Competition between red blood cell aggregation and breakup: Depletion
force due to filamentous viruses vs. shear flow
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Human blood is a shear-thinning fluid with a complex response that strongly depends on the red blood
cell’s (RBC’s) ability to form aggregates, called rouleaux. Despite numerous investigations, microscopic
understanding of the break up of RBC aggregates has not been fully elucidated. Here, we present a study of
breaking up aggregates consisting of two RBCs (a doublet) during shear flow. We introduce the filamentous fd
bacteriophage as a rod-like depletant agent with a very long-range interaction force, which can be tuned the
depletion interaction with the rod’s concentrations. We visualize the structures while shearing by combining a
home-build counter-rotating cone-plate shear cell with microscopy imaging. A diagram of dynamic states for
shear rates versus depletant concentration shows regions of different flow responses and separation stages for
the RBCs doublets. With increasing interaction forces, the full-contact flow states dominate, such as rolling
and tumbling. We argue that the RBC doublets can only undergo separation during tumbling motion when
the angle between the normal of the doublets with the flow direction is within a critical range. However,
at sufficiently high shear rates, the time spent in the critical range becomes too short, such that the cells

continue to tumble without separating.

I. INTRODUCTION

Blood is a shear-thinning fluid with a complex response
that strongly depends on the red blood cells (RBCs) abil-
ity to form aggregates in the form of stacks, as has been
shown by experiments'™® and simulations®. The RBCs
tend to aggregate into ordered clusters when under low
external forces (or in stasis), such as in the center of
big vessels, at bifurcations, and behind valves (e.g., ve-
nous valves)”. Initially, two red blood cells stack face-
to-face, resulting in a doublet which grows linearly as
more cells aggregate onto the stack®. This initial process
takes a couple of seconds. Over time some of the smaller
stacks attach to the sides of bigger stacks, forming three-
dimensional structures, which can finally form a perco-
lated network that displays a yield stress. Although there
are multiple factors for RBCs aggregation, fibrinogen has
been identified as the key plasma component that con-
tributes to formation of rouleaux®1Y. For instance, after
an cardiac event!!, the concentration of fibrinogen is in-
creased which can lead to an enhanced tendency of the
RBCs to aggregate'. Furthermore, pathological condi-
tions such as sickle cell anemial?, diabetes'® and others
contribute to an increased RBCs aggregability.

Two mutually exclusive models have been proposed
to describe the rouleaux formation'®. In the bridging
model, the free ends of the plasma proteins (i.e., fibrino-
gen) are absorbed onto the membrane of adjacent RBCs
and consequently forming parallel cross-bridges between
the cells'®!?. The depletion model states that plasma
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proteins experience imbalance in conformational entropy
in the vicinity of the RBCs surface, thus creating a layer
of excluded volume, called the depletion layer. When
the RBCs are close to each other, their excluded volumes
start to overlap, and the difference in osmotic pressure
between the excluded volume and bulk causes the RBCs
to aggregatel4’20’23.

The formation of rouleaux is a reversible process, and
the aggregates disperse when exposed to external force,
such as shear flow. The adhesion strength of the aggre-
gates influences the perfusion in the cardiovascular sys-
tem?425, Therefore, understanding the mechanism be-
hind rouleaux formation leads to a better understanding
of blood rheology.

Despite of numerous investigations, microscopic under-
standing of the formation and breakup of RBC’s aggre-
gates has not been fully elucidated?®. A possible ex-
planation is that most studies were in bulk rheology
and the model macromolecules used to induce an at-
tractive force between the RBCs show contradicting ev-
idence?” 2. The studies performed at a cell-to-cell level
show that tank-treading is essential in the disaggregation
process®?3! and the minimal drag force during shearing
is in the range 0.5-5pN®%32. Thus, in this work, we will
study the breakup of aggregates of two RBCs (a doublet)
in shear flow by combining a home-build counter-rotating
cone-plate shear cell with transmission microscopy imag-
ing to enable visualization of the structures while shear-
ing. A similar experimental setup was used by Fischer et
al.3373% to study single RBC under shear flow.

Moreover, we will introduce the rod-like fd-virus as
a new interaction agent. The fd-virus is an intrinsi-
cally mono-disperse, very slender rod-like particle with a
length of 880 nm, based on the length of the DNA strand,
a bare diameter of 6.6nm and a persistence length of



2.2um. fd is negatively charged at physiological pH?36
and it is therefore to be expected that it will be repelled
by the RBCs and no specific attractive interaction with
the red blood cells will be present. Slender rods are far
more effective depletant than the commonly used poly-
mers, as also the orientational entropy is strongly reduced
when rods are confined between two cells3”3?. As such
the rod-like virus is a pure depletant that induces long-
ranged attraction at very low volume fractions, inducing
a depletion force that can be tuned by varying the con-
centration of these rods*9-44,

The paper is organized as follows. We will first shortly
introduce the concepts of Jeffrey orbits and the condi-
tions to separate the cells. In the experimental section
we introduce the fd-virus as a long-ranged pure deple-
tant and the methodology to study doublets in shear
flow. After discussing the stability of rod-RBC mixtures
in equilibrium, we present the non-equilibrium diagram
of dynamic states varying the shear rate versus the de-
pletant’s concentration, showing regions for different flow
responses and stages of separation of the RBCs doublets.
We finish with a discussion of the results.

Il. THEORETICAL CONSIDERATIONS OF JEFFREY
ORBITS

Anisotropic particles in shear flow generally undergo a

tumbling motion, the so-called Jeffrey orbits*® 47, where
the angle of the rotation is described by
tan ¢ = 1 tan (27t/T), (1)

where 7, = 2 is the ratio of the major vs. minor axis?®.

The length of the period T" depends on the shear rate %

r=Z (). )

€

Figure 1 shows a tumbling doublet, where ¢ is the angle
of the doublet’s normal vector 7 in the v — Vv plane.
The gradient in the shear flow induces a drag force that
leads to the separation of the cells. However, separation
can only occur when the center of mass of one cell is
higher in the gradient direction than the contact points
on each side of the cell, see Fig. 1. Thus, the angle of the
normal with the flow direction has to be
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where .o, is the angle between the diagonal line of the
RBC and the point where the cells make contact, along
the flow direction, see Fig. 1. Given the morphology of
the RBC, ¢con, &~ arctan(lpm/3num) = 0.17. Figure 2
shows the angle ¢ of a doublet over time for different
shear rates obtained by Eq. (1), where the filled circles
represent the range of the critical angle ¢..;;. Hence, the
time-span when the doublet has the correct orientation
to break up is strongly limited by the shear rate. The

frequency of the tumbling depends on the shape of the
object, and in the case of the RBCs doublets, this shape
will change when they start to separate.

I1l. MATERIALS AND METHODS
A. Sample preperation

The experiments were always performed with fresh
blood obtained from healthy human adult donors by
the finger pricking method. The blood droplets were
collected in Ethylenediaminetetraacetic Acid (EDTA)
coated tubes (450474, MiniTube K3EDTA, Labnet Sup-
plies) to avoid coagulation. The RBCs were washed at
least four times with phosphate-buffered saline buffer
(PBS) and diluted in a buffer mixture consisting of PBS
and OptiPrep (OP, D1556, Sigma-Aldrich, Germany) in
order to density match the RBCs. The ratio of PBS to
OP in the final buffer is 60:40 %.

The fd-viruses (MW of 16.4 x 10° g/mol3¢:48:49) can be
grown in large quantities in E. Coli (XL1-Blue) as the
host bacteria using standard biochemical protocols®®. At
physiological pH, fd is highly negatively charged and has
its isoelectric point at pH 4.2.

To determine the interaction between fd and RBC
in equilbrium, fd has been fluorescently labeled with
the Alexa Fluor 488 NHS-Ester (Succinimidyl ester) dye
(A20000, ThermoFisher Scientific). In this way the fd
could be visualized in a fluorescence microscope, as the
fd-virus is very thin and thus not visible in a bright field
light microscope. Every 1 in 700 viruses has been la-
beled, allowing for individual viruses to be resolved. The
final sample contained 1vol% of RBCs and 4mg/ml of
fd-virus.

For the shear experiments, when choosing the RBC’s
concentration, we have to compromise between good
statistics and avoiding collisions, which favors high and
low RBC’s concentration, respectively. Hence, the RBC’s
concentration was fixed at 1vol%. The fd concentra-
tion range was 0.05-3mg/ml. The choice of the lowest
value is based on the onset of aggregation seen in the
phase diagram, see Sec. III C. Higher concentrations of
fd than 3mg/ml were not considered in this experiment
as beyond this concentration, and at such a low volume
fraction of RBCs, the cells do not achieve aggregation in
the limited in — vitro time window of ~1.5h. Here, the
viscosity at that concentration of fd is so high that the
diffusion-limited aggregation of the cells is significantly
slowed down.

The experiments were performed at room temperature.

B. Shear cell

The experiments were conducted in a home built shear
cell, which is the 3"¢ generation of its kind as used in
Ref. 51. We used a cone/plate geometry, with an angle
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FIG. 1. Schematic representation of a tumbling doublet, where the normal of the doublet rotates in the velocity-gradient plane.
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FIG. 2. The angle ¢ that the normal of the doublet makes
with the velocity direction over t for a single doublet at dif-
ferent shear rates. The filled circles represent the range of the
angle, wcrit, when the tumbling aggregates are in the orienta-
tion such that they can be broken-up.

of 1.5° and 50 pm truncated off the tip. The advantage of
using the counter-rotating shear cell is that at a certain
depth in the sample, there is a place where the velocity
is zero, the stagnation plane, which depends on the ro-
tational velocity of the top vs. bottom part of the shear
cell. The zero-velocity plane was set at » = 3mm, 50 pm
above the bottom plate to reduce wall effects. However,
a perfect zero velocity plane is not always reached de-
pending on the dynamic state. At increasing shear rate
the gradient within the focal depth becomes too high,
that it is increasingly difficult to maintain an object in
the observation window.

About 100 pL of the sample is carefully pipetted on the
bottom plate of the shear cell. The cone is lowered while
observing simultaneously through the light microscope
in transmission mode, such that the tip of the cone is
brought to the desired position of 50 pm above the bot-
tom plate. We let the sample rest to equilibrate for a
couple of minutes, depending on the concentration of fd.
Once we visually observe that doublets have formed, we

start to shear the sample. The movies are acquired at
steady shear state, approximately 5s after the onset of
shear.

C. Microscopy

The fluorescence experiments were performed on a mi-
croscope (Axioplan 2, Carl Zeiss Microscopy) equipped
with a LED at 470 nm operated at 100 % as an excita-
tion light source (UHP-F-470, Prizmatix). We used the
oil immersion objective (100 x, N.A. 1.45, aPlan-Fluar,
0-1084-514, Carl Zeiss). Here the samples were loaded in
a rectangular capillary (0.1x1.00 mm, Vitrotube, 5010,
VitroCom) for imaging.

The equilibrium and shear experiments were per-
formed on an inverted microscope (Axiovert 200M, Carl
Zeiss Microscopy). For the equilibrium fd-RBC experi-
ments we loaded in p-Slide channels (30 nL, 80 606, ibidi).
The samples were observed up to a maximum of one hour,
until the RBCs start to display conformational changes.

For the shear experiment we used two objectives: an
air objective (20 x, N.A. 0.4, LD Epiplan, 422 850-9900-
0, Carl Zeiss) for bigger field of view and increasing statis-
tics, or a water immersion objective (63 x, N.A. 1.3, LCI
Plan-Neofluar, 440 872-9970-0, Carl Zeiss) for higher res-
olution movies, acquiring more frames for statistics. We
took 3000 images of 2560x2160 pix (813x686 1m?) or 5000
images of 717x717 pix (183x183 pm?) both at 15 fps, re-
spectively. For all experiments we used the Andor Neo
5.5 sCMOS camera for image acquisition.

A machine learning algorithm was not straight forward
to implement due to the dynamic nature of our system.
Therefore, the movies were manually analyzed by identi-
fying and counting the dynamical states per image using
Cell Counter plugin in Fiji®2.



FIG. 3. Fluorescently labeled rods in a sea of non-labeled
rods at a 1:700 ratio and total rods concentration of 4 mg/ml,
depleting two RBCs. In (a-f), the fluorescence LED and halo-
gen lamp were used to visualize the rods and the none stained
RBCs, respectively. (g-i) The intensity of the halogen lamp
is gradually lowered to zero, so that only the rods are visible.
The Brownian path of the rods sometimes intersects with the
RBC. Upon impact, the rods change direction and diffuse
away. No rods are seen inside the RBCs. See supplementary
movie S1.

IV. RESULTS
A. fd-virus as ideal depletant for RBCs aggregation

At physiological pH, fd is highly negatively charged
and therefore it is expected that it will not have any spe-
cific attractive interaction with the red blood cells. To
establish that indeed fd does not interact with the red
blood cells in a non-trivial manner, we observed the mix-
ture of RBCs and fluorescently labeled fd to qualitatively
access any interaction. Figure 3 presents images of red
blood cells dispersed in mixtures of fluorescently labeled
and non-labeled fd. Initially, both the LED and the halo-
gen lamp were switched on, see Fig. 3 (a)-(f), to visual-
ize the RBCs and fd. Then the intensity of the halogen
lamp was gradually lowered to zero, see Fig. 3 (g)-(i), to
visualize only fd. Although the fluorescent labels make
fd hydrophobic, we did not observe any interaction be-
tween the red blood cells and the virus. No viruses were
observed inside the cells or immobilized on the surface
of the cells. At times the viruses can be seen bouncing
on the surface of the RBCs. Upon contact, they move
along the surface until, eventually, they diffuse away, see
supplementary movie S1.

Having established that the fd-RBC interaction is
purely repulsive, in Fig. 4, we show the development of
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FIG. 4. Red blood cells dispersed in a density matched
medium at two fd concentrations, where aggregates are only
observed at the higher concentration. The time difference be-
tween the frames is 20s.

potential aggregates at 1vol% of RBCs dispersed in den-
sity matched PBS medium. For fd concentration bellow
~0.05mg/ml we do not observe formation of aggregates
in the limited time window of observation. Whereas, in
the same time but at higher fd concentration we initially
see doublets as well as triplets or even longer rouleaux.
Note that the weight fraction needed for aggregation is
three orders of magnitude lower as observed with the
commonly used dextran®3.

B. Diagram of dynamic states

By applying shear to aggregated RBCs, we observe a
rich dynamic response of the doublets behavior, depend-
ing on the applied shear rate and fd concentration. We
identified four dynamical states, which we define as fol-
lows. There are two dynamic states where the cells stay
attached face-to-face, maximizing the contact area. In
the rolling state, the normal of the cells corresponds to
the axis of rotation of the cells and points in the V x v
direction. On the contrary, in the tumbling state, the nor-
mal undergoes full rotations in the v — Vv plane. Fur-
thermore, there are two states where the cells are still
in contact with each other but not at maximum over-
lap area, the so-called intermediate states. In the hinge
state, there is a contact between the face of one cell and
the side of the other, and in the chain state the con-
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FIG. 5. The four identified dynamics states of red blood cell doublets during shear flow (a-d), and the final split event (e). For
two dynamics states, the cells are attached face-to-face: rolling, where the normal corresponds to the axis of rotation and it
points in the vorticity direction (a); tumbling, where the normal undergoes full rations in the velocity-gradient plane (b). There
are two intermediate states: (c) hinge, where the side of one cell is attached to the face of the other cell; (d) chain, where cells
are flowing side-to-side. Finally split, the cells separate (e). The time values in the picture insets are variable as it depends on

the shear rate as shown in Fig. 2, here the typical values are in the order of 0.2s.
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FIG. 6. The fractions of the four dynamical states and the final split event plotted as histograms over different shear rates, for

the lowest and highest measured concentration of fd.

tact is between the sides of two cells. We also identified
split events during the time of our observation, where the
doublets fully separate. Figure 5 depicts the four states
and the final event by representing them with three time
snapshots from the movies.

Already in the first frame, we can label the doublets ac-
cording to these definitions, as each of them has a specific,
well-defined morphology. The doublets are then followed
in time until they leave the field of view. The projection
of the rolling doublets does not change in time and, simi-
larly, the chain state is also stable over time. The projec-
tions for the tumbling and hinge states do change, which
we used to confirm the initial labeling. We rarely see
any changes in the morphologies throughout the movies.
However, we occasionally observed the splitting of dou-

blets when it is originally in a tumbling state, especially
for the lower shear rates and at the start of the movies.

To quantify the response of the system, we produce his-
tograms of the relative occurrence of the dynamic states
at two fd concentrations, varying the shear rate, and a
plot of the number of doublets vs the shear rate for a few
selected concentrations, see Figs. 6 and 7, respectively.
The number of pairs counted in our field of view at each
parameter space is given at the top of the histogram.
At the lowest fd concentration, see Fig. 6(a), shearing
at low shear rates facilitates shear-induced aggregation
by aligning the cells and convecting them towards each
other, as we observe that the number of pairs at full con-
tact area, i.e., tumblers and rollers, increases with shear
rate. However, this is counteracted at even higher shear



rates, where the system disaggregates at this weak at-
traction force. Indeed, Fig. 7 shows that at shear rates
higher than 6s~! and such low fd concentration no dou-
blets are observed anymore.

For the higher fd concentrations, see Fig. 6(b), there
is no obvious effect of the shear rate on the number of
dynamic states observed. The number of splits is small
because we can only define them during the time window
of observation. Although, the single cells are not counted
here, they are likely a result of the doublets splitting.
This can be seen in Fig. 7, as we observe less doublets at
the higher shear rates.

We also studied the dynamic states as a function of
concentration for a low and high shear rate. Figure 8
shows the distribution of the dynamic states varying the
fd concentration at two fixed shear rates 6 and 20s!.
Indeed, for a shear rate of 65! the number of full face-
to-face contact doublets increases with increasing con-
centration, which means that the attraction force defeats
the separating drag force. On the contrary, for 205~ this
concentration dependence is not obvious, even though the
drag force is higher.
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FIG. 7. The total number of doublets counted over the shear
rate for the indicated fd concentrations.

V. DISCUSSION

With the results presented above, we now need to an-
swer the question what is needed to separate a doublet
by shear flow to obtain single RBCs. In a shear flow the
forces acting onto the doublets are a combination of ex-
tensional and rotational flow. As the force necessary to
separate the RBCs when the director is pointing along
the extensional stress direction is high, we believe it is
more likely that the driving force behind separation is
the gradient during rotational flow. In the rolling state,
the normal of the RBCs points in the V x v direction.

Thus, there is no gradient that acts as a force onto the
individual cells and only the tumbling state can result
in separation of the doublet. Even when a doublet is
in the tumbling state, the functional dependence on the
shear rate is not obvious. The reason is the competi-
tion between the residence time of the doublet’s normal
pointing in the Vv direction, which decreases with in-
creasing shear rate as can be seen in Fig. 2, and the drag
force that increases with the shear rate. In addition, two
factors need to be considered to unravel this competi-
tion. First, one should keep in mind that the doublet
is only held together by depletion forces. This means
that we also need to account for the effect that flow has
on this interaction. Second, the single objects are not
solid-like particles but can deform under flow. Hence, it
is not trivial to understand the competition between the
different dynamic states where the doublet conserves its
structure, the in-between states, and the disaggregation
of the doublet.

Comparing the fraction of tumblers to the fraction of
rollers, we observe that the tumbling state is almost al-
ways more prominent than the rolling state also at high
shear rates. This might be surprising as Dupire et al.>*
observed for non-fluidized cells, i.e., cells that do not un-
dergo tank-treading, a transition from tumbling to rolling
at elevated shear rates. They argue that the rolling state
is the preferred dynamical state as cells deform less in
that state, and therefore this state is less energetically
costly. However, in a tumbling doublet, where the cells
can deform less, the argument of Dupire et al. plays a
lesser role, therefore the tumbling state might be more
stable even at high shear rates because on average it re-
duces the stress. Depending on the orientation of the
object, it experiences a higher torque as the velocity gra-
dient over the object is larger.

Fischer et al.?33* have shown experimentally that the
RBCs can be fluid-like objects that undergo a tank-
treading motion when subjected to shear flow 5§ = 28—
575571, and the cells have shape memory to revert to
after cessation of flow3®. Dupire et al.>* also found a hys-
teresis with the shear rate in the fluidized regime. The
cells transition from tank-treading to tumbling intermit-
tently while decreasing 7, and the tumbling evolves to
rolling, and then the transition to tank-treading occurs
via a transient Frisbee-like spinning motion with increas-
ing 4. The tank-treading motion also plays an impor-
tant roll in the disaggregation process of doublets3®:3!.
However, in our setup we were not able to observe the
tank-treading motion, though we do not exclude its con-
tribution as we are in the fluidized regime.

Concerning the effect of shear flow on the interaction
force, we note that the depletion force Fy.p has a shear
rate dependence as depletion might be distorted by the
shear flow?!:5. A shear rate of ¥ = 205! already affects
the orientation of infinite dilute rods as it corresponds to
the rotational diffusion time of the rods at infinite dilu-
tion®®. The diffusion time strongly decreases with con-
centration such that the effect of shear flow is also much
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FIG. 8. A histogram of dynamical states and the splitting events for increasing fd concentrations at a fixed (a) ¥ ~ 6s~' and

(b) 4 =20s".

stronger at high concentrations®®. Thus, the depleting
rods will be aligned, which will probably lower the deple-
tion force. Further investigations are needed to study this
effect. However, currently, we believe that this effect is
small, and as such, we will not take it into consideration.

We now focus on the moment when the doublet re-
sides with the orientation such that it can be separated,
ie, ¢ < |@erit|. Out of equilibrium, when subjected to
shear flow, the RBCs are separated by a stokes drag force,
which can only occur when the doublet is oriented such
that there is a gradient in the velocity between the two
cells. Thus, the RBC experiences the relative drag force
of the surrounding fluid, as illustrated in Fig. 1:

Fdrag = FAUO%ly (4)

where I' is the friction with the fluid and Avg_,q is the
relative velocity between the two RBCs given by the
product of the shear rate 4 and the thickness of the cell
[ = 2nm,

Avg,1 = Fl. ()
The hydrodynamic friction is
I' =6mnrs, (6)

where 7 is the viscosity of the medium, r = 4pm is
the radius of the cell and s = 0.566 is the shape factor
for a disk in an edgewise motion®”*®. The surrounding
medium is shear-thinning®®®°, thus for a fd-suspension at
¢ = 4.6 mg/ml in PBS-OP and shear rates of ¥ = 3, 6, 10
and 205!, the viscosity is n = 20, 18, 15 and 12mPas,
resulting in Fyrqg = 5.1, 9.1, 13.1 and 20.3 pN.

The force balance when the tumbling doublet is ori-
ented with the normal in the gradient direction is given
by

AF = Fypag —

FfTiction - Finteraction' (7)

Assuming that Ffriction << Finteraction for pure deple'
tion interaction as induced by fd, then Friction — 0. If
AF > 0, then the cell’s displacement AS during the res-
idence time t,.s where the angle of the normal is smaller
than ¢+ is defined as

AS = (AF/mRBC)tTes’ (8)
where mppc = 27 pg is the mass of the cell. Using eq. (1)
with 4 = 3, 6, 10 and 20s~! we obtain t,., = 0.95,
0.48, 0.29 and 0.14s. Assuming that the RBCs split
when AS > @rpc, then the minimum required force
to separate the cells is AF = 0.0005, 0.0019, 0.0053 and
0.0212 fN, indicating that any drag force higher than the
interaction force would cause separation.

Figure 8(a) shows the fraction of the dynamical states
with increasing fd concentrations at a relatively low shear
rate of ¥ ~ 6s~!. We observe that the fully aggregated
rolling and tumbling states increase with the concentra-
tion of fd, which means that now the aggregation force
exceeds the drag force.

For the higher shear rate ¥ = 20s~! in Fig. 8(b) there
is no obvious trend with the concentration, apart from
the smaller number of rolling doublets. However, the
effect of shear flow can be better appreciated by com-
paring Fig. 8(a) and (b), where the fraction of tumbling
doublets decrease, while the fraction of the intermediate
states such as hinge and chain increase with increasing
shear rate. Indeed, this effect is most obvious in Fig. 6(b)
where the shear rate dependence is plotted for the high-
est fd concentration we measured. The fraction of the
fully aggregated states drops initially, so that the drag
force is now higher than the aggregation force. However,
above a shear rate of ¥ = 20s~! the fraction of the states
becomes stable. Thus, from Figs. 6(b) and 8 we infer that
the doublets do not fully separate but are locked mostly
in the hinge state. We can explain this, observing that



actually AS o 1/4, which follows from eq. (8). Thus the
competition between the increase of Fy.q and the de-
crease of t,..s with increasing , could leave the doublet
not fully separated within the tumbling period and steer
the doublet into the hinge state.

The chain dynamic state, is similar to that seen in
Ref. 46 and 60 for spheres, i.e., two cells are flowing to-
gether side-by-side, without a tether. Furthermore, in
the movies, see supplementary movie S2, we see that the
normal of the individual cells point in different direc-
tions, rotating in the V x v — Vv plane, which means
that there is no bridging between the cells. Chaining of
beads could also be caused by strong shear-thinning, as
was shown by Van Loon et al.5°.

From the discussion of our results, we infer that nor-
mal shear flow is not sufficient to break up a doublet
into single cells. The shear rate dependence of disag-
gregation that has been observed in the pastf163 in the
rheoscopes experiments is most probably connected to
the breakup of larger, percolating, clusters and higher
shear rates ~500s~!. To obtain fully separated cells, one
might need to take the full hydrodynamic peeling load
onto the cells into account, as has been shown in Ref. 64
for exfoliation of layered 2D materials. More importantly,
capillary flow is probably needed and potentially also en-
counters with the bifurcation of the blood vessels. In our
study, we assume that the fd rods act as pure dependant
and in order to separate the cells shear drag competes
with the osmotic pressure pushing the cells together, i.e.,
we should be able to slide the cells away from each other.
However, in the case of plasma proteins or dextran in-
duced aggregation there is evidence that the aggregation
contains also bridging contributions?” 2%, In fact, Chien
et al.3® have shown experimentally that tank-treading of
the cells membrane plays an important role in disaggre-
gation of doublets in dextran solution. This has been
recently confirmed by simulations in Ref. 31. Further-
more, Brust et al.'® have shown that rouleaux induced
by fibrinogen and dextran persist even at the microvascu-
lar circulation level. This is another aspect that requires
further research, especially in connection with the aggre-
gation force.

One could ask if it is relevant if clusters break up into
single cells. From the rheological point of view, fully dis-
persed single RBCs have the same behavior at the same
volume fraction. Brooks et al.%° have shown that at low
volume fractions, <20vol%, there is no shear-thinning
observed. Hence, the effect of clustering at a level of a
couple of RBCs on the flow behavior is probably small.

VI. CONCLUSION

Aggregates of two RBCs under shear flow were stud-
ied using fd virus as an ideal depletion agent to induce
attraction. Four dynamical states were observed: rolling
and tumbling, where the two cells are in full contact; hinge
and chain which are two intermediate states; as well as

the event of the cells separating, split. The occurrence of
these dynamic states depends on the concentration of the
depletion agent and the applied shear rate. We show that
the drag force enforced by the shear flow is of the same
order as the depletion force so that the cells should sep-
arate for sufficiently high shear rates and low fd concen-
trations. However, full separation of all doublets at the
highest shear rates was not observed. We attribute this
observation to the complex interplay of forces and dy-
namic interactions. As the tumbling rate increases with
shear rate, the time-windows for separation is shortened,
which is not compensated by the increased drag force.
Intermediate states that form due to partial separation
are not easily destroyed. Our results suggest that com-
plex interactions, such as encounters with other doublets
or bifurcations in the microvascular system, are required
to fully separate the blood in single cells.
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