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ABSTRACT: The virulence of the human malaria parasite Plasmodium falciparum is linked to the altered mechanical and adhesive
properties of infected erythrocytes, which adhere to the microvascular endothelium to evade splenic clearance. The underlying
biophysical mechanisms remain incompletely understood, particularly regarding the contact area and bond landscape, due in part to
the rapid and transient nature of these interactions. In this study, we investigated the dynamic adhesion behavior of P. falciparum-
infected erythrocytes on surfaces functionalized with intercellular adhesion molecule 1 (ICAM-1), cluster of differentiation 36
(CD36), or a combination of both. To this end, we employed DNA-based molecular force sensors, high-speed reflection interference
contrast microscopy, and computer simulations. Our results show that trophozoite-stage infected erythrocytes, which maintain a
discoidal shape, exhibit complex motion behaviors across all substrates, including flipping over the long axis and flipping combined
with lateral sliding, with or without pinning, producing patchy adhesion footprints. In contrast, schizont-stage parasites display a
more uniform rolling motion, occasionally accompanied by sliding or pinning, consistent with their spherical morphology and
stiffened membrane. We further observed that the incidence of sliding increased on CD36-containing surfaces for both
developmental stages. Notably, some adhesion footprints extended across distances comparable to the length of an endothelial cell.
Together, these findings provide new insights into the complex biophysical adaptations of P. falciparum-infected erythrocytes,
offering a more detailed understanding of the mechanisms driving cytoadhesion and its potential impact on microvasculature

pathology.
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Malaria claims a life every S0 s, with most deaths attributed to
the protozoan parasite Plasmodium falciparum.' Transmitted by
Anopheles mosquitos, the parasite first infects hepatocytes
before shifting to erythrocytes, establishing a 48 h intra-
erythrocytic life cycle during which the parasites develop from
ring stages to trophozoites and then to schizonts before the
release of daughter cells. The intraerythrocytic life cycle causes a
broad range of symptoms ranging from fevers to gastrointestinal
malaise to multiorgan failure. These life-threatening complica-
tions arise from altered biophysical properties of infected
erythrocytes and their ability to sequester in the micro-
vasculature via acquired cytoadhesive traits.”

To thrive within erythrocytes, the parasite remodels them.’
For example, it repurposes the actin from the erythrocyte
membrane skeleton and generates long actin filaments required
for vesicular transport of parasite-encoded proteins to the
surface.”® As a result, the infected erythrocyte loses its discoidal
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shape and begins to roundup, a process furthered by the influx of
Na" and accompanying water via parasite-induced new
permeation pathways.” Additionally, the parasite catabolizes
large amounts of hemoglobin for dietary purposes and to
maintain the osmo-colloidal balance of the infected cell in light
of its space-demanding anabolic activities.* The parasite further
establishes de novo supramolecular structures underneath the
erythrocyte plasma membrane, termed knobs.”~'' Knobs
connect actin-deprived spectrin filaments and serve as platforms
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Figure 1. Experimental strategy. (A) Schematic representation of the intraerythrocytic developmental stages of P. falciparum. (B) Schematic
illustrating the adhesion force sensor assay. Infected erythrocytes bind to ICAM-1 via PFEEMP1, with ICAM-1 attached to the Watson strand of a DNA
duplex. The Crick strand of the duplex is firmly conjugated to the glass surface. Disrupted DNA duplexes are visualized using a fluorescently labeled
DNA probe complementary to the Crick strand, and the resulting footprint is observed using total internal reflection fluorescence (TIRF) microscopy.
(C) Infected erythrocytes interact with supported membranes functionalized with ICAM-1, CD36, or both. Interference from monochromatic light
reflections is recorded, with image brightness primarily reflecting light scattered by the digestive vacuole and inversely correlating with its distance to
the surface. Phases: n,—n;. Image rate: 250 fps (4 ms/frame). Average receptor spacing: (d) = 11 nm. Scale bar: S ym.

for the presentation of adhesins, anchoring them to the
membrane skeleton.”'*'® As a result of these alterations, the
erythrocyte plasma membrane stiffens.”’*™"” Parasite lines
lacking knobs do not cytoadhere under flow and are removed
from circulation by the spleen."®

P. falciparum encodes several classes of immune-variant
adhesins, of which the PfEMP1 family is the most prominent and
best studied, enabling adhesive interactions with receptors
present on endothelial cells, platelets, or in the placental
intervillous space, such as intercellular adhesion molecule 1
(ICAM-1), cluster of differentiation 36 (CD36), endothelial
protein C receptor, or chondroitin-4-sulfate.'”*° While the
molecular players and the pathology of cytoadhesion are
increasingly understood, the temporal and spatial aspects of
contact dynamics under flow remain poorly understood, in spite
of the fact that contact dynamics influences how long infected
erythrocytes persist in the vasculature and to what extent the
endothelium is activated.”””” Endothelial cell activation
promotes cytoadhesion and vaso-occlusion by upregulating
and clustering adhesion receptors.”” >’

To probe the biophysical mechanisms and consequences of
these adhesive interactions, a range of experimental approaches
have been employed. For instance, adhesion forces were
measured using atomic force microscopy by bringing infected
erythrocytes into contact with CHO cells, endothelial

monolayers, or defined adhesion receptors such as CD36 and
ICAM-1.23%"* In comparison, microfluidic flow chamber
experiments, using various surface models including (i) direct
immobilization of receptors,ng_31 (ii) endothelial mono-
layers,”> >***73% and (iii) supported lipid bilayers®®™*,
dissected individual receptor contributions, assessed endothelial
activation and adhesion receptor presentation, and allowed
control over receptor density and mechanical stability of
adhesion under flow.

During dynamic adhesion events—such as those involving
infected erythrocytes or leukocytes—receptor—ligand bonds
form and dissociate within milliseconds, with only a small
fraction of available receptors and ligands participating at any
given time.'”*>*>**~** The spatial and temporal characteristics
of these interactions, often referred to as the “bond landscape”,
are difficult to resolve using conventional assays. To address this
gap, we employed a molecular adhesion footprint assay, high-
speed reflection interference contrast microscopy (HS-RICM),
and computer simulations to visualize and quantify the adhesion
dynamics of infected erythrocytes under flow with a high spatial
and temporal resolution.

B RESULTS

Experimental Approaches. Figure 1 illustrates the
strategies we used to investigate the dynamic adhesion behavior
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Figure 2. Footprint of a flipping trophozoite visualized by the adhesion force sensor assay. (A) Schematic of a flipping trophozoite. (B) Representative
TIRF image showing a patchy fluorescence footprint; grayscale reflects contact density. Shear stress: 0.1 Pa. Scale bar: S ym. (C) Contact probability
(P) along the x-axis, color-coded from blue (0) to red (100); black boxes highlight high-probability patches. Red lines delineate the upper and lower
borders of the footprint. (D) Average fluorescence intensity (I) along the x-axis. (E) 3D projection of the footprint on a 7.2 ym diameter cylinder,
showing high probability adhesion zones (red) opposite each other; rim profile circumference: 22 ym. (F) Top: simulated snapshots of a flipping
trophozoite. Shear stress of 220.11 Pa. Bottom: corresponding contact map (note elongated y-axis scaling). (G) Simulated irregular flipping under 0.14
Pa, with footprint below; greater spacing between contact patches indicates intermittent detachment. Arrowheads mark sliding-like contacts. For both
cases, on/off rates = 0.57.

of P. falciparum-infected erythrocytes under flow. As surrogate CD36, and a combination of both. To account for the different
endothelial cell surfaces, we employed reconstructed substrates intraerythrocytic parasite stages and their different shapes,
containing different adhesion receptors, including ICAM-1, biomechanical properties, and cytoadhesiveness, we focused on
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Figure 3. Schematic of erythrocyte geometry and rotation modes. (A) Cartoon of an erythrocyte showing its “long axis” and “short axis”. (B) Flipping
motion around the long axis (“coin-like”). (C) Rotational motion around the short axis (“wheel-like”).

two key stages: trophozoites (24—30 h post invasion) and
schizonts (36 to 42 h post invasion) (Figure 1A). Trophozoites
retain a biconcave shape and a flexible membrane, whereas
schizonts are spherical and rigid, with the cytoadhesive potential
increasing as the parasite develops.”'*'**

The first strategy involves a molecular force sensor assay based
on DNA tension gauge tethers (TGTs), originally developed to
study rolling adhesion of leukocytes and cancer cells.*’ In this
assay, adhesion receptors are coupled to a hybridized double-
stranded DNA (dsDNA) tether immobilized on the substrate
(Figure 1B). As the cell moves over the surface, receptor—ligand
bonds are formed, and the DNA duplexes are opened due to
physical forces at the cell—substrate interface, leaving single
stranded DNA oligomers behind as indicators of productive
contact points. The contact points are then visualized using a
fluorescently labeled complementary DNA probe, revealing the
molecular adhesion footprint of the cell/surface interaction over
a certain period and under defined flow conditions. Imaging is
performed using TIRF microscopy (Figure 1B).

As a second strategy, we applied HS-RICM (Figure 1C). HS-
RICM detects nanometer-scale variations in cell—surface
proximity based on the interference of light reflected between
compartments with different refractive indices.** This technique
provides high temporal (250 frames per second) and spatial
resolution, allowing us to track dynamic adhesion events during
cell movement under a defined shear stress. The third approach
involved computer simulations using a deformable red blood cell
model and multiparticle collision hydrodynamics.**

Contact Landscapes Indicate Flipping of Trophozoites
and Rolling of Schizonts. For the adhesion footprint assay, an
18-base pair DNA duplex was used with the Watson strand
coupled to an Fc-ICAM-1 chimera and the Crick strand
immobilized on biotin-PEG-coating via neutravidin bridges
(Figure 1B). The amount of DNA duplexes was adjusted to yield
a density of ~400 ICAM-1 molecules per #m?. Each step in the
production process was controlled and verified (Figure S1).
Since unzipping the DNA duplex entails a productive receptor—
ligand interaction, the assay is highly sensitive and capable of

detecting single bonds. The force required to unzip an 18mer
DNA duplex depends on the loading conditions, but it is
generally estimated to exceed F* ~ 12 pN.***>*® Since the
fluorescence signal intensity is proportional to the number of
ruptured DNA duplexes, at least at similar loading conditions as
expected for our low-hematocrit assays, regions of high signal
intensity indicate areas with a high density of adhesion contact
points.

Figures 2A—D depict the footprint of a P. falciparum-infected
erythrocyte at the trophozoite stage. The corresponding FCR3
line was preselected for cytoadhesion to ICAM-1 prior to the
assay. The footprint displays a recurring patchy pattern
characterized by regions of high fluorescence intensity
interspersed within a broader band of diffuse, low-density
signals. Analysis of 21 tracks revealed that most of the adhesion
footprints exhibited a periodic arrangement (Figure S2),
whereas uninfected erythrocytes did not leave any traces when
examined in parallel, confirming the specificity of the
experimental setup (Figure S1).

Parameterization of the tracks using a customized script
yielded quantitative average measurements (+SD) for several
parameters: the footprint width (6.0 + 1.8 yum) and length (58.0
+ 16.7 um); the center-to-center distance between patches
(18.3 + 7.6 um; n = 80 patches from 14 tracks); the area of the
patches (4.4 + 7.7 um’ n = 80 patches); the length of the
patches (1.6 + 0.6 um; n = 80 patches); and the overall surface
density profile of the disruption force (Figures 2C,D and S3).
Projecting these parameters onto a cylindrical body with
geometric features of an erythrocyte (a radius of 3.6 ym and a
circumference of 22.6 um)”*’ revealed that the interaction with
the substrate primarily occurs at two opposing zones (Figure
2E), in spite of the fact that the erythrocyte surface is covered
with thousands of knobs, each presenting 3 to 4 PfEMP1
molecules.*® This contact landscape suggests a flipping motion,
with trophozoites flipping over their long axis (ie., face-
overface) rather than rolling and jumping around their short axis
(rolling along the rim) (Figure 3). Additionally, based on the
footprint width (~6.0 ym), the cell’s broad surface seems to
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Figure 4. Footprint of a schizont revealed by adhesion force sensor assay. (A) Schematic of a rolling schizont. (B) Representative TIRF image showing
a uniform fluorescence footprint, indicating continuous contact. Grayscale intensity corresponding to fluorescence intensity. Shear stress: 0.1 Pa. Scale
bar: § um. (C) Contact probability (P) along the x-axis, with red lines marking footprint boundaries and black boxes highlighting high-contact regions.
(D) Average fluorescence intensity (I) across the x-axis. (E) 3D cylindrical projection (7.2 ym diameter) of the schizont path showing continuous
contact around the circumference. (F,G) Simulation snapshots and corresponding contact footprints at low (220.085 Pa) and high (~0.114 Pa) shear
stress. Knob density for schizonts was set 1.6X higher than for trophozoites.”

engage with and disengage from the substrate, likely due to the
wall shear stress pressing the cell against the surface once its free
movement in flow is constrained by productive adhesion.

To gain additional insights into the motion of trophozoites,
we simulated the adhesion footprint by integrating the
semidiscoidal geometry and cellular mechanics of a trophozoite,
the overall random distribution of knobs-anchored adhesins
over the surface, a deformable red blood cell model, and
hydrodynamic flow simulated by multiparticle collision
dynamics.””*”*° Bonds were assumed to form with a constant
rate given spatial proximity and to break as slip bonds, which
means that they break faster at higher forces and dependent on
loading rate.”' Additionally, we assessed the impact of shear
stress on the adhesion dynamics. The simulation revealed that at
low shear stress, the footprint is highly periodic, revealing evenly
spaced face-to-surface contacts, characteristic of a pure flipping
motion (Figure 2F). In contrast, at higher shear stress, the

footprint became less regular, with fewer high-density contact
patches, variable patch sizes, and inconsistent spacing between
patches (Figure 2G). Some patches also exhibited lateral
extensions in both directions (Figure 2G), suggestive of pre-
and postattachment interactions with the substrate, potentially
due to slipping or crawling over the substrate. Notably, the
simulated cells were also flipping over their long axis, consistent
with the experimental data. In comparison, the experimental
track widths (in the y direction) could not be reproduced by the
simulations and remained largely unaffected by shear rate,
suggesting that infected erythrocytes have deformation modes
not represented in the simulations. In summary, trophozoite
adhesion is predominantly governed by flipping, while wall stress
modulates both the spacing and length of high-density contact
zones, the latter likely due to slipping or crawling.

We next investigated the schizonts. Their footprints were
narrow (1.6 & 1.7 ym in width, n = 21), continuous and uniform
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Figure 5. Spatial patters of dynamic adhesion captured by HS-RICM. (A) Trophozoite-stage cell. Top to bottom—schematic of flipping motion,
maximum intensity projection, time-lapse snapshots (At = 0.6 s), and integrated signal intensity (I) as a function of distance (x). Periodic peaks in
intensity (Ax = §7.1 & 14.8 um) reflect full rotations (360°) as the digestive vacuole nears the surface. See Figure SS for full sequence. (B) Schizont-
stage cell (see also Figure S5). (C) Probability density of intensity differences (AI) reveals asymmetric distribution for trophozoites vs symmetric,
homogeneous profiles for schizonts (D) Mean translational velocity (v) for trophozoites (N = 25) and schizonts (N = 21). Each point represents an
independent determination (box plot analysis, see Materials and Methods). Statistical analysis according to Student’s t-test.

and had a length of 44.6 + 12.8 ym (Figures 4A—D, S2 and S3).
Such a contact pattern aligns with a hard, spherical body rolling
over a surface along its circumference, as indicated by a 3D
projection of the footprint and simulations considering the size,
shape, and membrane properties of infected erythrocytes at the
schizont stage (Figure 4E—G). While the simulated tracks align
well with the experimental footprints, the simulated tracks
appear more continuous than the experimental data, with the
contact areas decreasing with increasing shear rates (Figure
4F,G).

Real-Time Imaging of Adhesion Dynamics with HS-
RICM. Figure SA shows the HS-RICM maximum intensity
projection and the time lapse frames (at 0.6 s for visual clarity) of
a trophozoite-stage infected erythrocyte interacting with an
ICAM-1-functionalized supported lipid bilayer under flow
(mean intermolecular ICAM-1 distance (d) = 11 nm). Bright
signals originate mainly from light scattering by the parasite
digestive vacuole,'* with signal intensity increasing as the
digestive vacuole approaches the surface.

The maximum intensity projection revealed a pattern of
intermittent bright segments alternating with low-intensity
regions (Figure SA), indicative of periodic cell—surface contacts.
These high-intensity segments correspond to prolonged surface
contacts caused by adhesive interactions that temporarily slow
the cell's movement. This pattern is characteristic of a flipping
motion over the long axis, which is further illustrated by time-

lapse sequences (Figure SA). The average peak-to-peak distance
(Ax = 57.1 £ 14.8 um, n = 25) reflects the distance traveled by
the cell while rotating by 360°. It is notably greater than the cell’s
diameter (7—8 um*’), suggesting transient detachment during
flipping, frequently accompanied by tumbling and twisting
(Movie S1).

In contrast, schizont-stage infected erythrocytes displayed
continuous bright tracks in maximum intensity projections and
time-lapse sequences, indicating stable, prolonged contact
consistent with rolling (Figure SB, Movie S2). Accordingly,
the deviation of the signal intensity from the mean (AI(t) = I(t)
— (I(t))) was narrower and more symmetric than that of the
trophozoites (Figure SC). Additionally, schizonts traveled
slower ((Vepione) & 11.3 £ 2.5 um s7') than trophozoites
((Vgoph) ®13.1 £ 3.6 um s ™', n =25); n=25; p < 0.01, Student’s
t-test (Figure SD), likely due to friction-induced slowing of the
rolling schizonts.

Relating the real-time intensity profiles to the velocity data
offered additional quantitative insights into the differential
adhesion dynamics of trophozoites and schizont. For a
representative trophozoite, the time to complete a full rotation
of 360° is given by the peak-to-peak interval (At; = 4.7 s) (Figure
6A), while the mean periodicity of rotation was At=4.4 + 1.3 s
(n=25) (Figure 6C) and the average contact time was (f.) = 1.3
+ 0.5 s (Figure 6D). The latter was determined from full width at
half-maximum of the intensity peaks after subtraction of the
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Figure 6. Temporal patterns of cell—surface contact and velocity. (A) Trophozoite: top to bottom—schematic of flipping trophozoite. Maximum
intensity projection, intensity (I, blue) and translational velocity (v, green) over time, and corresponding RICM kymograph. Periodic high-intensity
signals indicate regular flipping cycles. (B) The corresponding data of a rolling schizont (C) Rotation periodicity in trophozoites: mean (At) = 4.4 +
1.3 5. (D) Mean contact time for trophozoites (t.) = 1.3 = 0.5 s. (box plot; each point is an independent biological replicate; see Materials and Methods

for details).

intensity baseline (10%). In some cases, the velocity dropped to
Zero (e.g., att = 4.5 and 9 s in Figure S4A), indicating transient
pinning events that interrupted the flipping motion. Such
pinning events lasted approximately 1 s. In summary, the
periodic intensity peaks observed for trophozoites both in space
(Figure SA) and time (Figure 6A) are consistent with their

discocyte-like shape and their off-centered digestive vacuole,
which rotates with the flipping cell.

These periodic signatures were absent in the schizont traces
(Figures SB and 6B), suggestive of continuous rolling. Like
trophozoites, schizont-stage infected erythrocytes occasionally
transited from rolling to pinning and eventually to stationary
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Figure 7. Adhesion dynamics of trophozoite-stage infected erythrocytes on different receptor-functionalized surfaces. (A) Proportions of motion types
(pure flipping, flipping with sliding, etc.) on ICAM-1, ICAM-1/CD36, and CD36-only surfaces (Tables S1—S3). (B) Top to bottom - schematic of a
flipping and sliding trophozoite on a mixed ICAM-1/CD36 surface (dashed circle marks digestive vacuole); maximum intensity projection of HS-
RICM data; HS-RICM snapshot sequence; intensity (I, blue) and velocity (v, green) plotted over distance. Sliding phases are marked by plateaus in
intensity and velocity (yellow dashed lines). (C) Top: simulation snapshots of a trophozoite flipping and sliding at high shear stress (~0.2 Pa) on a
mixed-receptor surface with differential bond strengths (on/off rates: 17y and 8.57). Bottom: corresponding simulated contact footprint showing
extended sliding zones.
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Figure 8. Adhesion dynamics of schizont-stage infected erythrocytes on different receptor-functionalized surfaces. (A) Distribution of motion types
(rolling, rolling with sliding or pinning) for schizonts on ICAM-1, ICAM-1/CD36, and CD36-only substrates (Tables S4—S6). (B) Top to bottom
-schematic of a schizont exhibiting rolling, sliding, and pinning (dashed circle marks the digestive vacuole); maximum intensity projection of HS-
RICM images; representative HS-RICM snapshot sequence; signal intensity (I, red) and translational velocity (v, green) plotted over distance. Sliding
phases (black arrows) correspond to intensity plateaus; pinning events are marked by sharp drops in velocity, highlighted by yellow dashed lines and
black arrows.

adhesion (Figure S4B), as indicated by a high signal intensity, a lation of ligand—receptor pairs on the fluid supported
decrease in velocity, and a lower slope in the kymogram (Figure membranes under shear stress.®’

S4B). The generation of such strong pinning centers both for Increased Sliding of Trophozoites on CD36-Function-
trophozoites and schizonts can be attributed to the accumu- alized Substrates. We next investigated the dynamic adhesion
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behavior of P. falciparum-infected erythrocytes on supported
lipid membranes functionalized with either CD36 alone ora 1:1
mixture of ICAM-1 and CD36 (each at an intermolecular
distance (d) = 11 nm between receptors). CD36 is a well-
established endothelial receptor for cytoadherence and is
coexpressed with ICAM-1 on various microvascular endothelial
cell types, includin§ human dermal microvascular endothelial
cells (HDMECs).” Prior studies have shown that CD36 and
ICAM-1 can act synergistically to enhance cytoadhesion.”*
Although CD36 was initially characterized as a receptor
mediating stationary adhesion, > subsequent work has revealed
that infected erythrocytes can also roll over CD36-presenting
surfaces, including HDMEC monolayers.”**”*’

For these experiments, we used a previously described FCR3
parasite population selected on HDMECs, which predom-
inantly expresses var. genes of the UpsB and UpsC subgroups,
known to mediate binding to ICAM-1 and CD36.”* Among the
cells exhibiting dynamic adhesion behavior, approximately 63%
of trophozoites flipped on the mixed substrate, a reduction
compared to 79% flipping observed on the ICAM-1-only surface
(Figure 7A). Notably, the mixed substrate also promoted a more
complex behavior, with 37% of trophozoites showing combined
flipping and extensive lateral sliding with or without pinning,
compared to 21% on ICAM-1 alone (Figure 7A,B; Movie S3).
Sliding is characterized by plateaus of high intensity and
decreased velocity (Figure 7B), whereas pinning is a form of
stationary adhesion, as evidenced by a velocity of zero. On
CD36-only substrates, we also observed comparable incidences
of pure flipping (77%) and flipping accompanied by sliding and
pining (23%) (Figure 7A; Movie S4).

To support these experimental findings, we extended our
computer simulations to include mixed ICAM-1/CD36
surfaces. The simulations, which accounted for differential
receptor distribution and bond kinetics, confirmed that the
presence of CD36 increases the level of lateral sliding on mixed
substrates once trophozoites make contact with the surface
following a flip (Figure 7C).

Schizont-infected erythrocytes consistently exhibited rolling
behavior across all tested substrates (Figure 8). However, the
proportion of cells displaying pure rolling decreased in the
presence of CD36, whereas the proportion of cells displaying
rolling combined with sliding and/or pinning increased
compared to a pure ICAM-1 surface (Figure 8, Movies S5 and
S6).

All HS-RICM experiments were conducted at 37 °C with a
hematocrit of 0.01%. This ensured that conditions were
comparable for all cells and gave good statistics. Attempts to
increase the hematocrit to physiological values resulted in signal
loss due to overcrowding near the substrate and the inability to
track individual infected erythrocytes over time (Movie S7).

B DISCUSSION

This study aims to gain quantitative insights into the adhesion
dynamics of P. falciparum-infected erythrocytes. The ability of
infected erythrocytes to cytoadhere and hence sequester in the
microvasculature is a key evolutionary strategy of the parasite to
escape splenic clearance mechanisms. To address the dynamic
nature of cytoadhesion in controlled systems, we employed a
DNA-based molecular adhesion footprint assay and HS-RICM.
Combined with computer simulations, these two simplified but
quantitative approaches revealed distinct adhesion patterns for
trophozoites and schizonts. While we acknowledge that
cytoadhesion in vivo is influenced by multiple factors, including

temperature, hematocrit, wall shear stress, receptor composi-
tion, and surface topography”*******—not to mention parasite
factors such as knob density, adhesin variant, and rosette
formation'®****>>—the controlled experimental conditions
used here allowed us to characterize adhesion dynamics with
high spatial and temporal resolution.

The molecular adhesion footprint assay visualizes the spatial
distribution of contact points via molecular force sensors known
as TGTs.****%* Originally developed to probe integrin-ligand
forces during cell adhesion, TGTs have since been applied to
processes such as focal adhesion maturation, cadherin-mediated
binding, T-cell receptor engagement, and force mapping in
motile cells."*”~>? Their ability to retain force history, allow
ligand internalization, and provide high signal-to-noise ratios
enabled the development of foot printing assays to study rolling
adhesion of leukocytes and cancer cells under flow.***”°° In our
adaptation, we functionalized PEG-coated microfluidic channels
with chimeric Fc-ICAM-1 linked to an 18-mer DNA duplex and
visualized adhesion footprints using a fluorescent DNA probe.

The adhesion footprints of trophozoites exhibited a periodic,
patchy pattern characterized by regions of high fluorescence
intensity interspersed within a broader band of diffuse, lower-
intensity signals. Fluorescence intensity reflects the number of
productive adhesion events, though it can also be modulated by
the bond loading rate.*”” To interpret the footprints, we
primarily focused on event density, assuming that each
erythrocyte experiences comparable hydrodynamic conditions
under the controlled shear flow and low hematocrit used in our
setup.

This interpretation, however, does not account for the
variability in the loading history of the individual bonds. In
earlier studies involving spherical microparticles rolling in flow
chambers, it was shown that molecular properties could be
decoupled from other effects by incorporating particle geometry
and loading trajectories."7 In our case, this level of
deconvolution is not feasible due to the biological complexity
of the system. Infected erythrocytes, particularly at the
trophozoite stage, exhibit asymmetric and heterogeneous shapes
and variable mechanical and receptor properties, introducing
variability in contact geometry and bond loading. For these
reasons, we interpret the fluorescence intensity primarily as a
spatial map of accumulated adhesion events while acknowl-
edging that loading conditions may modulate the signal to some
extent.

Nevertheless, our computer simulations partially account for
these complexities by modeling flow conditions, cell deform-
ability, and the slip-bond behavior of receptor—ligand pairs.
These simulations incorporate the effect of loading rate at the
molecular level,” providing a complementary perspective on the
mechanical processes underlying the observed adhesion
patterns.

The patch footprint pattern observed for trophozoites
contradicts a continuous rolling model and instead supports a
flipping motion over the substrate (Figure 2A—D). Computer
simulations further corroborate this flipping behavior. However,
the presence of diffuse, low-density contacts in areas above,
below, and between high-density contact zones suggests the
presence of additional contact events while flipping (Figure
2F,G).

The orientation of healthy red blood cells in flow is
determined by the shear rate, as observed in capillary blood
flow and microfluidic experiments.61 At low shear rates, red
blood cells tumble and flip over their long axis with their disk
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plane perpendicular to the flow.”" In contrast, at higher shear
stress, cells align their disk plane parallel to the flow, and flipping
transitions to rolling." Given that trophozoites largely retain the
biconcave, discoid shape of healthy erythrocytes, but with a
stiffer membrane,™* they could potentially flip or jump over the
short axis (like a rolling wheel) or the long axis (face-overface,
like a flipping coin) (Figure 3). If trophozoites flip over the short
axis (rolling along the rim), only a small portion of the
membrane would be in contact at any given time, resulting in
narrower and more linear contact footprints. However, this
scenario does not align with the observed 6 ym footprint width,
as rolling or jumping along the rim would produce a much
smaller contact width (~2.5 pm), corresponding to the rim
thickness. Furthermore, the center-to-center spacing of
adhesion patches (i.e., high adhesion areas) (~18 ym) would
be difficult to explain, as rolling would likely lead to continuous
contact rather than discrete patches. In contrast, if trophozoites
flip over their long axis, different regions of the broad cell surface
alternatively engage and disengage with the substrate. The fact
that the footprint width (~6 wum) closely matches the
trophozoite diameter (~7—8 um) strongly suggests that a
large portion of the cell is making contact during each flipping
cycle.

Our computer simulations confirmed the flipping of
trophozoites over their long axis. Additionally, computer
simulations revealed that the wall shear stress modulates the
adhesion pattern. At low wall shear stress, trophozoite-stage
erythrocytes encounter the surface face down, creating a donut-
like shaped footprint (Figure 2F). At higher wall shear stress, the
footprints became less regular, the number of high-density
contact patches decreased, and some patches exhibited lateral
extensions in both directions (Figure 2G), indicative of slipping
or crawling. The differences in the contact footprints are
explained in part by the wall shear stress affecting cell
morphology. At low shear stress, the cell experiences minimal
deformation, and because of their discoidal shape, the face-down
encounter with the surface occurs primarily along their outer
rim, producing the characteristic donut-shaped footprint. In
contrast, high shear stress leads to significant cellular
deformation, as shown by the simulated cell snapshots of
trophozoites (Figure 2G).

Interestingly, the computer simulations could not fully explain
the experimentally observed broad range of motion patterns,
including the fact that the overall footprint tended to be as wide
as the cell diameter. This indicates that processes not present in
the computer simulations are important, including hotspots in
adhesion, a possible detachment of the membrane from the
cytoskeleton, and the inner structure of the infected erythrocyte,
which in the trophozoite state is not uniformly filled yet with
parasite mass. Corresponding models do not exist yet and must
be developed in the future to better understand the underlying
mechanisms.

HS-RICM provided complementary insights. Unlike the
DNA force sensor assay, where ICAM-1 molecules are
immobilized by molecular anchors, the supported lipid
membranes used for HS-RICM analysis allow lateral mobility
of adhesion receptors,”*” better mimicking the physiological
conditions of cytoadhesion to the endothelium. Although the
precise detection of the adhesion footprints was not possible due
to the strong light scattering from the parasite,”’ the RICM
signal intensity provided spatiotemporal insights. The spatial
pattern of the adhesion contacts of trophozoites appeared to be
similar to those obtained by the adhesion footprint assay,

showing peaks corresponding to moments when the parasite
vacuole is close to the surface during flipping. HS-RICM further
supports the model that trophozoites flip over their long axis in
flow and not the short axis. Additionally, the observation that
trophozoites rotate and tumble during both flipping and
attachment provides a plausible explanation for the specific
contact points with the substrate beyond the high adhesion
areas.

HS-RICM also provided additional temporal information. For
example, the analysis of the integrated intensity plotted as a
function of time (Figure 6A) yielded the mean periodicity of
rotation ({At) = 4.4 + 1.3 s) and the lifetime of cell—surface
contacts ({t.) = 1.3 + 0.5 s) on ICAM-1 functionalized
supported membranes for trophozoites.

HS-RICM analysis further revealed that trophozoite-stage
infected erythrocytes also exhibit flipping behavior on supported
membranes functionalized with CD36 or with a combination of
CD36 and ICAM-1, albeit with notable differences in adhesion
dynamics. Specifically, the proportion of cells undergoing pure
flipping decreased on the mixed-receptor surfaces, while the
fraction displaying flipping combined with lateral sliding, with or
without transient pinning, increased compared to substrates
presenting only one receptor (Figure 7A). Computer simu-
lations align with the experimental data, revealing a flipping/
sliding motion phenotype on the mixed substrate (Figure 7C).

These changes in dynamic contact phenotypes are consistent
with the distinct bond mechanics of the two receptors. ICAM-1
forms catch bonds with PEEMP1, where bond lifetimes increase
under moderate force, thereby stabilizing discrete, prolonged
contacts.” In contrast, CD36 engages in multiple slip bonds,
characterized by decreasing bond lifetime with increasing
force.”” Notably, the association rate of CD36 is approximately
10-fold higher than that of ICAM-1, despite both having
comparable dissociation constants.’' This combination of faster
binding and force-sensitive dissociation likely facilitates more
transient sliding interactions on the mixed surface, contributing
to the altered adhesion phenotype observed. Additionally, the
lateral mobility of the receptors in the supported bilayers might
also contribute to sliding.

Based on these findings, we propose the following mechanism
for trophozoite adhesion and movement in flow: trophozoites
travel with their broad disk side facing the shear stress, while
undergoing a tumbling motion. Initial contact with the surface
likely occurs at the edge between the small and broad sides of the
cell. Once adhesion bonds are formed, the cell’s free motion is
constrained, and the wall shear stress presses the cell face down
onto the support, promoting additional interactions with the
support beyond the initial adhesion zone. Shear stress also
induces lateral sliding or crawling, leading to variable adhesion
footprints before detachment. The cell then flips over its long
axis, re-establishing contact at a site opposite the previous
adhesion zone, and the cycle repeats (Figure 2A).

In contrast to trophozoites, schizonts exhibited a simple,
uniform adhesion footprint typical of a spherical cell with a stiff
membrane, indicating a rolling motion (Figure 4A). Computer
simulations, which accounted for the spherical geometry and
increased membrane stiffness of schizonts, reproduced the
experimental findings and confirmed a rolling behavior under
flow (Figure 4F,G). Likewise, the HS-RICM imaging revealed
continuous, homogeneous contact patterns (Figure SB), further
corroborating the interpretation of stable rolling across the
substrate.
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Unlike trophozoites, schizonts also did not exhibit periodic
changes in intensity and velocity; however, friction-induced
reductions in translational velocity were inferred from
anticorrelated fluctuations in intensity I(t) and velocity v(t).
Notably, real-time HS-RICM imaging also captured transient
transitions in movement, including switches from rolling to
sliding and occasionally pinning, likely driven by dynamic
rearrangements of ligand—receptor interactions (Figure S4).
Importantly, rolling remained the predominant adhesion
phenotype for schizonts across all substrates tested, ICAM-1,
CD36, and the ICAM-1/CD36 mixture (Figure 8A). However,
there was an increase in the subpopulation displaying combined
rolling and lateral sliding with or without transient pinning on
substrates containing CD36 (Figure 8A).

Previous studies have shown that the interaction with infected
erythrocytes can activate the endothelial cells, resulting in
upregulation of surface receptors, such as ICAM-1 and CD36,
which in turn promote further binding of infected erythro-
cytes.”” ™ Our study suggests that the contact between an
infected erythrocyte and an endothelial cell is not limited to a
single point but can extend along the entire length of the
microvascular endothelial cell. Considering that an endothelial
cell is roughly 50—70 ym long and 10—30 pm wide®” and given
that both the DNA footprint assay and the HS-RICM analysis
showing significantly longer tracks, a single infected erythrocyte
can come into contact with a large section of the luminal surface
area of an endothelial cell during dynamic adhesion motion.
Such motion likely exerts significant mechanical stress,
promoting endothelial activation. In summary, our findings
suggest that the dynamic motion patterns of infected
erythrocytes over the endothelial lining are a critical factor
that cannot be ignored and likely contribute to the pathology of
falciparum malaria.

B MATERIALS AND METHODS

P. falciparum Cell Culture. P. falciparum line FCR3 was
cultured as described”” and synchronized using 5% sorbitol.**
Prior to the adhesion assays, FCR3 was repeatedly panned on
Petri dishes coated with ICAM-1 to select for an ICAM-1
binding population or on HDMEC:s to select for a population
cytoadhering to both ICAM-1 and CD36. HDMECs present
both CD36 and ICAM-1.* The HDMEC-selected FCR3
population has recently been characterized and was shown to
express IT4var13, IT4var25, and IT4var66, which are predicted
to confer binding to ICAM-1 and/or CD36.”* Trophozoites and
schizonts were enriched from highly séynchronized cultures using
the magnet cell sorting method.”* The cell density was
determined using a cell counter (Beckman Coulter) and
adjusted to 2 X 10° cells mL™" in binding medium (RPMI
1640 without glutamate adjusted to pH = 7.4 using K,(CO,)).

Preparation of the DNA Force Sensor Assay. The
surface functionalization for the DNA force sensor assay was
adapted from Li et al. (2017) and followed a multistep process.*’
(i) Assembly and passivation of channels: glass slides were
incubated with 3-aminopropyltriethoxysilane (APTES, 1:100 in
ethanol) for 1 h at room temperature (RT), washed with
ethanol, dried with nitrogen gas, and stored at —20 °C until
further use. The glass slide was subsequently glued to bottomless
Ibidi p-slide channels (Ibidi, y-slide VI0.4) using polydime-
thylsiloxane. To passivate the activated glass and block
nonspecific adhesion, a mixture of PEGS000-NHS and MAL-
PEGS5000-biotin (1:100, 2 mg mL ™", LaysanBio) was added for
2 h at RT. After washing the channel with PBS, neutravidin (500

ugmL™") was added for 1 h at RT to saturate all biotin molecules
and to serve as anchor points for the DNA sensor. (ii)
Preparation of force sensors: protein G (1 mg mL™!, Abcam)
was incubated with SMCC (sulfosuccinimidyl 4-(N-maleimi-
domethyl) cyclohexan-1-carboxylat) cross-linker (2 mg, Ther-
moPFisher Scientific) for 30 min at RT. The top oligonucleotide
strand, containing a protected S—S—H group at the 3’ end (250
nM, 5’ GTGTCGTGC CTC CGT GCT GTG ThioMC3-D 3/,
IDT Technologies), was incubated with Tris(2-chlorehyl)
phosphate (TCEP) for 20 min, followed by centrifugation at
13,000¢ for 10 min using a centrifugation column (Miltenyi).
The protein G and top oligonucleotide strand solutions were
combined and allowed to react for 30 min at RT before adding
the biotin-functionalized bottom oligonucleotide (250 nM, 5’
Bio GTT TTT TTC ACA GCA CGG AGG CAC GACAC3').
The mixture was then incubated at 65 °C for 5 min to allow the
strands to anneal. The mixture was subsequently added to each
channel and incubated for 2 h at RT or overnight at 4 °C to
attach the sensor to the channel surface via the interaction of
biotin with neutravidin. Finally, chimeric Fc-ICAM-1 (100 ug
mL™") was added to the channels and incubated for at least 1 h at
RT. The channels were washed with PBS to remove any
unbound components. (iii) Verification: to verify each step,
fluorescent probes were used as follows: IgG-Alexa 488 (1:100,
Invitrogen) to detect protein G, Streptavidin-Alexa647 (In-
vitrogen) to detect biotin, and a complementary oligonucleotide
with Atto-647 (IDT Technologies) to determine the annealing
of the strands and their anchoring to the substrate. Imaging was
performed using an AxioObserver Z1 inverted microscope
(Zeiss).

DNA Force Sensor Assay. 200 uL of infected erythrocytes
(2 X 10° cells mL™") in 37 °C prewarmed binding media were
allowed to settle onto the ICAM-1 functionalized surface for §
min before a wall shear stress of 0.1 Pa was applied for S min,
using a syringe pump (World Precision Instruments). The
experiment was performed in an incubation chamber with an
ambient temperature of 37 °C. The unzipped DNA strands
(footprints) were subsequently detected by adding a solution
containing 300 nM complementary oligonucleotide conjugated
with Atto647/Cy3 (IDT Technologies) for 1 h. The channel
was subsequently washed, and the resulting footprint was
observed under a VisitronSystems TIRF microscope based on
an AxioObserver Z1 microscope (Zeiss) equipped with a 100X
Objective (Zeiss, NA 1,46) and a Hamamatsu EMCCD 9100—
50 camera (pixel size 8 ym). The TIRF filter settings were 546
E,/E,:513/580 nm or 647 E,/E,: 615/660 nm. To confirm the
specificity of the cytoadhesion of P. falciparum infected
erythrocytes, we performed negative control experiments
using uninfected erythrocytes. For each experimental condition,
the fluorescence signals were recorded in at least 6 different
fields across the channel.

Image Analyses—DNA Force Sensor Assay. We wrote a
customized code, yielding values for the length, width, center-to-
center distance between patches and area of the patches. Track
width: for each image, we calculated the average intensity profile
along the x-axis (the track path). Typically, this profile exhibited
a peak near the midwidth, gradually decreasing toward a
background fluorescence intensity of ~20. Track width was
estimated by setting an intensity threshold and identifying its
intersections with the average intensity profile. This process was
repeated at each x-value along the track, with intensity profiles
smoothed using a 21-pixel bin (10 pixels). Near the image
edges (x < 10 or x > end point-10), a S-pixel bin (£2 pixels) was
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used for smoothing. Unrealistic deviations (>S pixels from
previous points) were discarded, allowing for precise measure-
ment of track width variations.

Intensity autocorrelation: to analyze periodicity, we first
averaged intensity values along the y-axis for each x-value,
obtaining an intensity profile I(x). The spatial autocorrelation
function was then computed as

Cs) = D0 IUI®) = L) U(x + 8) = L)l

X

where I, is the mean intensity, and s ranges from 0 to 400

pixels. The normalized autocorrelation was defined as

C S
Cs) = Ol
Co)

The second peak of the autocorrelation function defined the
periodicity of the spatial pattern. To create a 3D projection on a
cylindrical surface with a 7.2 ym mean diameter and an average
circumference of 22 um, we first wrapped the track image onto
itself at every periodic separation (estimated from autocorrela-
tion profiles) to create an average track. Then, the average track
image was stitched to complete the surface at the point of
minimum intensity, which avoided any discontinuity.

Patch Size: patch identification was performed using the SciPy
ndimage module. A fluorescence intensity threshold of 150 nm
was applied to filter out low-intensity regions. Connected
components were labeled using ndimage.label, with each
component representing a distinct patch. Patches smaller than
S0 pixels in width or 1 pixel in height were excluded. This
method allowed for the accurate segmentation and character-
ization of high-intensity fluorescence patches for further
analysis.

Real-Time Imaging of Dynamic Adhesion Contacts
with HS-RICM. The surface was functionalized as described.””
Briefly, a cleaned glass slide was bonded to a bottomless flow
chamber (ibidi). The chamber was then filled with a suspension
of vesicles containing 0.5 mol % of NTA lipids (Avanti Polar
Lipids). After removal of excess vesicles by intensive rinsing, the
supported membrane surface was functionalized with histidine-
tagged ICAM-1, CD36, or 1:1 mixture of both (ACROBiosys-
tem and Thermo Fisher Scientific). The average intermolecular
distance between receptor molecules was (d) = 11 nm.>” The
microfluidic chamber was mounted onto an Axio Observer Z.1
inverted microscope (Zeiss). The sample was illuminated with a
monochromatic, linearly polarized light (Azx = 546 nm).®>%¢
Images were acquired using a FastCam Mini AX50 high-speed
camera (VKT Video Kommunikation GmbH) at a frame rate of
250 fps. The cell suspension (10° cells mL™" in 37 °C prewarmed
binding media) was allowed to react with the functionalized
supported membranes at a constant shear stress of 0.03 Pa
throughout the experiments. 50—80% of the cells were moving
over the substrate.

Image Analysis—HS-RICM. The images captured by HS-
RICM were analyzed by using a self-written pipeline. The
intensity collected from each pixel was median-averaged across
five consecutive frames, followed by background subtraction.
The region of interest (ROI) was defined as the 400 brightest
pixels from each adhesion contact, which were blurred by a
Gaussian filter. The signal intensity from each ROI was
determined by averaging the intensities of the five brightest
pixels. The position of the cell at each time point was defined as
the position of the center of mass of the corresponding ROI The

temporal velocity was calculated from the displacement of the
center of mass over 70 frames, corresponding to 0.28 s.

Computer Simulations of Footprints. The footprints of
trophozoites and schizonts were simulated using a deformable
red blood cell model and multiparticle collision hydrodynamics,
as previously described.”” Mesoscopic simulations include
adhesion dynamics of deformable red blood cells on a substrate
in a shear flow. Hydrodynamics is implemented using
multiparticle collision dynamics.””*® It consists of solvent
particles with mass m organized into cubic grid cells of a side
length of a within a simulation box. Both mass m and grid size a
set the mass and length scales in the system. Solvent particle
positions evolve via streaming step and velocities evolve via
collision step which is the momentum exchange step among
solvent particles. The streaming step is

r(t + At) =, + v(t)At

where At is collision time step and v,(t) is the velocity of the
particle i at time t. The collision step is

= (1))

where v, (t) is the center of mass velocity of the grid cell to
which particle i belongs and R(a) is stochastic rotation matrix
for which angle of rotation a = 135° is fixed for the whole
simulation. The solvent density p = 10, angle of rotation «, and
collision time step At = 0.02 set solvent viscosity.

The red blood cell is modeled as a two-dimensional triangular
meshwork of nodes connected by springs. The number of nodes
is chosen to be N = 1000. For full model details, please refer to
ref 22,49, and 69. For modeling trophozoites, a discocyte shape
is chosen with shear modulus 6, = 30 4Nm™ and bending
rigidity is set to k, = 5.7 X 107 J, whereas for schizonts,
spherical shape is chosen with shear modulus 6, = 50 #Nm™
and bending rigidity of k;, = 6.2 X 107" J. Adhesion dynamics is
implemented between the membrane vertices and the ligands
that are distributed on the substrate. As described in earlier
work,”” bond association occurs with a constant on-rate x,, and
bond dissociation occurs with forces depending on off-rate kg
according to Bell’s law.”® The bond association and dissociation
probabilities are P, = 1 — exp(—k,,Atyg) and Pz = 1 —
exp(—KogAtng), respectively. The force on the existing
receptor—ligand is F(/) = k(! — ,), where spring constant k,
is chosen to be 25.7 X 107> Nm™" and J, is chosen to be 40 nm.
The critical distance for bond formation is 280 nm. Both on and
off-rates are set at 0.57, where j is the shear rate. The range of
shear stress used in the simulations is 0.04—0.12 Pa. To convert
time scales in model units to physical units, solvent viscosity is
assumed to be 1 mPas. For recapitulating flipping and sliding
behavior by trophozoites, we performed simulations at large
shear stress of ~0.2 Pa and on and off-rates are set at 17y and
8.57, respectively. The substrate is also coated with two different
ligands with spring constants k, and 2k, respectively. High shear
ensures sufficient cell deformation, while the elevated on-rate
maintains adhesion during sliding without detachment.

Statistical Analysis. Statistical analysis was performed using
Origin Pro 2020 (OriginLab, Northampton, MA, USA) and
Scipy,”" employing either a Mann—Whitney U test or Student’s
t-test; p-values <0.01 were considered significant. The standard
deviation is provided throughout. All boxplots presented in this
study present the median value as a solid line and the average
value as a square. The boxes correspond to the 25—75 percentile
ranges, and the whiskers correspond to the 5—95 percentiles.

u(t + At) = v, (t) + R(a)(n(t)
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