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ABSTRACT Cells in living organisms are subjected to mechanical strains caused by external forces like overcrowding, result-
ing in strong deformations that affect cell function. We study the interplay between deformation and crowding of red blood cells
(RBCs) in dispersions of nonabsorbing rod-like viruses. We identify a sequence of configurational transitions of RBC doublets,
including configurations that can only be induced by long-ranged attraction: highly fluctuating T-shaped and face-to-face con-
figurations at low, and doublets approaching a complete spherical configuration at high, rod concentrations. Complementary
simulations are used to explore different energy contributions to deformation as well as the stability of RBC doublet configura-
tions. Our advanced analysis of 3D reconstructed confocal images of RBC doublets quantifies the depletion interaction and the
resulting deformation energy. Thus, we introduce a noninvasive, high-throughput platform that is generally applicable to inves-
tigate the mechanical response of biological cells to external forces and characterize their mechanical properties.

SIGNIFICANCE Deformability is vital for cell function, as cells experience external forces such as overcrowding and flow
in living matter. We introduced a generic platform to investigate cell deformability, which consists of a noninvasive, high-
throughput toolbox. It combines dispersed rod-like viruses to induce long-ranged depletion attraction to deform cells with
advanced 3D confocal image analysis. We applied our approach to pairs of red blood cells and found a plethora of
transitions in the shape of the resulting doublets with increasing rod concentration. These transitions are understood on the
basis of our toolbox by quantification of the underlying competition between depletion and deformation energies. The
presented platform is general and can elucidate the cell mechanics under physiological and pathological conditions.

INTRODUCTION

The attractive depletion force is a crowding phenomenon,
which plays an important role in many biological processes
(1,2). It is suggested that depletion accounts for phase sep-
aration between the nucleoid and the cytoplasm within cells
(3,4). On a larger scale, depletion has been used to explain
the mechanism behind the aggregation of red blood cells
(RBCs) into a rouleau, a cylindrical stack of RBCs (5-7),
which is a crucial element of blood circulation (8—11).
The attractive force in depletion interaction results from
small particles, depletants, that are excluded from a zone
around larger particles, called the depletion layer. When
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the depletion layers of two large particles overlap, this re-
sults in an osmotic imbalance so that the large particles
are pushed together. Though the exact force can ideally be
calculated based on the ground-breaking theory of Asakura
and Oosawa (12), depletion forces cannot readily be calcu-
lated for biological systems. One reason is that specific in-
teractions between the small and big particles often cannot
be neglected. Moreover, most biological systems have irreg-
ular and deformable shapes both on a macromolecular level
(13,14) as well as the cellular level (15). The softness
(16,17) and shape (18) of the depletant have been accounted
for, as well as complex geometries of the particles, for
example in the lock-and-key principle (19). However,
much less is known about the effect of the deformation of
particles. Depletion-induced particle deformation can lead
to more compact configurations and thus a decrease in
excluded volume for the depletants AV, as the difference
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between the depletion zone around a compact doublet and
the depletion zone of two separate undeformed cells is not
only achieved by optimizing the configuration as in the
traditional theories (see Fig. 1 B) but also through deforma-
tion (see Fig. I C). However, this gain in free volume comes
at the cost of elastic energy due to deformation.

In this article, we show how the interplay between deple-
tion and bending can be quantified for two RBCs in a
doublet by combining two tools: the use of rod-like viruses
as a biomolecular crowding agent and extensive analysis of
3D confocal images. Numerical simulations (15,20-22) of
vesicles and RBCs in a doublet already showed that the
morphology of aggregates depends on the interplay between
short-range adhesion energy, mimicking the depletion-
induced attraction, and the bending rigidity of the mem-
brane (21), the shear elasticity (15), and the surface tension
(22). The simulations are in qualitative agreement with 2D
image analysis of doublets induced by dextran (15, 23),
which is a macromolecule known to stimulate rouleaux for-
mation (20). However, in previous studies, the deformation
of RBCs has not been imaged in 3D, which impedes the reli-
able quantification of the induced deformation. Moreover,
macromolecules used as depletants can be present between
the two cells in contact, as their size is similar to the thick-
ness of the glycocalyx, which is a soft brush of biomolecules
on the cell surface. These macromolecules can then directly
bridge the two cells, in addition to the imposed depletion in-
teractions (24).

The fd virus that we use is a monodisperse, very slender
(length: 880 nm, diameter: 6.6 nm) and stiff (persistence
length: 2.2 um) colloidal rod. As fd does not bind to the
cells (25), bridge formation is excluded, and they yield a
pure depletion interaction over considerably longer dis-
tances than traditionally used polymeric depletants. This
has the advantage that their size exceeds the thickness of
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FIGURE 1

Depletion force induced cell deformation

the glycocalyx, and strong deformations can be induced
at relatively low volume fractions. Given the natural mono-
dispersity of the viruses, fd is amenable to theoretical anal-
ysis, as was shown for the phase behavior of rod-sphere
mixtures (26, 27), in contrast to chromonic systems (28).
In order to calculate the depletion energy, we employ our
second tool, namely extensive image analysis of 3D
confocal microscopy images of RBC doublets. We use
this tool to calculate AV, and also to measure the resulting
deformation in terms of the change in the membrane cur-
vature of the cells, yielding the increase in bending energy.
We complement the experiments with simulations, where
the attraction potential is implemented either as the
excluded volume interaction of the explicit rods (i.e., a
direct depletion interaction) or as a pairwise adhesion
between two cells modeled by a Lennard-Jones (LJ)
potential.

In general, exerting mechanical forces on cells results in
cell deformation (29,30). Understanding cell deformation
under external load is key to a full comprehension of the
behavior of cells under mechanical loadings, such as
cellular growth, where the mechanical stresses can affect
tissue proliferation (31); cellular apoptosis initiated by me-
chanical stimuli (32); and overcrowding in tissue leading to
live-cell extrusion or delamination (33,34). Cell defor-
mation is most prominent in blood flow, ranging from endo-
thelial cells deformation (35) and deformation of leukocytes
adhering to the endothelial cells (36) to the extreme de-
formation of RBCs themselves as they pass through narrow
microcapillaries with a diameter smaller than the diameter
of RBCs (37). Established techniques to investigate cell
response to applied forces and to quantify the deformability
of biological cells (38,39) are micropipette aspiration
(40-43), optical trapping (44,45), and atomic force micro-
scopy (46-48), applying forces ranging from tens to

C
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Schematic representation of two RBCs in a suspension of nonadsorbing rods. (A) The two cells are far apart. (B) At low rod concentration, ¢4,

RBCs preserve their biconcave shape and do not deform. Also, there is a gap between the cells. The overlap volume, V,y, is where the depletion layer of the
two RBCs overlaps. (C) At high ¢4, the cells are in full contact and have a deformed shape to decrease the volume excluded to the rods by the doublet. The

gray layer around the cells represents the depletion layer.
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hundreds of pN. Despite their success, these techniques are
experimentally involved and limited to single-cell measure-
ments, while they can affect the mechanical properties of the
cells. By combining the tool of long-ranged attraction as
induced by colloidal rods and 3D image analysis, we intro-
duce a noninvasive method with high throughput to obtain
mechanical features of cells by quantifying the balance be-
tween hydro-static pressure when two cells are squeezed
together and the resulting deformation.

We first introduce the energies that determine the shape of
the doublet, namely the depletion and elastic energies. We
then present a cascade of observed configurations, their rela-
tive contributions as a function of the depletion force, and
the underlying dependence of excluded volume and bending
energy, aided by the simulations. Thus, we show how the
cascade of configurational transitions occurs as a competi-
tion between long-ranged attraction mediated by rod-like
depletants and the deformability of RBCs.

MATERIALS AND METHODS

Discretized model for elastic energy
contributions

The changes in the elastic energy (E.,s) of RBC membrane due to deforma-
tion consist of four contributions,

Eelas = Eshear + Ebend + Earea + EV017 (1)

where Egeor represents an in-plane elastic energy and Epeqg corresponds to
the bending resistance of the membrane. Ey., and E,q represent the sur-
face area and volume constraints, which are used to maintain a nearly con-
stant RBC area and volume. In both experiments and simulations, the
surface of the RBC is discretized into a triangulated network with N,
vertices, N, edges, and Ny triangular faces (49,50). To compute changes
in the elastic energy (AE.s), the first three contributions are considered
in simulations because E,, remains nearly constant. In the experiment,
it is only possible to calculate Epepg, as triangulation of the RBC surfaces
is done after the deformation. For a triangulated RBC surface, Eghear 1S
given by (49,50)
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where the first term is an attractive worm-like chain potential and the sec-
ond term is a repulsive potential with a strength coefficient k. In the attrac-
tive potential, kg is the Boltzmann constant, T is the temperature, p is the
persistence length, /; is the extension of edge i, /', is the maximum
edge extension, and x; = /;// . The bending resistance of the membrane
is discretized as (51)
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where « is the bending rigidity, n; is a unit normal of the membrane at
vertex i, and a; = (3 ;;05r3)/4 is the area of dual cell of vertex i. j(i)
stands for all neighboring vertices linked to the vertex i, and o; =
rijcot(8;) +cot(f,)]/2 is the length of the bond in dual lattice, with angles
0, and 6, being the two angles opposite to the shared bond vector ry.
Finally, the area dilation energy is given by (49,50)
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where k4 and k, are local area and total surface area constraint coefficients,
respectively. A; is the instantaneous local area of each triangle in simula-
tions and A? is its desired or targeted value. A is the instantaneous area of
the whole RBC, and Ay is the targeted area of the RBC. The first term in
Eq. 4 on the right-hand side controls the total membrane area, while the sec-
ond term represented by the sum over triangular elements controls local
area dilation of the membrane.

Depletion energy calculation

When the distance between the center of mass of the rod and the surface of,
for example, an RBC is smaller than half the rod length, then the number of
configurations for the rod becomes limited. Hence, there is an effective
layer around surfaces depleted from rods, called the depletion layer.
Thus, the total volume excluded for the rods (Vex) is equal to the volume
of the objects plus the depletion layer around these objects. When the deple-
tion layers of two rigid objects are separated by a distance r overlap, then
the excluded volume is reduced by the overlap volume V,(r) between
the objects, resulting in an attractive depletion interaction between them.
The effective attractive interaction potential between objects due to the
presence of colloidal rods can be written as (52)

AEup(r) = —IIVy(r), )

where AEq, is the change in the depletion potential and IT is the osmotic
pressure difference of depletants between the bulk (i.e., far from the RBCs)
and that in the depletion layer.

In the case of RBCs, not only is the distance r between cells important but
so are their relative position and orientation given by 6 (see Fig. 1, A and B).
Furthermore, the RBCs can deform in response to depletion forces.

Vet = Ve (r — ) — Ve(r, §) defines the gain in the accessible vol-
ume for the rods due to the configuration of two undeformed RBCs at
low concentrations, where AE.j,, = 0. In this case, the change in the deple-

tion energy Eﬁ‘e’gf can be written as

A Econf —

e —Iveen, (©6)
With increasing rod concentration, the configuration of the two undeformed
RBCs will proceed toward a maximal overlap between them. After the most
compact configuration of two cells with Vex (r’"i“7 0"“") is reached for some
™" and 0™, Vey can decrease further with increasing cjy only through RBC
deformation. Hence, we also need to consider the gain in free accessible
volume for depletants due to RBC deformation, V& = v, (rmi
Hmi")|AEE|m:(, — Vg (rmin] gmin AFE,s)). In this case, the difference in
excluded volume between deformed and undeformed RBCs in a doublet
should be considered. As a result, there is an extra contribution to the
change in the depletion energy, given by

AEg = —TIVy" 7

To estimate the osmotic pressure, we use an expression from the scaled
particle theory for colloidal rods modeled as hard spherocylinders (53):
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Here, V; is the volume of a rod, and ¢, is the volume fraction of rods. v is
related to the aspect ratio of the rods, L/D, as y = 1+ %, with L and D
being the length and diameter of the rods, respectively. In the case of fd vi-
rus, L is 880 nm, and D is 6.6 nm. The effective diameter of the fd is larger
than 6.6 nm due to the electrostatic repulsion between rods. At the solution
ionic strength of 150 mM, the D of the rods is 10 nm (54). We have to
consider, however, that the rods themselves have a significant excluded vol-
ume. Our recent study shows that for a volume fraction of rods above
approximately 0.0023, there is a nearly linear deviation between theory
and experiment, suggesting that ¢, in Eq. 8 should be replaced by (27)

0. — ¢, — (p, — 0.0023) x 0.55 for ¢, > 0.0023.
©)

We have direct access to Ve (r, §) through the 3D reconstruction of RBC
shapes using triangulated meshes and normal vectors at the surface of cells
(see image analysis section and Fig. 2 A). Ve (r, 0) is calculated by adding a
depletion layer around the cells with a thickness equal to a quarter of the
length of the rods (for more details, see the supporting material). In the sec-
ond step, the volume where the depletion layers of the two cells overlap is
removed. Third, a new triangular mesh is created at the surface of a doublet
with the adjusted depletion layer, which determines the excluded volume of
the doublet. Using Eqgs. 8 and 5 and the obtained excluded volume, the
depletion energy for each configuration is then computed.

Sample preparation

All experiments are performed using fresh blood taken by finger pricking
from healthy donors. The blood is collected into tubes where the walls
are coated with anticoagulants such as EDTA. After washing the RBCs
three times (500x g, 10 min) in phosphate-buffered solution, RBCs are
labeled with CellMask Green Plasma Membrane Stain from Thermo Fisher
Scientific (Waltham, MA, USA).

Depletion force induced cell deformation

Rods are used to induce depletion interactions, as they are very effective
depletants (55), which has been shown experimentally through a direct
measurement of the depletion potential (56,57). We use a wild-type of
rod-like fd virus that is grown and purified following standard biochemical
protocols (58). fd virus has a diameter of 6.6 nm and a length of 880 nm.
The samples are prepared by redispersing labeled RBCs at the hematocrit
of 1% in a density-matched medium (a mixture of phosphate-buffered so-
lution and OptiPrep [pH 7.4]) and adding fd from stock solutions to obtain
different concentrations.

In the samples, beside RBC doublets, aggregates of more than two cells
can also form. The frequency of their formation depends on the probability
of cells to encounter each other, which is affected by the volume fraction of
RBCs in the sample (kept constant at 1% in this study) and the diffusion rate
of RBCs within the rod suspension.

Microscopy

The sample is then filled into the u-slide channel from ibidi. The channels
are sterilized and tissue culture treated, which makes the surface hydrophil-
ic. Images are obtained at room temperature with an inverted microscope
(Axiovert 200M, Zeiss, Jena, Germany). The left viewport of the micro-
scope is coupled with a confocal unit (VT-Infinity3, VisiTech International,
Sunderland, UK) and a high sensitivity camera (Andor iXon Ultra 888
EMCCD, Oxford Instruments, Abingdon, UK). Microscopy is performed
using a 100x oil immersion objective and 0.5 um steps in obtaining z
stacks.

Image analysis

We used ilastik 1.3.3, an interactive machine-learning open-source software
for (bio)image analysis to perform 3D reconstruction of the raw confocal
data (59) and exported the resulting surfaces of RBCs as meshes. Then,
MeshLab, an open-source mesh processing tool (60), was employed to

A Confocal scan

3D reconstructed RBC from Confocal scan

C T-shaped doublet

Parachute doublet

Excluded volume
Yin-yang doublet

FIGURE 2 (A) A confocal scan of a single RBC and the corresponding 3D reconstructed cell with surface triangulation and corresponding normal vectors at
each vertex. The scale baris 3 um. (B) 3D reconstruction of single RBCs and doublets with, from left to right, a biconcave shape, a parachute configuration,
and a Yin-yang shape. The color coding indicates the local mean curvature of the cells, where red corresponds to the largest values and blue to the lowest
values. (C) A 3D reconstructed RBC doublet (fop) in a T-shaped configuration and the excluded volume of the same doublet for the depletants (bottom).
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revise the meshes. The RBCs in experiments are fine meshed so that, on
average, each RBC is meshed with N, ~ 14,000 vertices with correspond-
ing normal vectors (see Fig. 2 A). Plotly Python graphing library or
MeshLab was used for the visualization of the 3D reconstructed RBCs.
Discretized bending energy and excluded volume of the doublets were
computed using an in-house Python-based code. In particular, the disc-
retization of bending energy in Eq. 3 (51) was employed. The biconcave
shape of a single RBC in equilibrium yields a bending energy of
E, =4307 £ 221kgT.

Simulation models

RBCs were modeled as triangulated surfaces with the total energy given in
Eq. 1 (49,50). Each RBC consists of N, = 3000 vertices, No. = 8994
edges, and Ny = 5996 triangular faces. In addition to the shear deforma-
tion, bending, and area-dilation energies defined in Eqs. 2, 3, and 4, the vol-
ume conservation constraint is given by

2
ky(V — V)
Ew = ——F——, (10)
2V,

where k, is the volume-constraint coefficient and Vj is the desired total vol-
ume of an RBC. For simulations with an adhesion potential, excluded-vol-
ume interaction as well as the attraction between two RBCs were modeled
by the 12-6 LJ potential given by

Eu(r) = e{(rﬂ)lz _ 2(@)1 for r<r., (1)

r r

where r is the distance between a pair of two vertices located at different
RBCs, ¢ is the strength of the LJ potential, 7, is a characteristic length
of repulsion, and . is the cutoff distance. The attraction strength between
two RBCs was modulated by changing e.

For the case of explicit depletion interaction, the two RBCs were sur-
rounded by a number of semiflexible polymers. The attractive LJ interac-
tion between the RBCs from Eq. 11 was turned off by setting r. =
\°/§rrep so that only excluded-volume repulsive interactions are present.
Repulsion between polymers and RBCs is also mediated by the repulsive
part of the LJ potential. Each polymer was modeled as a bead-spring chain
of N, = 10 particles. In the semiflexible polymer model, a harmonic spring
potential and a harmonic angle potential between every pair of neighboring
springs were employed. The strengths of these potentials were selected to
be large enough so that the model approximates well nonextensible rigid
rods. Dynamics of RBCs and semiflexible polymers was modeled by the
Langevin equation

- V[Elol - ’le + V Z/YkBTgi(t)a (12)
where m is the particle mass, V; is the spatial derivative at the position of
particle i, and E, is the sum of all interaction potentials. The friction coef-
ficient ¥ mimics embedding of the suspended components into a viscous
fluid through the free-draining approximation. £,(¢) is a Gaussian random
process with (£,(t)) = 0 and (£;(t)¢;(f')) = 16;6(t — 1) that represents
thermal fluctuations. The positions and velocities of all particles were inte-
grated using the velocity-Verlet algorithm (61). In simulations, cell proper-
ties correspond to average characteristics of a healthy RBC with a
membrane area Ay = 133 p,mz, cell volume Vy = 93 ,u,m3, shear modulus
w = 4.6 uN/m, and bending rigidity k = 70 kgT = 3 x 107" I. The
effective RBC diameter is defined as D, = \/Ao/7 = 6.5 um (D, =
6.5 in model units), and the RBC reduced volume is equal to V* =

6Vo/(mD3)=0.64. Note that the stress-free shape of an RBC elastic
network (Eq. 2) is assumed to be an oblate spheroid with a reduced volume
of 0.96. The biconcave shape of an RBC of V* = 0.64 is obtained by
deflating the stress-free spheroid with a reduced volume of 0.96. The length
of each polymer is L, = 1.05 um, and the thickness is D, =

0.15 wum. The persistence length of rods is equal to approximately

mr, =
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480 L. Note that the rod thickness D, imposed through the characteristic
length rye, of the LJ potential defines a minimum resolution length in sim-
ulations. It is considerably larger than the thickness of fd virus used in ex-
periments because a much finer resolution in simulations would
tremendously increase their computational cost. All simulations were run
on the supercomputer JURECA (62) at Forschungszentrum Jiilich.

RESULTS
RBC doublet configurations

We observe a plethora of different configurations of
doublets (see Fig. 3 A) when the fd concentration, cyy,
and thus the interaction strength, is increased from
cra = 0.125mg/ml to ¢y = 12 mg/ml. The onset of ag-
gregation, where at least one RBC doublet can be observed
within the observation time, is at approximately cy =
0.05 mg/ml. Relative contributions of the different config-
urations of RBC doublets as a function of the concentration
of fd virus are shown in Fig. 3 B.

At the lowest concentration of ¢y = 0.125 mg/ml, the
RBCs do not deform, and the doublets display a fluctuating
gap between the two cells. At this concentration, a substan-
tial number of doublets also exhibit a T-shaped configura-
tion, where one RBC is located with its edge at the dimple
of the other RBC. Furthermore, a few doublets show shifted
gaps (see Fig. 3 A) between the two cells.

At ¢y = 0.25mg/ml, shifted doublets are mainly
observed and can be thought of as the most compact config-
uration of undeformed RBCs, for which 6,,;, = 7 and the in-
plane component of rp;, is about one RBC radius. At this
concentration, the first doublets with a full contact, i.e.,
without the gap in a parachute configuration (see Fig. 3
A), are also detected. In the parachute configuration, one
RBC has a concave-convex surface, while the other cell
has either a concave-convex or concave-flat surface. The
cell with a concave-flat surface experiences less deforma-
tion compared with the RBC with a concave-convex surface.

At ¢;y = 0.50 mg/ml, another configuration called Yin-
yang is observed. In this configuration, RBC doublets have a
sigmoidal contact surface. It resembles the shifted gap
configuration, but a significant membrane deformation is
required to assure full contact. In the previous studies, this
configuration has also been labeled as S-shaped (23). The
fraction of full-contact configurations increases with incre-
asing concentration until approximately ¢;; = 2.0 mg/ml,
where all doublets are in full contact either in parachute
or Yin-yang configuration. Beyond ¢y = 7.0 mg/ml,
most of the doublets take Yin-yang shape, and very few dou-
blets have parachute shape. Larger values of fd concentra-
tion lead finally to a nearly spherical configuration of two
cells since a sphere represents the most efficient packing
of two RBCs in terms of excluded volume.

Compared with previous investigations (15,23), we have
identified three new doublet configurations, including the
T-shaped, doublets with a gap, and spherical doublets with
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FIGURE 3 (A) Different configurations of RBC doublets reconstructed from confocal scans. The bright patches indicate contact between the cells. The red
cross at the bottom left represents the onset of RBC aggregation in the presence of fd (25). ¢y represents the concentration of fd. (B) The corresponding
distribution of these configurations, which were observed in experiments. Error bars are defined as the square root of the counts. We identify three transition
regions, marked by fd concentrations of 0.25, 2, and 8 mg/ml fd and indicated with roman numbers. These regions represent different pathways for the mini-
mization of the excluded volume, as discussed in the discussion section. See supporting material for confocal scans (Videos S1-S5) and Video S6 for the 3D

reconstructed doublet in parachute configuration.

strong deformation of RBCs. Despite the fact that the spher-
ical configuration has been suggested earlier (63), it has not
yet been realized experimentally. In the following, the
appearance of these configurations will be investigated in
detail. To this end, parametrization of confocal images is
employed to compute the excluded volume of a doublet as
well as the local curvature of the cells and the corresponding
bending energy. Furthermore, numerical simulations of
two RBCs interacting via a depletion potential induced
by explicitly modeled rods as well as via an attractive
adhesion potential are used to corroborate experimental
observations.

Changes in excluded volume

Compared with some depletants such as dextran, fd virus
does not introduce any direct bridges between two RBCs
and only mediates depletion interactions (25). Therefore,
the gain in free energy for different doublet configurations
can be calculated from the total excluded volume of a
doublet for depletants, V., using the rendered 3D recon-
struction and triangulation of RBC shapes (see Fig. 2, A
and C). Ve as a function of the osmotic pressure I1/kgT
is plotted in Fig. 4 A, where Eqs. 8 and 9 are used to convert
the concentration of rods into the osmotic pressure. Some
values of Ve at low fd concentration in Fig. 4 A are larger
than the magnitude of the excluded volume for two single
cells. The error bars are quite large because all cells are
different. Furthermore, for the case of doublets with a gap,
the excluded volume can be larger than that for two single
cells due to the extra volume of the gap between the two
cells. We can estimate the range of force applied by fd virus
by converting the pressure to the force and measuring the
contact surface between RBCs in a doublet (see supporting
material for details). This yields a wide range of forces be-
tween 0.6 to 127 pN. Also, a large variance in the depletion

energy in Fig. 4 C up to the osmotic pressure of about 1 Pa is
due to large fluctuations in the overlap volume at low os-
motic pressures. For example, at 4 mg/ml fd, we have
observed Yin-yang doublets having different shapes (see
Videos S4 and S5), even though for both of them, the contact
surface has a sigmoid shape. In addition, differences in
elastic properties of RBCs will contribute to the variations
in doublet configurations at low attraction strengths. At
large attraction strengths, these variations are significantly
reduced. Nevertheless, the excluded volume decreases
with increasing osmotic pressure. Excluded volumes calcu-
lated from experimental observations for different doublet
configurations at a fixed ¢ often show overlapping ranges
indicated by the error bars in Fig. 4 A. Thus, we cannot state
with certainty whether some configurations such as the
T-shape are thermodynamically more stable than others.

To assess the stability of the T-shaped and fluctuation/
shifted gap configurations, numerical simulations of a
doublet under a depletion potential mediated by explicitly
modeled rods are performed (see the snapshots in Fig. 5,
and Video S7 in supporting material). The rods in the simu-
lation are 1.05 pum long and have a thickness of 150 nm.
The simulations are performed at number densities of
nmy = 2.25 and 3 um~3 (see simulation models section
for more details). To reduce the total computational cost,
simulations were set such that a starting doublet configura-
tion corresponds to either the T-shaped or face-to-face
configuration. Face-to-face doublets are stable during the
whole simulation for both number densities. However, the
T-shaped doublet remains stable only for the large ny,, while
at the low number density, the T-shaped configuration tran-
sits to a face-to-face doublet at long times.

The stability of the doublet configurations can be charac-
terized by the distribution of angles between the normal vec-
tors of the two cells (here, the eigenvector of the inertia
tensor corresponding to the smallest eigenvalue), as
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doublets explore the state space in the simulation. The
amount of experimental data is too limited for the construc-
tion of angle distributions, as observed doublets quickly
bleach. Fig. 5 shows angle-dependent interaction potentials
that are derived from the angle distributions, using the
Boltzmann factor for both doublet configurations. The
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face-to-face configuration has a much steeper potential
than the T-shape configuration, supporting a better stability
of the face-to-face configuration. Nevertheless, the angle
potential for the T-shaped doublet at the large number den-
sity is also relatively steep, so the T-shaped configuration is
expected to remain stable. Note that the initial formation of
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a T-shape is set by the probability that two RBCs approach
each other at an angle close to 90°.

Fig. 5 also presents angle potentials obtained from simu-
lations of a doublet formed by an attractive potential
between vertices of two RBCs (i.e., without rods), as per-
formed in a previous study (15). Interestingly, angle poten-
tials from simulations with the attractive interaction
compare well with those having depletion interactions medi-
ated by explicit rods when the attraction strength ¢ is prop-
erly adjusted. As a first approximation, the strength € of the
LJ potential is guided well by the deformation of a doublet.
It is also possible to relate € to the strength of adhesion per
unit area, as was done in (15). Note that this relation de-
pends on the mesh size in RBC discretization and the range
of the LJ potential. The comparison of angle potentials in
Fig. 5 allows us to establish a mapping between different
simulation models. For instance, the simulation with n, =
3 um~? and the osmotic pressure of IT = 8 x 10~ 3Pa cor-
responds to the simulation with an attractive potential
strength of ¢ = 0.01. Note that the depletion potential in
Fig. 5 A for the low density of rods is not symmetric around
180° because there are strong fluctuations in the configura-
tion of the doublet for weak depletion interactions. This re-
quires very long simulations in order to statistically sample
all possible states. The potential should be symmetric, and
the asymmetry is likely due to the finite amount of statistics
from performed simulations. The depletion potential in
Fig. 5 B for n, = 2.25 um~3 shows a drop in the energy
at § = 0 and 180 because the T-shaped doublet is not stable

at this rod concentration. This drop in energy corresponds to
the transition from the T-shaped configuration to the face-to-
face configuration, which is stable. For n, = 3 um~3, the
energy barrier for this transition is much larger so that it
never occurs within the time of simulations. Therefore, the
T-shaped doublet is stable at a high enough concentration
of rods.

Changes in membrane energy

As mentioned previously, changes in the bending energy
due to membrane deformation can be calculated from the
3D reconstruction of the confocal images. Fig. 2 B illus-
trates the distribution of local mean curvature of a single
RBC with a biconcave shape, a cell from a parachute
doublet, and a cell from a Yin-yang doublet. Single cells re-
tained their original shape for all concentrations of fd, as the
depletion forces correspond to an isotropic hydrostatic pres-
sure, which does not destabilize the normal shape of RBCs.
For the Yin-yang and parachute configurations, the local
mean curvature along the rim of a cell increases signifi-
cantly compared with an undeformed RBC. As a result,
the corresponding bending energy must increase for doublet
configurations with significant RBC deformation.

Fig. 4 B displays the difference in bending energy be-
tween an isolated RBC in equilibrium and an RBC from a
Yin-yang or parachute doublet as a function of the concen-
tration of fd virus or osmotic pressure. As the concentration
of fd increases, the bending energy of cells for both
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Yin-yang and parachute doublets increases. Note that the in-
crease in the bending energy for parachute doublets is less
than that for the Yin-yang configuration, indicating less
deformation for the case of parachutes. For fd concentra-
tions up to 4 mg/ml, RBCs in a Yin-yang doublet experi-
ence a moderate deformation and generally preserve their
biconcave shape (see Fig. 3 A). A further increase in the
fd concentration finally leads to the limiting case of a nearly
spherical doublet. In this spherical Yin-yang configuration
for ¢y > 8 mg/ml, no further excluded volume can be
gained. Furthermore, no further bending deformation takes
place, and therefore the change in the bending energy levels
off. Note that at large ¢y, shear deformation and area dila-
tion must still occur, but these contributions to the total en-
ergy cannot be accessed by traditional experiments.

To assess other contributions to the total membrane en-
ergy, we turn back to simulations. Here, simulations with
an attractive potential are used because the strength of
depletion interactions in simulations with explicit rods is
limited due to the upper limit on the concentration of
rods. The rod diameter in simulations is much larger than
the fd diameter, and therefore the simulated rod suspension
undergoes an isotropic-nematic phase transition at elevated
concentrations. The red diamonds in Fig. 4 C (full and open)
show the dependence of the two contributions to the mem-
brane energy on the osmotic pressure. The area dilation en-
ergy is not shown here as its contribution is negligible
compared to the bending and shear deformation energies.
At low osmotic pressure, an increase in bending
energy with increasing II is consistent with the increase
observed in experiments (see Fig. 4 B). For II > 1Pa

(cfd > 8 mg / ml) , a substantial increase in the shear defor-

mation energy is observed. Thus, it is plausible to assume

II1 IV

that the shear deformation supplies a dominant elastic
contribution.

DISCUSSION

Equations 5 and 6 indicate that the osmotic pressure exerted
by the rod-like viruses drives the RBC doublet into config-
urations with a reduced excluded volume, resulting in a
cascade of transitions between different cell morphologies
(see Fig. 3). These transitions can be understood using the
schematic in Fig. 6, which sketches the change in free en-
ergy AEy = AEge, + AEg for different doublet configu-
rations upon increasing the fd concentration. In region I,
the free energy of undeformed RBCs is minimized (green
solid curve). In region II, the shifted gap configuration still
has the lowest energy, but the contribution of parachutes to
the free energy is increasing so that these different contribu-
tions eventually approach each other. In region III, the para-
chute configuration dominates, but the contribution of Yin-
yang configurations takes over with increasing osmotic
pressure. Finally, in region IV, the Yin-yang configuration
becomes dominant and has the lowest energy (dashed-
dotted blue curve). This scheme suggests discrete transi-
tions, but, as indicated in Fig. 3, there are extended coexis-
tence regions as the volume of RBCs, and their elastic
properties show significant variations as a function of cell
age (64). Furthermore, the free energy can vary significantly
for different doublets observed under the same depletion
conditions due to the variability in RBC properties, such
as their age, surface area/volume ratio, viscosity, shear
modulus, and bending rigidity.

In region I, RBC doublets in either a T-shaped or face-to-
face configuration with a fluctuating gap are observed. Both
of these configurations have not been observed previously,

T T T
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which is likely due to the fact that previous studies have em-
ployed relatively small depletants, limiting the depletion
interaction range. In the current study, rod-like depletants
induce an effective and long-range depletion interaction,
compared with most previous investigations, due to their
high aspect ratio. Indeed, our simulations with explicitly
modeled rods as depletants reproduce well the experimental
observations. Even though there is nearly no RBC deforma-
tion in region I (see Fig. 4 B), there is a substantial change in
AFE4ep with increasing I, which can be attributed to the opti-
mization of the doublet configuration through the gain in
Veont(r 6). An increase in ¢y within region I results in a tran-
sition from RBC doublet with a fluctuating gap (i.e., with
fluctuations in r and @) at low IT to a face-to-face configura-
tion with a stable (nearly fixed) gap between the cells. For
the stable gap, fluctuations in r and 6 are substantially
reduced, and a full circle-like contact between the RBCs
is formed. Despite the fact that the free-volume gain for
the rods is larger for the parachute or Yin-yang configura-
tions than for those with a gap, membrane deformation en-
ergy is too high to be compensated by the depletion
attraction at low rod concentrations.

In region II, a transition from RBC doublets with face-to-
face configurations with a gap to RBC doublets with a full
surface contact is observed. Here, the gain in the overlap
volume primarily originates from closing the gap bet-
ween two cells in the face-to-face configuration. The gap
disappears through the buckling of one of the two dimples.
The bottom buckled cell has a slightly higher bending
compared with the top cell (see the open and solid areas
in region II of Fig. 4 B). The excluded volume contribution
Vex (rmin, gmin AE,,s) to AE\ is large enough to overcome
an increase in the deformation energy for the parachute
configuration. This energy cost is mainly due to an increase
in bending energy upon buckling. With an increase of I1, the
fraction of parachute doublets with a full surface contact be-
comes larger than the fraction of face-to-face configurations
with a gap, where the latter practically disappears at ¢y =
2 mg/ml, and all doublets display a full surface contact
(see Fig. 3 B). Furthermore, capsule buckling due to an os-
motic pressure difference between the interior and exterior
of the shell has been reported previously, resulting in a
capsule shape with stable dimples (65,66).

In region III, the doublets have full surface contact, and a
transition from the parachute to a Yin-yang configuration
takes place. For fd concentrations slightly above 2 mg/
ml, there is no substantial difference in the bending energy
penalty between the parachute to Yin-yang configurations
(see Fig. 4 B). However, with increasing ¢;; > 4 mg/ml,
both configurations undergo a sigmoidal transition, where
RBCs experience substantial deformation resulting in
a reduction of excluded volume (see Fig. 4 A). Fig. 4 C,
where AEyenq and |AEq,| are shown by blue bullets (full
and open, respectively) and directly compared, demon-

Depletion force induced cell deformation

strates that the change in bending energy is compensated
by the change in the depletion energy of parachute and
Yin-yang configurations for pressures up to II=1 Pa. The
simulations indeed confirm that the bending energy is the
dominant element in deformation energy for a pairwise
adhesion equivalent to a pressure up to II=1 Pa. The
average change in the bending energy of the cells rea-
ches a plateau at the upper boundary of region III
(cfa =8 mg /ml) with values of AEpeng =1 X 1035 T in ex-
periments and AEpepg=1.2 X 10%kgT in simulations. Note
that previous experimental (23) and computational (15,21)
investigations have reported only RBC doublets having a
full surface contact, which corresponds to the region III of
our classification.

Finally, in region IV, ¢;; > 8 mg/ml, the parachute
configuration is fully replaced by the Yin-yang configura-
tion, which nearly reaches the most compact configuration
of a sphere at ¢; = 12 mg/ml. While AEjeqq seems to
reach a plateau in region IV, AEgng) still drops significantly.
In this region, the gain in the total depletion free energy is
mainly balanced by the elastic shear energy with a smaller
contribution of the area dilation energy (data not shown)
(see Fig. 4 C). The sum of the contributions can be
read from Fig. 4 C, taking the difference between |AEdep‘
and AFEpeng, yielding AFEgey + AEyea = 1.4 X 10*%gT at
IT = 2.2 Pa. Our simulations also suggest that the energy
penalty due to shear deformation can be as large as
10*kgT, as Eqhear displays a steep increase at large attractive
strengths between the two RBCs. Using the experimentally
determined elastic shear modulus of RBCs in the range
(2 —10)u Nm~' (67-69) and estimation of shear-domi-
nated energy from (28), an estimation of the shear deforma-
tion energy of a shell with properties similar to those of
RBCs and a radius of 4 um can be obtained in the range
of (0.8 — 4 x 10*)kgT, in good agreement with our result.
There might be additional energetic contributions, such as a
deformation of the brush-like glycocalyx in response to
applied osmotic pressures. These effects should be, how-
ever, less prominent when applying long-ranged depletion
interactions mediated by rods compared with smaller deple-
tants such as dextran polymers (7).

In our study, the interaction between two cells induced by
rod-like particles is a long-range depletion potential such
that no explicit adhesive interactions are present. This deple-
tion interaction leads to a plethora of RBC doublet configu-
rations, most of which can be qualitatively reproduced by
simulations with an adhesion potential. When dextran mol-
ecules are used as depletants, the interaction between two
RBC is more complex, as both bridging and depletion ef-
fects are present (23,70). Existing studies on RBC aggrega-
tion using fibrinogen show a linear dependence of the
attraction energy on fibrinogen concentration, which is
similar to fd but different from dextran (23,70). Neverthe-
less, other studies reported binding of fibrinogen to RBCs,
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which was not observed for fd (25). Therefore, we think that
both dextran and fibrinogen likely produce both depletion
and adhesion effects, which are difficult to disentangle.
Even though the results in Fig. 5 indicate similarities be-
tween depletion and attractive-potential interactions, it is
not clear whether those two types of interactions are equiv-
alent or not. The amount of data we have is too little to make
a definite claim about similarities and differences.

The above-described wealth of configurational transitions
is due to the morphology of the RBC with its discoidal shape
and high deformability and the use of long rods as deple-
tants. Our findings of the configurational transitions indicate
that besides shape (71), deformability is a crucial factor in
the self-assembly of soft particles. The wealth of transitions
also exemplifies why rods, which can induce forces in the
range of 0.6—-127 pN, are such effective depletants. First,
stable complexes can be induced at very low volume frac-
tions; second, complexes can have a relatively open struc-
ture, while being stable (the face-to-face configuration);
third, deformations can be induced that are otherwise not
feasible. Long-range depletion attraction is especially useful
to induce deformation in soft objects. It yields a quantifiable
approach that can be applied to other soft objects such as mi-
crogels in (72,73). Knowing the depletion force and using
the 3D image analysis, we can determine the bending
modulus as well as compressibility and elastic behavior of
the soft objects. On the other hand, our image analysis can
also be directly used to study cell-cell interactions and de-
formations under pathological conditions such as those
caused by sickle cell anemia or malaria, in the case of RBCs.

It is also important to discuss limitations of the proposed
approach. The main limitation is that the osmotic pressure
induced by depletion is hydrostatic, so dynamic interactions
would be difficult to quantify. Therefore, microscopy obser-
vations and their quantification should be performed after
the system has reached steady state. Furthermore, the quan-
tification of depletion interactions is likely difficult under
nonstatic flow conditions, where the overlap volume is
time dependent. This method can also be applied to the
interaction of cells with solid or deformable substrates.
Furthermore, depletion interactions can be used to form ag-
gregates from many (more than two) deformable cells. The
quantification of depletion forces and cell deformation
within aggregates is expected to be more difficult than for
the case of two cells. However, it would be interesting to
examine these broader capabilities of the proposed deple-
tion approach in future research.

CONCLUSIONS

Deformation of two RBCs through depletion interactions
mediated by nonadsorbing rod-like particles has been inves-
tigated using rod-like fd virus in experiments and particle-
based simulations. A sequence of configurational transitions
of RBC doublets with increasing depletant concentration,
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hence the osmotic pressure, is identified, including configu-
rations that can only be induced by using long-ranged attrac-
tion. In the quantitative analysis, a change in the bending
energy of single cells in a doublet compared with isolated
RBCs has been calculated, as well as a change in the free
energy, which characterizes the depletion interaction. At
low interaction strengths, the increase in bending energy
is balanced by the decrease in depletion energy, as RBCs
in a doublet deform to minimize the excluded volume of
depletion zones surrounding them. Changes in the shear
elasticity become dominant over the bending energy at large
interaction strengths, as confirmed by the simulation. As
such, we introduced a comprehensive and high-throughput
method to study the mechanical features of cells, cell-cell
interactions, and pathological deformations using long-
ranged depletion interaction and image analysis.
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