase in aggregation interactions be-
tween eryhtrocytes can be explained through the formation
of a gel structure, its permeability characteristics, and col-
lapse dynamics. Suspensions of spherical and rigid particles
show much less sensitivity of the sedimentation speed to the
attraction strength, demonstrating that RBC anisotropy and
flexibility govern the structure of RBC aggregates and their
sedimentation behavior. These results are consistent with the
erythrocyte gel hypothesis and the theoretical model of sedi-
mentation we introduced [20].

Our measurements also demonstrate an unexpected de-
pendence of the delay time t0 before sedimentation starts
on the aggregation strength. In particular, t0 decreases with
increasing ε, so that the sedimentation process starts faster.
This behavior is exactly opposite for suspensions of rigid
particles, where attractive interactions stabilize the gel and
delay its sedimentation. We hypothesize that RBC membrane
flexibility determines t0, as supported by the additional data
in the Supplemental Material [58] and reduces erythrocyte
gel stability at large interaction strengths. Nevertheless, these
differences in the sedimentation of suspensions of soft and
rigid particles require further investigation.

In conclusion, our results show that erythrocyte suspen-
sions should be considered as soft-particle gels, in contrast
to the common proposition of the sedimentation as large,
separate cell aggregates. Thus, the structure and dynamics of
erythrocyte suspensions can be analyzed and characterized
by same physical tools and as many other particle suspen-
sions with a high volume fraction. This observation opens
up ways to develop diagnostic applications in diseases (e.g.,
acanthocytosis) involving some modification of erythrocyte
properties, as suggested in a previous study [63]. Importantly,
RBC anisotropy and flexibility place these suspensions into a
class of soft-particle systems whose sedimentation behavior
and comprehensive theoretical description are still open phys-
ical questions which have to be addressed in future research.
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