Downloaded from https://www.pnas.org by Saarlaendische Universitaets und Landesbibliothek SULB on July 20, 2026 from |P address 134.96.121.181.

STATISTICS
BIOPHYSICS AND COMPUTATIONAL BIOLOGY

PNAS

Check for
updates

Band pattern formation of erythrocytes in density gradients
is due to competing aggregation and net buoyancy

Felix Maurer®' (), Camila Romero?, Nikolas Lerch?, Thomas John®{2), Lars Kaestner®®

Affiliations are included on p. 7.

, Christian Wagner®*

, and Alexis Darras®®’

Edited by Anna Balazs, University of Pittsburgh, Pittsburgh, PA; received June 17, 2025; accepted November 3, 2025

Centrifugation of biological matter in density gradient solutions is a standard method
for separating cell types or components. It is also used to separate red blood cells
(RBCs) by age, as they lose water and become denser over their lifespan. When the
density gradient is prepared with Percoll, discrete bands of RBCs are systematically
observed along the gradient, despite the continuous density distribution of RBCs.
Early studies suggested that cell aggregation might influence spatial distribution, but
it remains debated whether a continuous density population can form discrete bands.
We developed a continuity equation incorporating cell aggregation to describe the
macroscopic evolution of RBC volume fraction in a density gradient, considering
a continuous RBC density distribution. Numerical solutions demonstrate that the
competition between net buoyancy and aggregation is sufficient to create band patterns.
Our model reproduces the temporal evolution observed in experiments, but also
predicts several types of bifurcation-like behaviors for the steady-state patterns in
constant gradients, depending on RBC volume fraction and aggregation energy. This
demonstrates that the competition between RBC aggregation and net buoyancy is a
mechanism driving pattern formation.

pattern formation | density separation | cell aggregation | erythrocytes | DDFT

Research into density gradient media started in the 1960s and led to advances in the
separation protocols of biological matter by mass density (1-12). Density gradients
are usually prepared by concentration gradients in suspensions of nanoparticles or
macromolecular solutions, with sedimentation dynamics different from that of biological
objects to separate (1-5). Among these media, suspensions of biocompatibly coated
silica nanoparticles, known commercially as Percoll®, have found extensive utility in
the separation of red blood cells (RBC) (5-12). Human RBCs remain approximately
120d in the blood circulation. During their lifetime, they experience progressive
dehydration, and the mass density consequently increases (13). Therefore, separation
by density is considered a convenient way to sort RBCs according to their age (6, 7, 9).
Previous studies reported characteristic discontinuous RBC distributions of distinct
bands, referred to as heterogeneous fractionation (5-12), which we reproduce in Fig. 1 B
and H. The underlying mechanism was unknown, sometimes attributed to intrinsic
cell characteristics, e.g., heterogeneous ion exchange or cytoskeleton configurations
(11). However, early observations of RBC redistribution after a second centrifugation
indicated the presence of aggregation (6). Indeed, it is well known that, in polymer or
nanoparticle suspensions, RBCs tend to aggregate into linear structures, called rouleaux,
due to bridging and/or depletion forces (14-18). Therefore, the overall aggregation
energy depends on both the properties of the RBCs, as well as on the properties of
the suspension (19-22). We previously identified cell aggregation as an underlying
mechanism significantly influencing band pattern formation thanks to a series of
experiments where the aggregability of RBCs was altered (23). Now, we provide a
numerical model that quantitatively predicts band pattern formation due solely to cell-
cell aggregation, even if the mass density distribution is continuous.

Independently of the RBC density separation methods, the mechanics of pattern
formation is a whole field of study on its own. Regular patterns, which are the result of
a symmetry break, can appear in general dynamic instabilities, where two antagonistic
processes compete for the dynamics of the system (e.g., Rayleigh—-Bénard, Rayleigh—
Taylor, and Benjamin—Feir instabilities) (24-26). Pattern formation is also closely
related to biological systems, as it determines the morphogenesis of organisms (27-32).
Paradigmatic models for microscopic systems include Turing patterns (from reaction—
diffusion) and diffusion-aggregation mechanisms (33-38). Recently, it has also been
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Fig. 1. Density gradient protocols for RBCs and resulting band patterns. (Left side) Self-forming gradient: (A) Scheme of a standard separation protocol. Packed
RBCs are suspended in a Percoll medium matching the average cell density, with a hematocrit (y) of 2%. The tube is placed in a fixed-angle rotor. Percoll
particles form a concentration gradient and RBCs arrange in bands. (B) Photograph of the resulting experimental RBC distribution. The z-axis coincides with the
tube axis. (C) Measurements of density from a self-formed gradient for different centrifugation durations Tc. Colored markers are measurements, while curves
are regressions of a sigmoidal function (S/ Appendix, Eq. S2). (Right side) Stationary linear gradient (D) Syringe pump setup: Syringes A and B hold Percoll-based
media of different densities ps < pg and equal hematocrit (y). The densities are chosen symmetrically around the mean cell density. Pistons are driven by
linear actuators at different speeds during 8 min in 200 steps. (E) The flow rate is changed linearly and reversely between A and B. (F) Measurements of density
from a resulting linear gradient. Marker lines show error bars, red dots mark the initial densities. A linear regression (red line) is close to the expected gradient
(dashed line). (G) The gradient is centrifuged in a swing-out rotor. (H) Photograph of the resulting experimental RBC distribution in the tube, displaying a band
pattern, for (y) = 4 %.

shown that dynamic density functional theory (DDFT) can  no indication that the mass density distribution of RBCs is

predict pattern formation with repulsive interactions, or “social ~ discrete and/or multimodal. In fact, usually the distribution of the
distancing,” when modeling disease transmission in a population  physiological RBC mass density is approximated as a Gaussian
(39). Among the possible patterns obtained in all these situations, ~ with a mean around 1.1gcm™ and a SD of 0.004gcm™3
band patterns are usually considered as the simplest ones, which (41, 42).
can even appear in one-dimensional systems. However, their We developed a numerical model under the assumption that
appearance and properties depend on the exact mechanisms and ~ RBCs interacting with a gradient of nanoparticles perceive the
boundary conditions (e.g. as implemented in simulations, or nanoparticles as a bulk medium. Consequently, the nanoparticles
determined by the experimental container size and shape) of the are not explicitly modeled. Instead, the gradient is represented
system in which they occur. by a density function p(r, ¢), which is introduced as an external
In this work, we present a continuum (DDFT) model  field in the simulation. The dynamics of the RBCs are assumed
that describes the macroscopic evolution of the distribution of  to be governed by the acceleration of the net buoyant mass
RBCs in a Percoll gradient. It demonstrates that band patterns  and cell aggregation. From a microscopic point of view, we
spontaneously form because of competition between isodensity  consider the volume forces arising from the external acceleration
equilibrium, i.e., net buoyant forces, and intercellular aggregation  due to centrifugation and the buoyancy following the principle
forces. Therefore, we identified the physical mechanisms leading ~ of Archimedes, as well as the interaction forces between cells
to pattern formation in density gradients, which can reach clinical (Fig. 2).
applications (12). The net buoyancy force combines the first two contributions.
Protocols in biological or biochemical studies for age sepa-  Acting on a single cell of volume V' and mass density p at

ration use spontaneous self-formation of a density gradient in  position r, in a surrounding liquid of density p(r, #), it is given
Percoll, as sketched in Fig. 1 A and B. The RBCs suspended in by fue = aV(p — p(r,7)). We assume a constant inertial
the Percoll concentration gradient drift toward their isodensity ~  acceleration a due to the centrifugation of the sample, omitting

position, where net buoyant force and external acceleration  the change over the tube length. RBCs are known to form
balance. This should result in a sorting by density. The spatial rouleaux stacks, in which discocytes orient face-to-face, aligning
cell distribution is expected to represent the mass density  their broad surfaces to maximize contact area. These linear
distribution. However, when resolved in a Percoll gradient, the ~ chains can further interconnect, giving rise to extended networks.
spatial distribution of RBCs organizes into a pattern of discrete For the description of cell aggregation, we reduce the problem

and separate bands (5-12, 40); see Fig. 1 B and H. There is to pairwise interactions. Specifically, we introduce a mean-field
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Fig. 2. Scheme of the microscopic mechanisms involved in the numerical
model. RBCs are represented as spheres (red) with equal radii r = 2.8 pm and
different densities p and p’ (red shading) suspended in a liquid medium of
density p(z t) inside of a centrifugation tube in an acceleration field. The
medium contains nanoparticles (blue, r ~ 20nm for Percoll, scaled up).
Competing mechanisms acting on a cell are the net buoyant force fet and
the interaction energy u(|r’ — r|) between cells with position vectors r and r'.

potential. In the case of rouleaux, this potential is expected to be
represented only by pair interaction. The principal mechanism
is assumed to be as follows: a single probe cell finds a partner
cell that is either at the boundary of an aggregate, e.g., at the
end of a rouleaux stack, or unbound. In general, the interaction
force between two cells depends on the initial relative orientation.
However, our average potential is assumed to combine the average
geometrical alignment path and forces. The interaction force
is, therefore, assumed to originate from a spherically symmetric

potential fi,, = ﬁ%;:qu(h' — 1’|). The fundamental difference
between equilibrium with and without cell aggregation becomes

clear: without aggregation, a cell is at mechanical equilibrium if

0="fhe=2aV(p—p(r1)
= p=p(r1),
implying that the individual cell will find a position of matching

mass density in the gradient. Equilibrium in the case of a pair
aggregate requires

/

r
v —r|

0= fhet + fine =aV(p—p(r,2)) + Vu(lr —r'|),

and is therefore determined by a competition between net
buoyancy and interaction forces. In the case of a pair, the
equilibrium solution is straightforward. The mean density is
equal to the mean gradient density,

p+p =pltr)+p(d 1),

and the differences in buoyancy must be equalized by the
interaction force

alV
fine = - (o= 0" +p(r 1) = plr', 1)
Although governed by the same principle, the equilibrium
configuration of multiple cells is considerably more complex.
Within the framework of many-body computational systems, the
feasible number of cells that can be modeled is sharply limited by
computational constraints (23). This motivated the development
of a bulk continuum description. Assuming that the dynamics
take place in the Stokes regime, we compute cell flux terms
originating from the microscopic forces. Due to the conservation
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of the number of RBCs, it is assumed that the volumetric cell
density function n(r, p, ¢), which describes the number of cells
per volume element and mass density increment at position r and
time ¢, satisfies a continuity equation

3;41(1‘, P l’) =—V,- j(l‘, P l’)) j = jnet + jint- (1]

The flux j associated with a force f is given by the product of the
volumetric cell density and a characteristic cell velocity j = nv.
The velocity is obtained through the ratio between the force
and the cell drag coefficient ¢, as v = £{ . Therefore the flux

associated with net buoyancy reads

jree(t 91 1) = ¢Vl pu ) aV (p = plat)

The pair-interaction between cells leads to a flux
jine(r p, 1) = C71 // 22 (.t p, 0, ) Veu(|t' — 1) &3/ dy,

where u(|t’ — r|) is the pair interaction potential between

RBCs and (3 (r, ¥/, p, o/, ¢) is the two-particle density function.
The latter contains structural information of the geometrical
configuration of cells in the equilibrium of the system. The

quantity 23 (r, ¥, p, p/, £) 437 dp’ represents the amount of cell
matter at position (r, p’) that interacts with the cell matter
located at (r, p). We use the approximation 22 (r, ¥, p, o/, ) ~
(I —x|)n(x, p, £)n(r, p', t), where g(r) is the pair distribution
Sfunction (43, 44). This approximation is also known as the pair-
factorization closure for a weakly inhomogeneous system within
the local-equilibrium approximation. The pair distribution func-
tion g(7) is assumed to be spherically symmetric, corresponding
to an orientational average. In this mean-field approximation,
the potential has spherical symmetry, even if the microscopic
pair interaction is anisotropic (45). For systems of short linear
chains, g(7) exhibits a pronounced and narrow nearest-neighbor
peak at the bond length, reflecting the strong localization of
bonded pairs.

This peak is typically sharper and reaches higher amplitudes
than in isotropic fluids, where nearest neighbors are distributed
over a three-dimensional coordination shell, leading to a broader
first peak. We assume that the RBC concentration remains
homogeneous in the plane orthogonal to the tube axis. This
implies a reduction to z dependency, n(r, p, t) = n(z p, t), which
simplifies the continuity equation to one spatial dimension.
Eventually, using a proper change of variables, the continuity
equation [1] for the volume fraction of RBCs ¢ = n(r, ) V71,
with RBC volume V, can then be written as

o = 2771-82 (cof(z/ — )il —zl)y(2) d2’>

+aVo, (@ (p—p(z1))),

where y = [@dp, { = 8.97 x 1078 kgf1 is the Stokes drag
coefficient of an RBC with hydrodynamic radius R = 2.8 pm
(46), u(|lr — r'|) = [drg(lr — 1'|) o/ (Ir — 1'|) is the effective
interaction potential between two RBCs located at r and 1/, with
#(r) = 0,u(r), a = —az as the inertial acceleration in the
centrifuge referential, and p(z, ) the density of the surrounding
Percoll suspension (47, 48). By this definition, y(r, #) is the
volume fraction of RBC:s at location r. The equilibrium of the
system is given by 9,¢ = 0, implying

0 ( [ =2tz i) o +

:0)

(2]

aV?

2r

0 (0 plec0)
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Fig. 3. RBC fractionation in a self-forming gradient: experiment and numerical solution. (A) Photographs from the separation protocol shown in Fig. 1 after
different centrifugation durations Tc. The tube hematocrit was 2 %. Initially, the RBC sample was suspended homogeneously. The centrifugation was stopped
after each time interval and an image was taken. During the first half of centrifugation, the enveloping RBC distribution shows two peaks that finally merged as
a central band appeared at t = 15min. (B) Final experimental RBC density distribution (t = 20 min) showing distinct bands and a developed central band. The
volume fraction y(z) was obtained from image intensity profile measurements after a calibration under equal lighting conditions (see details in S/ Appendix,
section 5 and Fig. S5). (C) Numerical solution of the system with () = 2% for comparison. The assumed gradient shape and gradient time development was
designed to match measurements; see Fig. 1. The colormap was obtained from the calibration to photographs. Simulation results also show the separation in
two peaks and a merging around t ~ 15min with a central band. (D) Final numerical RBC density distribution (t = 20 min), showing distinct bands similar to the

experiment.

which in the nontrivial case, ¢ # 0, portrays the competition
between isodensity position and cell aggregation in the bulk. The
solution without interaction is ¢(z p, 00) = (y)Ld,(p)6(z —
2~ 1(p, 00)), where 4,(p) is the physiological density distribution
of RBCs, (y) the tube hematocrit, and L the tube length. The
solution with interactions is contingent upon the particular form
of the interaction under consideration. A common choice in the
case of short-range interactions, like depletion, is a Lennard-Jones

potential (49, 50),

12 6

The employed effective potential also takes into account
the geometrical pair distribution function g(7), ie., #(r) =
[ g(¥') 3,u(+') dr’. The effective potential employed in our nu-
merical resolutions, along with further theoretical considerations,
are provided in S/ Appendix section 1. The numerical solver was
implemented in C++ with CUDA; see SI Appendix, sections 3
and 4 and Figs. S3 and S4, and open-access code (51). We use
6 = 5.6 pm as the interaction rangg, i.e. the diameter of a sphere
with the volume of human RBCs, which is around 90 fL (52).
To estimate the maximum possible band size without breakup,
we need to analyze the scaling behavior and relative magnitudes of
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the competing terms. We begin by introducing a dimensionless
system equation, examining the characteristic scaling of the
relevant parameters,
_ uw _ oz _ p
u = -—, z = —, p = —
o

U

_ P _ ot
,P:—, qo:qoo'p, = —.
Op Op T

The dimensionless potential is obtained through normalization
by the amplitude U. The relevant length scale is the interaction
length 6. In the case of a matched density gradient, the average
density of the gradient is equal to the average density of the cell
population (p), and the spread is chosen to match the width
of the mass density distribution ¢,. We therefore normalize the
mass density p, the gradient p, and the RBC concentration ¢
by the same characteristic density ¢,. Using V = %0'3 , the
dimensionless system equation reads

o o=t ((;)f(z —2) a7 — 2w (@) dz’)
aVo,t 3]
(o (5 e Y [
+0: (@ (p—p(z1))), &= Voo

From the left-hand side, the dimensionless coefficient indicates
that the characteristic time for the evolution of the RBC
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Fig. 4. Simulation results for sedimentation in a stationary linear gradient. The hematocrit was set to (y) = 3 %. The prepared gradient from the protocol
in Fig. 1(d) is modeled by p(z) = 1.6g (mlcm)~" (z—2.5cm) + 1.1gmI~". (a)-(c) RBC density function ¢(z p, t) at different time points during simulation (0,
15, and 20 min). Panel (a) shows the initial state of the RBC density function. It is homogeneous in space and follows the physiological density distribution
assuming a Gaussian along the density dimension p. Atime point near the onset of band formation is depicted in (b). Panel (c) shows the final state, respectively,
characterized by an overall alignment to the gradient but a superimposed band pattern. (d) Time evolution of the volume fraction y (z t). The distribution width
is smallest at t ~ 2 min, when upward and downward moving cells are crossing in the middle of the sample tube. At t ~ 15 min distinct bands are forming which
continue to sediment toward equilibrium. Also, a merging near the borders can be observed at t ~ 17 min. (e) The symmetric final state shows 14 bands, with
accumulation localized in boundary tails generated by the density cut-off at the container walls.

concentration is 7 = ¢ (ﬂV6p)71 , teducing the scalings to a
single parameter £. It is determined by the competition between
the drag and the buoyant energy introduced by centrifugation. It
also makes it clear that, if one considers an observation time much

longer than the viscous transport time of the RBCs 7 >> a({,i ,
7]

a stationary solution will be observed, as the only term with
an explicit dependence on d; becomes negligible (as long as
(2, %) can be considered constant as a function of # during this
characteristic time 7 (i.e., 9;p << 1)). The prefactor £ of the
interaction integral compares the interaction energy 12U with
the buoyant energy across the interaction length 2Vo,0. This
parameter £ is negligible if the aggregation energy is very small
compared to the characteristic buoyant energy U << aVo,0,
and the stationary distribution of RBCs is then expected to
be very close to the solution without any interaction at all.
Conversely, a significant deviation of the cell distribution from
their isopycnic positions is to be expected for U Z aVo,0.
The deviation of the cell density from the gradient corresponds
to a spatial displacement Az. If we assume a linear matched
gradient p = Gz, dimensionless analysis leads to a characteristic

difference p — p = Az Gap_l. We expect the interaction integral
to scale with the average volume fraction (y). With that, the
maximum displacement that can be stabilized by the interaction
energy is Az ~ Upf(u/)Gfl. For U = 1004a]J in a system of
length L = 1072 m with (w) = 1072, and in a stationary linear
gradient with G & 26,17}, itis & ~ 30 and Az ~ 10> m. In
addition to this estimation of the band distance, the competing
terms in & also provide information about the influence of
system parameters. While band distance decreases with increas-
ing centrifugal acceleration 2 and gradient magnitude G, it

PNAS 2025 Vol. 122 No. 51 e2515704122

increases with interaction energy U and mass density distribution
width o.

A more quantitative approach can be obtained with time
resolutions of the system equation, with initial conditions
considered as homogeneous in space, which corresponds to
mixing the sample tube, and a physiological distribution in
density @(z p, 0) = (w)d,(p) = (q/)(2750’,,2)*%’(”’@))2/2""2
with (p) = 1.1 gcm_3, 0, = 4mg cm ™3 (41, 42, 53). We solved
the model for the traditional self-forming sigmoidal gradient, as
well as a new stationary linear gradient separation protocol, in
order to probe the properties of the obtained pattern in a simpler
case. The interaction energy is fixed, and solutions for various
spatially averaged volume fractions (y) are investigated.

The solution for the self-forming gradient protocol, illustrated
in Fig. 14, is depicted in Fig. 3. Experiments were performed
with the mean Percoll density matching the mean RBC density
(41, 42). Images after different centrifugation durations are
shown in Fig. 34. All figure data and raw images are available
in a Figshare repository (54). Initially, the Percoll density is
constant as the medium is homogeneous, p(z ¢ = 0) = po.
Consequently, cells with a lower density than the surrounding
medium, i.e., pRBC < po, initially move to the top and the
remaining cells to the bottom. In the case of a perfect density
match and a symmetrical mass density distribution, this divides
the population exactly in half within the first minute. The
dynamics then show two different time scales related to the two
different sedimenting specimens, RBCs and Percoll particles.
During the first minutes, RBCs reach their isopycnic position
before the gradient fully develops. The isopycnic position with
respect to each cell is therefore still changing over a longer

https://doi.org/10.1073/pnas.2515704122
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Fig. 5. Final band structures in linear gradients, for various hematocrits. (A) Experimental photographs for different hematocrits. Linear gradients were
prepared following the protocol in Fig. 1D. The mean RBC density from one donor was measured and the density designed to cover range of 8mgmL~"
symmetrically. All tubes were prepared and centrifuged at the same time. The meniscus level was 5 cm from the base of the tube. Accumulation at the
boundaries arises from cells with densities outside the admissible range. (B) Extracted distribution of the volume fraction, based on the image intensity profiles.
Bands appear starting at hematocrits above ~ 1%. (C) Simulation end state for the same system size and different volume concentrations (y). There is a
continuous emergence of a band pattern at hematocrits between 1 and 2 %. With increasing concentration, there are various bifurcations, including a change
in final band positions and numbers. Abrupt transitions occur at around 2, 2.7, 3.6, and 3.8 %. Overall, the distance between bands increases with hematocrit.
(D) Distributions of the volume fraction in numerical simulations, for selected values of (y) matching the experimental hematocrits.

time scale until the end of centrifugation, meaning that the cell
distribution follows the gradient formation dynamics. Hence, the
gradient formation process also influences the pattern formation
process. Microscopically, this observation can be explained by
comparing the effective sedimentation coefficients of RBCs to
those of Percoll particles in the system. The sedimentation
coefficient of Svedberg in terms of the Stokes’ law is proportional
to the radius squared and the buoyant density difference (55). For
RBCs, wearriveat sggc = 1 x 1072 St0 1 x 10710 depending
on the position in the gradient, and for silica particles at sgjic, ~
1 x 10711 S, This implies that the time scale of RBC movement
toward their buoyantly neutral position is 10 to 100 times smaller
than the characteristic time of Percoll density gradient formation.
The numerically calculated RBC volumetric density y (z 7¢)
is in good agreement with the experimentally observed distri-
bution, Fig. 3C. This includes time scales, i.e., the initial split
t < 2min, and the recombination with the development of a
central band at around # = 15 min, as well as the number and
relative amplitude of the bands. Differences include a breakup
of the distribution tails in the top and bottom of the tube due
to horizontal heterogeneity and uncontrollable variations in the
experiment. Those variations might be induced by thermal or
other convection, vibrations, and an offset in density matching.
An additional result for a higher hematocrit of 10 % in a self-
forming gradient is shown in the S Appendix, Fig. S7, revealing
a lower number of bands with a higher population and increased
spatial separation. At these higher hematocrit levels, the solutions
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are expected to be less reliable because local concentrations
approach saturation (y(z) = 100 %), a regime in which the
model assumptions are expected to break down. However, an
overall agreement and confirmation of the scalings was observed.

We found that the model resolution leads to similar results
when assuming a different shape of the effective potential # as long
as () = V! [ r*u(r)dr and the characteristic length & remain
approximately the same. The result for a different potential is
shown and discussed in S/ Appendix, section 6.

In order to perform concept-focused experiments, we designed
controllable Percoll concentration gradients to study the final
band pattern in various well-defined gradients and volume frac-
tions. We use two computer-controlled syringe pumps to prepare
a linear Percoll gradient and a homogeneous RBC distribution
for the initial condition as shown in Fig. 1 D—F. This method uses
lower accelerations, so that the distribution of Percoll does not
change substantially during the sedimentation process. Hence, it
can be realized with swing-out rotors. It is therefore more straight-
forward to implement corresponding numerical simulations, as
the density gradient p(z) can be considered stationary along
time with 9,p constant. Fig. 4 displays a typical time evolution
obtained in the corresponding numerical simulation with a sta-
tionary linear density gradient. In this example, the distribution
aligns with the gradient close to the expected equilibrium without
interaction. This leads to an increase in the local volume fraction.
The onset of the band pattern in this case appears afterward creat-
ing deviations from the equilibrium position without interaction.
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Fig. 5 compares experimental and numerical outcomes. In a
stationary linear gradient, a band pattern only appears above a
critical concentration. Fig. 54 shows the final cell distribution
after centrifugation under the same conditions for different
hematocrits (y). It reveals a complex branching behavior in
which the number of bands might increase or decrease with
increasing hematocrit. Fig. 5C shows the simulation end state
for different (y). The competition between net buoyant forces
and aggregation can predict the emergence of various band
patterns depending on the suspension properties and explains
the high sensitivity of the band pattern on the experimental
conditions. Indeed, for (y) > 3.5 %, steady-state solutions exist
only across a range of below 0.25 %. In the experiment, the system
is highly sensitive to perturbations, which can redistribute the
RBCs through advection. Additionally, in 3D, we could also have
heterogeneities appearing in the xy-plane, modifying the collision
mechanisms toward a more stochastic process. Thus the observed
bands are not cleanly separated, i.e., they are superimposed
with a noise background. Also, a symmetry-breaking shift in
the distribution can occur in case of a mismatch between the
central gradient density and the average cell density; see Fig. 54
for (y) = 4 %.

In this study, we proved that when aggregating particles
with a nonunique mass density, such as RBCs, are placed
in a density gradient, the assumption of an attractive pair
interaction predicts band pattern formation in their spatial
distribution. This occurs even if they have a monomodal and
continuous mass density distribution. These findings are in
agreement with the previous identification of cell aggregation
as the most important mechanism in band pattern formation
(23). Further, this aggregation seems unique to Percoll, as shown
in the S/ Appendix, section 8. Our continuum model provides an
explanation for the time evolution during centrifugation and the
final state of the RBC density function. This opens perspectives to
model and predict properties of RBCs based on the observation
of their band patterns, which has the potential of contributing
to and enhance diagnostic predictions (12). Moreover, preparing
controlled density gradients might allow to determine conditions
to obtain more sensitive or more reproducible protocols to obtain
pattern formations, which can now be explained theoretically.
In summary, the competition between net buoyancy and ag-
gregation is a physical mechanism generating pattern formation
with a complex bifurcation diagram. Its comprehension presents
an exciting challenge for researchers in the field of soft matter
and biophysics, with potential clinical applications. Interestingly,
although this pattern formation has now been observed with
biological samples, we do not need to assume any specific
biological properties to observe this effect, and it should occur
with artificial particles of similar sizes and geometries.
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