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ABSTRACT Margination is a physical phenomenon that describes the migration of cells and particles toward vessel walls in 
blood flow, and thus, it serves as a necessary precondition for the adhesion of particles suspended in blood plasma to the endo-

thelium. In the context of malaria, adhesion of infected red blood cells (iRBCs) to the endothelium is essential for the disease 
progression, as iRBCs have to evade the removal from the blood circulation in the spleen. Some malaria strains lead to the for-

mation of rosettes, multicellular structures composed of one iRBC surrounded by several adhered healthy RBCs (hRBCs). We 
employ mesoscopic hydrodynamics simulations and microfluidic experiments to investigate the margination of rosettes in blood 
flow at various flow rates, volume fractions of hRBCs, and binding strengths between iRBCs and hRBCs. Surprisingly, rosette 
margination is significantly weaker than that of single iRBCs, suggesting their limited adhesion potential in blood flow. The main 
reason for poor margination of rosettes is the deformability and dynamics of rosette clusters formed by several hRBCs around 
one iRBC. Simulation predictions are confirmed by microfluidic experiments. Our results suggest that the main function of 
rosette formation is not to enhance cytoadhesion to the endothelium, but to keep the iRBCs in the blood flow, at least along 
straight vessel segments.

INTRODUCTION

Malaria is caused by Plasmodium parasites, whose develop-

ment, multiplication, and transmission form a complex life 
cycle, involving both mosquito and human hosts (1,2). 
The medically most interesting stage of the life cycle is 
the blood stage of infection in a human host, because it is 
a symptomatic stage. The blood stage starts with merozoites

released into the blood stream after the rupture of infected 
hepatocytes. In the blood circulation, merozoites invade 
healthy red blood cells (hRBCs) and develop and multiply 
inside the host cells. Parasite development within infected 
RBCs (iRBCs) proceeds in three stages, namely ring, 
trophozoite, and schizont stages, during which progressive 
changes in morphology and adhesion properties of iRBCs 
occur. At the end of the ring stage, iRBCs develop adhesion 
patches (or knobs) at the membrane surface with a typical 
size of 100 nm (3), which has been visualized by both scan-

ning electron microscopy (4) and atomic force microscopy 
(5). As a result, iRBCs in the trophozoite and schizont stages 
start to adhere to vascular endothelium (1,6). Other
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SIGNIFICANCE An important element of the blood stage of a malaria infection is the adhesion of parasite-infected RBCs 
(iRBCs) to the vascular endothelium. The cytoadhesion of iRBCs increases residency time in the vasculature and avoids 
removal during passage through the spleen. In addition to adhesion to the endothelium, some strains of malaria parasites 
cause iRBCs to bind to healthy RBCs, forming multicellular clusters called rosettes. Like cytoadhesion, the formation of 
rosettes is positively correlated with the severity of disease, as it also increases microvascular obstruction. Its main 
function is believed to be protection of the iRBCs from the immune system. We employ a combination of hydrodynamic 
simulations and microfluidic experiments to study the localization of rosettes in microvascular flow. Surprisingly, we find 
that rosette formation does not enhance cytoadhesion to the endothelium, as rosettes primarily remain near the center of 
blood vessels. Thus, our results suggest a reduced cytoadhesion for malaria strains with rosette formation.
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important host-cell modifications by the parasite are 
changes in the morphology and stiffness of iRBCs. The 
cell shape changes from discocyte at the ring stage, to 
oval at the trophozoite stage, and to near spherical at the 
schizont stage (7,8). At the same time, the stiffness of iRBCs 
increases by up to 10-fold (9). Finally, after about 48 h of the 
intraerythrocytic parasite development, iRBCs rupture, 
releasing about 20 new merozoites into the blood stream 
to continue the infection process (10).

For some parasite strains, iRBCs can also adhere to sur-

rounding hRBCs, resulting in multicellular clusters called 
rosettes (1). A bright-field image of a rosette is shown in 
Fig. 1 a. The clusters of one iRBC covered by several 
hRBCs are hypothesized to aid parasites in the evasion of 
the immune system and to facilitate rapid entry of released 
merozoites into the new host cells. However, there is no 
conclusive evidence to directly support either of these hy-

potheses. Several studies (11–13) link the formation of ro-

settes to the cases of severe malaria, in particular to those 
associated with cerebral malaria. Formation of rosettes has 
also been shown to increase microvascular obstruction, 
which significantly contributes to the severity and complica-

tions of malaria (14). Plasmodium falciparum isolates from 
patients with severe malaria have been shown to have a 
stronger tendency to rosetting, in comparison to isolates 
from patients with moderate illness (11–13). A few studies 
indicate a correlation between the formation of rosettes 
and the blood group. The blood group ABO has been 
demonstrated to favor the formation of rosettes when 
compared with the blood group O (15,16). For the O blood 
group, adhesive interactions within rosettes are mediated by 
P. falciparum erythrocyte membrane protein 1 (PfEMP-1) at 
the adhesive knobs, whereas for the ABO group, the forma-

tion of rosettes is facilitated by repetitive interspersed fam-

ilies of polypeptides (RIFINs) (17,18).

The adhesion of iRBCs to vascular endothelium is essen-

tial for the disease progression, because it prevents the pas-

sage of iRBCs through the spleen, where they have to 
squeeze through interendothelial slits and are removed by 
the immune system upon changes in their mechanical prop-

erties. Thus, iRBC adhesion at some microvascular location

allows the parasites to fully develop and release new para-

sites after membrane rupture. iRBC adhesion to the endo-

thelium is mediated by PfEMP-1 proteins located at the 
knobs, which have multiple binding partners (e.g., 
ICAM-1, CSA, CD-36) at the endothelial cells (19). Adhe-

sion dynamics of iRBCs in flow strongly depends on the pri-

mary type of receptors. For instance, bindings between 
PfEMP-1 and CD-36 behave like slip bonds (i.e., bond 
dissociation probability increases with increasing applied 
stress), whereas bindings between PfEMP-1 and ICAM-1 
or CSA behave like catch bonds (i.e., bond dissociation 
probability decreases with increasing applied stress) 
(20,21). Numerous computational investigations have quan-

tified the adhesion dynamics of iRBCs on a substrate (22– 
26). Despite the fact that similar proteins mediate rosette 
formation, the importance of adhesion in this case is much 
less clear. Furthermore, most investigations of cytoadhesion 
under flow in malaria do not address the fact that iRBCs 
have to first reach vascular walls before any adhesion can 
take place.

The migration of certain cell types (e.g., white blood cells 
(WBCs)) (27–29) or drug delivery particles (30–32) toward 
vessel walls in blood flow is referred to as margination. 
Margination results from the interplay between hydrody-

namic forces and deformability of the different components 
of blood, in particular, the three blood cell types (RBCs, 
WBCs, and platelets) (33,34). Deformable hRBCs are 
generally driven by lift forces to the vessel center, resulting 
in the localization of other components (mainly platelets) 
near vessel walls. Margination of single iRBCs has been 
investigated in several studies (35–37) and is attributed to 
the changes toward a spherical shape and an increased stiff-

ness of iRBCs. In fact, iRBC margination compares well 
with the margination of WBCs in blood flow (38–40), 
though WBCs are generally larger in size than iRBCs. An 
interesting question in the context of rosette behavior in 
blood flow is how well rosette clusters marginate, since 
margination is a necessary precondition for their adhesion 
to the endothelium.

In this work, we study the margination propensity of ro-

settes in blood flow, using two-dimensional mesoscopic

a b

FIGURE 1 Rosette image and microfluidic 

setup for margination measurements. (a) A 

bright-field image of a rosette formed by one 
iRBC and several adhered hRBCs. The rosette is 

highlighted with red color, whereas the parasite 

nucleus is blue. See also Video S1. (b) Sketch of 

a microfluidic setup that has been used to measure 
rosette margination in experiments. The channel 

dimensions are as follows: length is 17 mm, width 

is 1 mm, and height (W) is 0.1 mm.
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computer simulations and microfluidic experiments. Several 
important parameters for rosette margination are consid-

ered, including the rate of blood flow, hematocrit (volume 
fraction of hRBCs), and the strength of adhesive interactions 
between iRBCs and hRBCs. Strong adhesive interactions 
lead to stable rosettes (i.e., with a fixed composition of 
hRBCs adhered to a single iRBC) in flow, whereas weak 
adhesion results in dynamic rosettes (i.e., dynamic exchange 
of hRBC within the rosette cluster) or even single iRBCs, 
when adhesive interactions are small in comparison to 
stresses exerted by the flow. Surprisingly, our results show 
that stable rosettes have poor margination and generally 
flow near the channel center. With a decrease in the adhesive 
interactions between iRBCs and hRBCs, the margination 
propensity increases, yielding the best margination proper-

ties for single iRBCs. As a result, the poor margination of 
rosette clusters is expected to significantly reduce their 
adhesion to vascular endothelium.

MATERIALS AND METHODS 

Flow chamber experiments

Rosetting culture

A P. falciparum strain that forms clusters with hRBCs (rosettes) has been 

provided by Alexandra Rowe from Edinburgh University. It was cultured 

in HbA erythrocytes, where the cultures were maintained at 3.5% hemato-

crit with no higher than 5% parasitemia. RPMI-1640 (Gibco) culture me-

dium was supplemented with 2 mM L-glutamine, 20 mM glucose, 

25 mM HEPES (Gibco), 20 μg/mL gentamycin, 100 μM hypoxanthine, 
5% v/v A+ human serum, and 0.25% v/v Albumax (Gibco). Cultures 

were grown at 37 ◦ C under controlled atmospheric conditions (3% CO 2 , 

5% O 2 , 92% N 2 , 96% humidity). Parasite maturity was assessed by micro-

scope, with fixed thin blood smears stained with 10% Giemsa staining. 
Early-stage parasites were selected using the sorbitol lysis protocol, allow-

ing for a close synchronization of cultures. Gelatin sedimentation protocol 

was performed to separate knobby nonrosetting parasites (supernatant) 

from rosetting parasites and hRBCs (pellet). This protocol was performed 
regularly to ensure a high rosetting probability.

Rosetting probability

A rosette is defined as at least one iRBC that adheres firmly to two or more 

hRBCs. Rosetting probability was measured using a wet slide observed 

through a light microscope at 50× magnification by counting at least 500 
iRBCs. The percentage of those iRBCs forming a rosette was calculated, 

leading to the rosetting probability.

Flow assay

The experimental setup is illustrated in Fig. 1 b. Flow assay measurements 

were performed in a TCP parallel flow chamber (μ-slide VI 0.1, Ibidi) glued 

to a high-resolution glass slide (#1.5, ROTH) using freshly prepared and de-

gassed PDMS glue (SilgardTM Silicone Elastomer Kit). BSA (1% w/v) was 

added to the channel and incubated for at least 30 min at room temperature 

before the experiment. The channel was washed twice with RPMI incom-

plete media (pH 7.2, RPMI 1640, Gibco) and mounted on the stage of an 
inverted microscope (63× magnification, ZEISS, AxioObserver). Rosettes 

and single iRBCs were separated from the culture using magnetic purifica-

tion and stained with CellBrite Red membrane dye (Biotium). These cells 
were adjusted to 10 6 cells/mL in incomplete RPMI medium (pH 7.2). A to-

tal volume of 5-mL cell suspension was perfused at 0.05-Pa wall-shear

stress, using the Harvard Apparatus syringe pump connected via silicon 

tubing with the flow chamber inlet. Measurements at high hematocrit 
were performed after the addition of packed HbA erythrocytes to the cell 

suspension and a total volume of 5 mL with 40% hematocrit was perfused 

at 0.05-Pa wall-shear stress into the flow chamber. The cell flow was re-

corded either using brightfield for low hematocrit or by recording the 

CellBrite signal with high frame rates (250–1000 fps) using a Zeiss inverted 

microscope (Axio Observer, 63× magnification, Ex/Em: 644/665, Cy5 fil-

ter set) and a high-speed camera (FastCam, Photron). During the experi-

ment, the coordinates of the microscope stage were tracked and adjusted 

to correspond to the position of the recorded field within the chamber. Scan-

ning through the height of the channel in 20-μm steps allowed us to track 

the position of rosettes within the channel as well as along the length 
(12 mm) of the channel between inlets. Note that the channel length of 

12 mm should be sufficient for margination measurements, as was shown 

in previous studies (41–43) for similar channel dimensions.

Mesoscopic simulations

We employ particle-based mesoscopic simulations in two dimensions (2D) 

for modeling RBCs and hydrodynamic interactions between them; see 
Fig. 2 a. Each RBC is represented as a 2D ring of N v particles connected 

by N s = N v springs (39). The spring potential is given by

V sp = 
∑ N s

i = 1

k B Tl m 

(
3x 2i − 2x 3i

)

4l p (1 − x i )
+ 

k p 
l i
; (Equation 1)

where the first term is an attractive worm-like chain potential, and the sec-

ond term is a repulsive potential with the force coefficient k p . In the first 
term, l p is the persistence length, l m is the maximum spring extension, 

and x i = l i =l m with the spring length l i .

a

b

FIGURE 2 Time evolution of lateral position of an iRBC and rosette. (a) 
A snapshot of 2D simulations showing the formation of typical rosette 

structures. hRBCs are depicted in red and a single iRBC in blue, whereas 

brown DPD particles represent frozen wall particles. (b) Lateral position 

y lat = (0.5 − |y c /W|) of rosette and a single iRBC in the channel as a function 
of time. For the case of rosettes, k off /k on = 0.01 with k on = 27.22/τ, whereas 

for a single iRBC, k on = 0. In the simulations, hematocrit H t = 40% and 

dimensionless shear rate _ γ∗ = 2:83 are used.
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The RBC membrane is also equipped with the bending energy

V bend = 
∑ N v 

i = 1

k b (1 − cos(θ i − θ 0 )); (Equation 2)

where k b is the bending coefficient, θ i is the instantaneous angle between 

two consecutive bonds at the vertex i, and θ 0 is the preferred angle.

Finally, the RBC area is kept constant by applying the constraint 

potential

V area = 
k a (A − A 0 ) 

2 

2
; (Equation 3)

where k a is the area constraint coefficient, and A and A 0 are the instanta-

neous and desired cell areas, respectively. The coefficient k a is chosen large 

enough that the surface area of each RBC does not depart from A 0 by more 

than 1% even under flow conditions.

Fluid flow is modeled by the dissipative particle dynamics (DPD) method 

(44,45), a particle-based mesoscopic hydrodynamics technique. DPD fluid 

consists of N particles that interact through three pairwise forces. The total 
force on particle i is given as a sum of forces from all its neighboring par-

ticles j(i) within the cutoff radius r c :

F i = 
∑ 

j(i)

F Ci;j + F Di;j + F Ri;j; (Equation 4)

where FC
i;j is the conservative force, FD

i;j is the dissipative force, and FR
i;j is the 

random force. The conservative force controls fluid compressibility, the 

dissipative force accounts for fluid viscosity, and the random force controls 

thermal fluctuations. The pair of dissipative and random forces forms a ther-

mostat that imposes a temperature T (45). DPD forces act between fluid par-

ticles, as well as between fluid and RBC membrane particles. Parameters of 

the DPD interaction forces are chosen such that no-slip boundary conditions 

are satisfied at the surfaces of RBCs (46). Fluids inside and outside RBCs 

have the same viscosity η.

The shape of hRBCs is biconcave, whereas an iRBC is represented by an 

ellipse, since the formation of rosettes starts from the early trophozoite 

stage, when the shape of iRBCs already deviates from the biconcave shape

(7). Simulations are carried out in a rectangular channel with dimensions

L = 19.2D r and W = 7.2D r , where D r = 2
̅̅̅̅̅̅̅̅̅̅
A 0 =π 

√ 
≃ 4:17μm is the effec-

tive hRBC diameter (A 0 = 13.64 in simulations). The effective diameter of

an iRBC is D i = 2
̅̅̅̅̅̅̅̅̅̅
A i =π 

√ 
≃ 4:58μm. The number of vertices for both

hRBC and iRBC is set to N v = 50. Initially, the iRBC is placed in the middle 

of the channel, whereas hRBCs are distributed homogeneously between the 

channel walls. Periodic boundary conditions are employed in the x direc-

tion, whereas in the y direction, the RBC suspension is bounded by two 
walls, which are modeled by frozen DPD particles. Flow rate Q through 

the channel is characterized by the dimensionless shear rate _ γ∗ =
ηD3

r _γ=κ, where κ = k b l 0 is the bending rigidity with an equilibrium spring 

length l 0 = 0:092D r , η is the dynamic fluid viscosity (η = 72.16 in sim-

ulations), and _ γ = Q=W 2 is the average (or pseudo) shear rate. Note that

τ = ηD3
r =κ is a characteristic relaxation time of a hRBC, which will be

used as a timescale. The bending coefficient k b for healthy and infected 
RBCs is set to 50k B T and 500k B T (k B T = 1 in simulations), respectively. 

The preferred angle θ 0 is set to zero for both hRBCs and iRBCs. The 

Young’s modulus Y = 
( 
− ∂ 2 V sp =∂l 2 

) 
| l 0 of both hRBCs and iRBCs is

characterized by α = YD 2r =κ = 1340 (39). For comparison, in physical

units, we can assume D r = 4.17μm, κ r = 50k B T, and η = 10 − 3 Pa⋅s. This

yields a characteristic RBC relaxation time, τ = ηD3
r =κ r ≃ 0:3528s. By

comparing this relaxation time with that in model units, we find that the 

average shear rate in our simulations corresponds to a range from 
2.68s − 1 to 10.72s − 1 in physical units. For W = 30μm, the corresponding 

flow rates Q range from 2412μm 2 /s to 9648μm 2 /s.

Adhesion interactions between hRBCs and iRBCs are implemented 
through dynamic bond formation and dissociation with predefined on-

and off-rates. Membrane vertices on the surface of RBCs serve as receptors

and ligands for bond formation. When the distance between receptor and 

ligand is less than a critical distance of 0.12D r , a bond is created with con-

stant on-rate k on . Existing bonds can break with a force-dependent off-rate

k off (f ) = k0
off exp (f =f D), according to the Bell’s model (47). Note that

there are no adhesive interactions between different hRBCs.

RESULTS

We investigated rosette margination in blood flow by DPD 
simulations for various parameters, such as flow rate, hemat-

ocrit, and binding kinetic rates between hRBCs and iRBCs. 
To quantify margination strength, we measure the (normal-

ized) lateral position y lat =(0.5 − |y c /W|) of the iRBC center 
of mass for both single iRBCs and rosettes. Since the iRBC 
typically resides close to the geometric center of a rosette, 
usage of the iRBC center of mass to define y lat for rosettes 
is appropriate. When the iRBC is close to one of the walls 
(strong margination), y lat is close to zero, whereas y lat ≈ 
0.5, when the iRBC is near the channel center. The binding 
kinetic rates between the iRBC and hRBCs are set to repre-

sent different adhesion strengths: 1) a stable rosette with 
k off /k on = 0.01 such that no dissociation of formed RBC 
clusters occurs in blood flow; 2) a dynamic rosette with 
k off /k on = 5 such that hRBCs within the cluster can dynam-

ically be replaced by new hRBCs; and 3) a single iRBC with 
k off /k on = ∞ such that k on = 0 and no bonds can form. In all 
simulations with bond formation (i.e., k on > 0), the on-rate 
k on = 27.22/τ remains fixed. Each simulation is run for 
approximately 3 × 10 7 timesteps, corresponding to a total 
time of 220.4τ (or about 78 s). The lateral position is 
sampled every 10 4 timesteps or every 0.073τ in time.

Clustering reduces margination

Fig. 2 a shows a representative snapshot of a rosette formed 
by one iRBC and three hRBCs in blood flow at H t = 40% 
and _ γ∗ = 2:83. The rosette moves primarily near the center 
of the channel, as indicated in Fig. 2 b by its lateral position 
y lat . In contrast, a single iRBC remains mainly near the walls 
with y lat ≈ 0.1. Therefore, single iRBCs exhibit pronounced 
migration toward the walls, whereas the margination of ro-

settes appears to be poor. Single iRBCs marginate well due 
to their nearly nondeformable ellipse shape that is close to 
circular. Our previous studies have shown that rigid circular 
or ellipse-like particles marginate well in blood flow, 
whereas particle deformabilty can strongly reduce margin-

ation (32,48). In comparison, rosette structures consist of 
a stiff iRBC covered by several deformable hRBCs. As a 
result, the formed cluster is much more deformable than a 
single stiff iRBC. The high deformability of rosettes results 
in large lift forces due to hydrodynamic interactions with the 
walls, which push rosettes away from the walls (33,49). In 
addition to the deformability of rosette structures, they are 
significantly larger in size than single iRBCs. The lift force 
on a deformable particle near a wall is proportional to the

Rosette margination in blood flow
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particle size to the power of 3–4 (34,50), indicating that the 
force driving rosettes away from the walls is much larger 
than that for single iRBCs.

Fig. 3 a shows average lateral position y lat of rosettes and 
single iRBCs as a function of H t for a low flow rate with 
_ γ∗ = 0:94. The three values of k off /k on = 0.01, 5, and ∞ 
represent the cases of stable and dynamic rosettes and single 
iRBCs, respectively. For single iRBCs, margination in-

creases with increasing H t , indicated by a decreasing y lat . 
For the two cases involving rosettes, margination appears 
to improve only beyond a hematocrit of H t = 40%. A 
possible explanation for the enhanced margination at higher 
hematocrit is that the size of the rosettes becomes compara-

ble to the thickness of the RBC-free layer between the chan-

nel walls and the RBC-rich core. It is also important to note 
that the cell-free layer becomes thinner at this flow rate, 
making it more challenging to clearly define margination. 
It has been shown that deformable particles may also have 
good margination when they fit well within the RBC-free 
layer in blood flow (48). For larger hematocrits, 
H t > 30%, the thickness of the RBC-free layer decreases, 
and the margination of rosettes becomes weaker. Fig. 3 a 
also shows that loose dynamic rosettes have slightly better 
margination properties in comparison to the stable rosettes. 
As expected, margination for both rosette cases is generally 
worse than that for single iRBCs. Fig. 3 b shows the average

lateral position y lat of rosettes and single iRBCs as a func-

tion of H t at _ γ∗ = 2:83. For this flow rate, the dependence

of margination on H t appears to be weak, such that y lat is 
nearly independent of hematocrit. Similar to the case of a 
low flow rate of _ γ∗ = 0:94 in Fig. 3 a, margination at a 
high flow rate of _ γ∗ = 2:83 is best for single iRBCs, worst 
for stable rosettes, and falls in between these two extreme 
cases for dynamic rosettes. At both flow rates, the error 
bars corresponding to dynamic rosettes or k off /k on = 5 are 
slightly larger. This is because repeated binding and unbind-

ing of hRBCs to iRBCs leads to a variable coordination 
number and fluctuating rosette size, resulting in significant 
variations in the lateral position. Furthermore, even for sin-

gle iRBCs and stable rosettes, there exist occasional excur-

sions between the channel center and the wall, which also

leads to an increase in the standard deviation of y lat .

Fig. 3 c presents y lat as a function of nondimensional 
shear rate _ γ∗ for the case of stable rosettes with k off /k on =

0.01. y lat ≃ 0:4 indicates poor margination, which is nearly 
independent of _ γ∗ . This is likely due to the fact that a stable 
rosette keeps its constituent cells within the cluster, regard-

less of shear stresses exerted by the flow. Furthermore, there 
is nearly no difference in margination of stable rosettes for

the two hematocrits of 25% and 40%. Fig. 3 d shows y lat as a 
function of _ γ∗ for the case of single iRBCs (i.e., k off /k on = 
∞). iRBCs exhibit pronounced margination, which slightly 
reduces with increasing flow rate. A reduction in margin-

ation for deformable particles at high flow rates is due to

a

dc

b

FIGURE 3 Average lateral position y lat of rosettes (blue, orange) and single iRBCs (green) for different hematocrit values and flow rates. y lat and its stan-

dard deviation for (a) _ γ∗ = 0:94 and (b) _ γ∗ = 2:83 as a function of hematocrit H t . k off /k on = 0.01 and k off /k on = 5 represent the cases of stable and dynamic

rosettes, whereas k off /k on = ∞ (i.e., k on = 0) corresponds to single iRBCs, since rosettes do not form in these simulations. y lat and its standard deviation for (c) 

k off /k on = 0.01 and (d) k off /k on = ∞ as a function of flow rate for two different H t values.
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their deformability, because it leads to an increase in the lift 
force that drives them away from the walls (39,40,48). 
Furthermore, margination of iRBCs is slightly better for 
H t = 40% compared with H t = 25%, consistent with earlier 
simulation results for WBCs (39,40).

Previous work on margination of WBCs (27–29) and drug 
delivery carriers (30–32), and the results for rosette margin-

ation presented here strongly suggest that suspended parti-

cles in blood flow either marginate well or not. As a 
result, there is always a preferred position either near a 
wall or near the center, depending on particle properties 
and flow conditions. Thus, when particle position is close 
to the preferred position, the suspended particle may not 
show much migration, but if the particle position signifi-

cantly differs from the preferred position, it will gradually 
migrate toward the preferred position. Note that the margin-

ation process does not exhibit asymptotic behavior toward a 
specific lateral position, and transitions between the channel 
center and the wall can always occur. The frequency of these 
transitions is indeed influenced by several factors, including 
flow rate, hematocrit, and the properties of suspended parti-

cles. This also suggests that margination results should de-

correlate from the initial position of the iRBC, when 
several transitions between the channel center and the wall 
are observed during the length of simulations. The trajec-

tories in Fig. 2 b show several of such transitions, confirm-

ing that the length of simulations is long enough to reach 
steady state and to decorrelate margination results from 
the initial position of iRBCs in the channel.

Adhesion strength affects rosette margination

To corroborate the conclusion that single iRBCs marginate 
significantly better than stable rosettes consisting of several

cells, we study the relation between rosette lateral position 
y lat and coordination number n c or the number of hRBCs 
attached to the iRBC. n c is computed by counting the number 
of hRBCs that are bound by at least one bond to the iRBC 
within a rosette. Fig. 4 a and b presents y lat (t) and n c (t) as a 
function of time for two different flow and adhesion condi-

tions, where the ratio k off /k on is selected such that dynamic ro-

settes with a different number of adhered hRBCs are 
expected to be observed, depending on local flow stresses. 
The coordination number is correlated well with the lateral 
rosette position. Therefore, adhesion strength clearly affects 
rosette margination, since it governs its size and deformabil-

ity. It is worthwhile to mention that for moderate adhesion 
strengths shown in Fig. 4, hRBC-to-iRBC binding events 
are continuously occurring, making rosettes very dynamic. 
The case of dynamic bonds interconnects well the two 
limiting cases of no bindings and permanent bindings, which 
exhibit pronounced and poor margination, respectively. 
Fig. 4 c and d also illustrates typical simulation snapshots, 
where a cluster formed by the iRBC and seveal hRBCs is 
near the channel center, whereas a single iRBC is close to 
the wall (see also Videos S2 and S3).

Size and deformation of rosettes in flow

To quantify rosette size and deformability, we also employ 
the gyration tensor computed from all RBC particles form-

ing the rosette. The effective rosette size R and its shape 
asymmetry S are defined as

R =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

Λ 2max + Λ 2min

√ 
;S = Λ max − Λ min

Λ max + Λ min 

; (Equation 5)

where Λ max and Λ min are the maximum and minimum 
eigenvalues of the gyration tensor, respectively. Here,

a

d

c

b

FIGURE 4 Correlation of rosette margination with the coordination number n c (t) (i.e., the number of hRBCs bound to iRBC). Comparison of y lat (t) and 
n c (t) for (a) H t = 30% at _ γ∗ = 1:89 and k off /k on = 5, and (b) H t = 40% at _ γ∗ = 2:83 and k off /k on = 3. The coordination number is multiplied by a factor of 0.1 

for a better comparison with y lat (t). The smaller the coordination number is, the better the rosette margination is. (c and d) Snapshots of simulations at the 

specified times points, indicated by the black arrows. See also Videos S2 and S3.
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S = 0 indicates circular and S = 1 strongly elongated aggre-

gates. Fig. 5 a and b shows distributions of S and R for two 
distinct values of _ γ∗ at a fixed k off /k on = 1 and H t = 30%. 
The shape asymmetry S is clearly larger for _ γ∗ = 2:83 in 
comparison to _ γ∗ = 0:94, indicating a strong elongation 
of rosettes at large flow rates. Due to the significant defor-

mation of rosettes at large _ γ∗ , the effective size R of rosettes 
is also considerably larger at _ γ∗ = 2:83 than at _ γ∗ = 0:94. 

Fig. 5 c and d also shows distributions of the coordination 
number n c for two different values of k off /k on . In the case of 
k off /k on = 1, differences in the n c distributions for different 
flow rates are small, indicating that rosette clusters are stable 
within this range of _ γ∗ , with the most probable number of 
four adhered hRBCs within the rosette cluster. However, 
in the case of k off /k on = 3, rosettes at _ γ∗ = 2:83 are smaller 
than at _ γ∗ = 0:94, because they are dynamic and can be 
broken by high enough shear stresses in blood flow. Further-

more, there is a frequent exchange of hRBCs for the dy-

namic rosettes at k off /k on = 3, compared with the stable 
rosettes at k off /k on = 1.

Experimentally observed rosette margination

To experimentally corroborate the poor margination of 
rosette clusters in blood flow, we have performed flow cham-

ber microfluidic experiments (see Video S4). The experi-

mental microfluidic setup is depicted in Fig. 1 b. Similar to 
computer simulations, the experiments were performed for 
three different hematocrits, including H t = 7.5%, H t = 
20%, and H t = 40%. Fig. 6 shows the lateral position y lat of 
rosettes for the three hematocrit values, indicating that the

majority of them are located near the channel center. The 
average values of y lat ≈ 0.3–0.4 are similar to those obtained 
in simulations of stable rosettes with k off /k on = 0.01 (see 
Fig. 3). In experiments, rosettes have been observed to rotate 
in flow, a phenomenon not seen in simulations since rosettes 
are primarily located in the channel center. This discrepancy 
may also arise because the simulations are conducted in two 
dimensions. The experiments were performed at a flow rate 
characterized by the wall shear stress of 0.05 Pa, which cor-

responds to _ γ∗ ≃ 8:2 and is comparable to the range of values 
explored in the simulations. Larger flow rates lead to diffi-

culties in rosette tracking. Note that, the performed

FIGURE 6 Rosette lateral position y lat within the channel for three 

different hematocrit values from microfluidic experiments. Here, lateral po-

sition is defined as y lat = 0.5 − (|z|/W), where z represents the z-component 

of the rosette’s position in microfluidic chamber. For each hematocrit, the 

sample size is approximately 100.

a

dc

b

FIGURE 5 Probability density functions of 

shape, size, and coordination numbers of a rosette. 

Probability density functions (Pdf) of (a) the shape 
asymmetry S and (b) the rosette size R for two 

different values of flow rates at a fixed k off /k on =

1 and H t = 30%. Distributions of the coordination 

number n c for (c) k off /k on = 1 and (d) k off /k on = 3, 
using two different values of _ γ∗ at H t = 30%.
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simulations suggest that no improvement in the margination 
of stable rosettes should be expected when the flow rate is 
increased, because larger shear stresses lead to stronger 
rosette deformations. In conclusion, microfluidic experi-

ments of blood flow in a channel confirm the poor margin-

ation of rosettes predicted by the simulations.

DISCUSSION

Rosettes have been linked to severe malaria and have been 
suggested to play a key role in the disease progression (11– 
13,51). To better understand the behavior of rosette clusters 
in blood flow, we have performed numerical simulations 
and microfluidic experiments, which quantify the margin-

ation propensity of rosettes in blood flow. A high propensity 
for the migration toward a vessel wall (i.e., efficient margin-

ation) can facilitate the adhesion of iRBCs and rosettes to 
vascular endothelium and, thus, allow the parasites to avoid 
passage through the spleen, where infected RBCs are sorted 
out. On the contrary, poor margination of rosettes would sub-

stantially reduce their adhesion to the vascular endothelium.

Fig. 7 summarizes the margination of rosettes in blood 
flow obtained from simulations and experiments. Stable ro-

settes, which consist of one iRBC and several permanently 
bound hRBCs, have poor margination properties. Thus, 
they are expected to reside primarily near the center of a 
vessel and have a limited ability to adhere to the endothe-

lium. The poor margination of stable rosettes is due to their 
deformability and large size as a cell cluster. When the adhe-

sion between iRBCs and hRBCs is weak enough to allow a 
continuous exchange of adhered hRBCs, dynamic rosette 
structures are formed, which marginate better than stable ro-

settes. The more efficient margination of dynamic rosettes is 
mainly due to a reduction in their size (i.e., smaller number 
of adhered hRBCs), since the hydrodynamic lift force that 
drives deformable particles away from the walls scales as 
the particle size to the power of 3–4 (34,50,52). Neverthe-

less, the most efficient margination is found for single 
iRBCs or when the adhesive interactions between iRBCs

and hRBCs can be neglected with respect to shear stresses 
exerted by blood flow. This is mainly due to the low deform-

ability of iRBCs, whose margination is comparable with the 
margination of WBCs in blood flow (38–40). Note that the 
margination of WBCs can be drastically reduced when they 
become deformable (39,40). However, some quantitative 
differences between 2D and 3D simulations do arise. 
Notably, margination in 2D tends to occur at higher hemat-

ocrit levels compared with 3D; for instance, 2D simulations 
often require a hematocrit increase of approximately 0.1– 
0.2 to reproduce the same RBC-free layer thickness 
observed in 3D cylindrical geometries (53). This discrep-

ancy likely stems from geometric differences, particularly 
the reduced number of interacting neighbors in 2D versus 
3D, which influences both cell packing and lateral migration 
dynamics. Furthermore, in 3D, more hRBCs can be packed 
around an iRBC. However, due to the discocyte shape of 
RBCs, packing also gets geometrically and elastically 
more complicated, resulting in a variety of aggregate shapes 
(compare the emergent structure of RBC doublets (54)).

We also want to briefly comment on the role of cell adhe-

sion—both the aggregation between hRBCs and the cytoad-

hesion of iRBCs to the vessel walls. Both effects have been 
neglected or suppressed in our simulations and experiments. 
Aggregation of hRBCs may play a role in margination at 
high hematocrit in the venular part of the microvasculature 
due to relatively low shear rates (39,40). For cytoadhesion, 
margination is a necessary prerequisite, so that our results of 
reduced rosette margination imply also a partial suppression 
of cytoadhesion.

Blood flow in the microvasculature is much more complex 
than the flow in a straight channel, due to the intricate tree-like 
geometry of microvascular networks with numerous bifurca-

tions and vessel junctions. Localization of rosettes near the 
vessel center may enhance their collision with the endothe-

lium at bifurcations due to the separation of flow following 
two daughter vessels. For instance, perfusion experiments 
(14) with rosette-positive and rosette-negative cell lines 
have shown an increased aggregation of RBCs near venular 
junctions for the rosette-positive line in comparison to the 
rosette-negative cell line. This suggests that rosette formation 
has evolved as a strategy to deliver iRBCs to special places in 
the microvasculature. The formation of RBC aggregates near 
venular junctions may eventually lead to the local blockage of 
blood flow. Furthermore, rosette structures should result in an 
increased risk of the blockage of small vessels, since single 
iRBCs are already able to clog small capillaries (55). The 
increased risk of vessel blockage for rosette-positive parasite 
strains is consistent with the fact that the formation of rosettes 
is often associated with severe malaria (11,13,51).

DATA AND CODE AVAILABILITY

Data of this study are available from the corresponding author upon reason-

able request.

FIGURE 7 A sketch summarizing rosette margination in blood flow. Sin-

gle iRBCs marginate well, whereas the margination of rosettes worsens 

with increasing their size, which is indicated by the lateral rosette positions. 
For comparison, an efficient margination of nearly spherical white blood 

cells (WBCs) is also shown. The green cells are endothelial cells with a nu-

cleus shown in blue color.
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