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Blood viscosity decreases with shear stress, a property essen-
tial for an efficient perfusion of the vascular tree. Shear thin-
ning is intimately related to the dynamics and mutual interac-
tions of RBCs, the major component of blood. Because of the lack
of knowledge about the behavior of RBCs under physiological
conditions, the link between RBC dynamics and blood rheology
remains unsettled. We performed experiments and simulations
in microcirculatory flow conditions of viscosity, shear rates, and
volume fractions, and our study reveals rich RBC dynamics that
govern shear thinning. In contrast to the current paradigm, which
assumes that RBCs align steadily around the flow direction while
their membranes and cytoplasm circulate, we show that RBCs
successively tumble, roll, deform into rolling stomatocytes, and,
finally, adopt highly deformed polylobed shapes for increasing
shear stresses, even for semidilute volume fractions of the micro-
circulation. Our results suggest that any pathological change in
plasma composition, RBC cytosol viscosity, or membrane mechan-
ical properties will affect the onset of these morphological transi-
tions and should play a central role in pathological blood rheology
and flow behavior.
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BCs are the main cellular component of whole blood (WB).

About a thousand times more concentrated than white blood
cells and platelets, the volume fraction of RBCs or their hema-
tocrit (Ht) is as high as 45%. Local dynamics and interactions
of RBCs govern blood rheology and control proper perfusion
of the entire vascular tree. In particular, WB exhibits a strong
shear-thinning behavior in shear flow (1, 2) that is determined
by the aggregability and deformability of RBCs (3), because the
suspending plasma behaves essentially as a Newtonian fluid with
a constant shear viscosity of about 1.2 cP at 37°C (1, 4). Macro-
molecules dispersed in the plasma, such as fibrinogen, induce an
attractive force between RBCs, leading to their aggregation (5).
Because RBCs have a biconcave disk-like shape at rest, they form
long floppy rouleaux structures that can reversibly and continu-
ously break down to single flowing discocytes for increasing shear
rates up to tens of seconds™" (6, 7). This change in microstruc-
ture is indeed accompanied by a strong viscosity drop from ~ 100
cP down to about ~ 10 cP (3). However, for shear rates between
10 and 1,500 s~', which are common in the microcirculation
(8,9), only deformability and dynamics of RBCs can account for
a further fourfold decrease in WB viscosity down to values as low
as 2 — 3 cP (3). This value strongly depends on the Ht and the
viscosity of RBC hemoglobin cytoplasm, which is around 5 cP at
37°C (10).

The link between cellular deformability and shear thinning
remains unsettled, even though it is crucial for understanding
blood flow both in health and disease: Altered RBC deformabil-
ity (11) is correlated with impaired perfusion, increase in blood
viscosity, and vasoocclusion in microcirculatory disorders such
as diabetus mellitus or hemoglobinopathies such as sickle cell
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anemia. Observations of RBC dynamics in microtubes (12) and
rheoscopes (13) realized during the 1970s and 1980s have led
to the foundation of the current paradigm for shear thinning,
supporting an emulsion analogy for blood rheology inherited
from the 1960s (1, 2). Although at low shear stresses (less than
about 0.05 Pa) single RBC:s flip like a coin, they reach a steady
orientation for increasing flow strength (13, 14) allowed by a
tank-tread-like circulation of their membrane (13). Such droplet-
like behavior should effectively assist the flow by minimizing
disturbances to streamlines and has been successfully used to
deduce some mechanical properties of RBC membrane in dilute
conditions (15, 16). However, steady tank treading occurs only
when RBCs are dispersed into a viscous aqueous solution (often
of dextran polysaccharides), which is several times more vis-
cous than the inner cytoplasm. Such a viscous environment
around single cells is supposed to mimic the effective high-shear-
rate viscosity of the crowded conditions present in WB (17).
Therefore, the shear-thinning paradigm is rooted in RBCs’ abil-
ity to tank-tread whatever the Ht in response to high shear
stresses (7).

Recent experiments realized on dilute RBC suspensions with
outer viscosities similar to that of the hemoglobin-rich cytoplasm
have demonstrated, however, that the solid-like tumbling motion
is not replaced by tank treading for increasing shear rates, but
rather by a typical solid rolling motion, where the axis of symme-
try of the discocyte lies in the direction of vorticity (18). Even for
shear stresses up to 0.5 Pa no fluidization of the membrane was
observed, demonstrating the important role the inner-to-outer
viscosity ratio A plays on local dynamics. In fact, plasma viscosity
under physiological conditions is about five times smaller than
that of RBCs cytosol. New studies are thus required to investi-
gate RBCs’ local dynamics at such low viscosity conditions and
high shear rates.

Significance

Our work reveals rich RBCs’ dynamic morphologies which gov-
ern blood shear thinning under microcirculatory flow con-
ditions, contrary to the current paradigm assuming steady
RBC orientation and membrane circulation. Our results sug-
gest that any pathological change in RBCs’ local rheology
will impact the onset of these morphological transitions and
should play a key role in pathological blood flow.
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In this work, we explore the shape and dynamics of RBCs in
the range of shear rates 4 between 10 and 1,500 s~* and Hts from
5 up to 45% relevant for the microcirculation (8, 9). We corre-
late RBCs’ dynamical morphologies with blood shear thinning
measured by rheometry. Using microfluidics, we demonstrate
that RBCs show unexpected dynamics characterized by rotat-
ing polylobed shapes, with no clear tank treading of their mem-
brane. Experimental results are corroborated by two different
3D simulation techniques: a continuum approach (19) based on
the finite-volume method and a mesoscopic approach (20) based
on the smoothed dissipative particle dynamics (SDPD) method
(21). We discuss the implication of this work for microcirculatory
flow and reinterpret the classical shear-thinning conjecture.

Results

Morphology of RBCs in Simple Shear Flow. We first explore the
morphologies of single RBCs at 37°C subjected to a simple shear
flow in a range of 4 between 10 s™* and 2,000 s~' using a
cone-and-plate rheometer. Cells are quickly hardened with an
aldehyde treatment while flowing (see protocol in Materials and
Methods). Samples of these hardened RBCs (HRBCs) are then
withdrawn from the plate of the rheometer and visualized by
bright-field (BF) and confocal microscopy after fluorescent dye-
ing of their membranes. Typical images of the fixed shapes are
shown in Fig. 14 for a given sample. We classify the different
morphologies of HRBC:s as a function of + in Fig. 1B using an
in-house image-analysis program.

RBCs subjected to weak shear rates (< 10s™') commonly keep
their biconcavity, similar to typical discocytes at rest (Fig. 14).
For 4 increasing from 10 to 40 s~ however, the percentage of
discocytes decreases more than twice (Fig. 1B). This is due to the
systematic development of two populations of cup-shaped stom-
atocytes: one with a circular rim and another with an elliptical
one with an aspect ratio smaller than 0.95. Examples of these
deformed stomatocytes are displayed in Fig. 14 at 18 and 40 s™*,
respectively. At 4 =45 s~ ', the fraction of discocytes has dramat-
ically dropped to about 30% of the population, whereas the total
amount of stomatocytes has jumped nearly to 65%. These val-
ues remain nearly constant for both cell populations up to about
400 s™* (light blue region of Fig. 14). However, in the region
between 45 s and 400 s™*, the fraction of circular-rim-shaped
stomatocytes decreases and gets replaced by the population of
elliptical-rim-shaped stomatocytes with an increased ellipticity.

At Y~400 s™" a new transition takes place. We observe a
sharp increase in the population of deformed stomatocytes that
seem to be strongly folded (around 475 s™! in Fig. 1B). Most
importantly, we also see the rise of a new population of RBCs
showing large lobes on their surface. In most cases, we find
cells with three or six lobes forming tetrahedrons, which will
be henceforth referred to as trilobes or hexalobes, respectively.
In the region 400 s~' <4 < 2,000 s~', marked by light red in
Fig. 1B, we observe the near disappearance of discocytes (less
than 10%) and the formation of trilobes and, to a lesser degree,
hexalobes, such that the polylobed RBCs represent almost 70%
of the sheared population at the highest shear rates. Moreover, a
rapid rise of the hexalobe population is found for 4 ~ 2,000 s~ ",
suggesting a direct correlation between the number of lobes and
shear strength.

RBC Dynamics in Flow. To understand further how the acquired
morphologies couple to flow and to rule out hardening arti-
facts we perform complementary microfluidic experiments with
high-speed video microscopy at 25°C using dilute suspensions of
RBCs (Ht ~ 1%) in PBS/BSA (no hardening). The suspension
is fed at increasing flow rates into a circular microcapillary for
the same range of shear rates explored by rheometry. Local shear
rate is evaluated by measuring both the local cell velocity and dis-
tance from the capillary walls. Different dynamics are detected
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Fig. 1. Investigation of RBC shapes at different shear rates in a cone-and-
plate rheometer. (A) Observation of hardened cells by optical (black and
white) and confocal (red) microscopy: With increasing + the formation of
highly deformed stomatocytes and then polylobed cells (trilobe and hex-
alobe) is detected. (Scale bars, 5 pm.) (B) Shape distribution of RBC popula-
tions in samples hardened at different shear rates: the three regions in color
highlight different regimes of decrease of discocyte populations. The error
bars represent triplicate measurements realized in the two rapidly varying
regions. They illustrate the typical variance of the measurements.

for increasing values of this estimated 4. The time sequences
shown in Fig. 24 are obtained in a field of view of about 300 xm
long. At low shear rates (¥ <40 s™'), the tumbling-to-rolling
transition is observed, where the axis of symmetry of discocytes
gradually aligns with the vorticity direction. As in the rheolog-
ical setup, the number of rolling RBCs becomes significant for
increasing shear rates. In addition, a substantial increase in the
population of cup-shaped stomatocytes is clearly detected, which
show a rolling motion in the flow as illustrated in Fig. 24 at
4 =150 s~'. Moreover, observations reveal both tumbling and
vacillating-breathing behaviors (Movie S1) of folded stomato-
cytes (Fig. 24, blue box), with the latter being largely detected
at high shear strengths 4 > 350 s™! (see examples in Fig. 2 for
250 s~ 'and 500 s~'). Furthermore, these in vitro investigations
confirm the formation and stability of polylobed shapes at higher
shear rates. Two trilobes are depicted in side and top views at
750 and 800 s™!, respectively, in Fig. 24 (light red box) and
Movie S2. At such high shear rates, RBCs elongate in the vor-
ticity direction and display three lobes that rotate around the
center of mass. An even more solid-like rotation is observed for
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Fig. 2. Microfluidic observations of RBC dynamics in shear flow. (A) Sequ-
ence of RBC deformations at various : time lapse =20 ms (¥ = 10 s~ '), 6ms
(¥ = 15s57"), 3.25 ms (§ = 150,250, and 500 s~ '), 0.6 ms (5 = 750 s~ "),
1.75 ms (¥ = 800 s~'), and 0.6 ms (¥ = 850 s~'). The right side of the
figure shows analogous time sequences of RBCs obtained with YALES2BIO
simulations. Time lapses are given in 1/+ units from top to bottom: 8, 7, 6,
6, and 7 for the four last cases. (B) Stop-flow sequences of (Left) a trilobe
with a relaxation time of 1 s and intermediate images separated by 0.23 and
0.56 s and (Right) a hexalobe with relaxation of 1.2 s and successive images
with a time interval of 0.32 and 0.71 s. (Scale bars, 5 um.)

Hexalobe relaxation

hexalobes under comparable flow conditions (last time sequence
in Fig. 24 and Movie S3). These experiments show that no sharp
morphological transition occurs for increasing shear rates, but
rather a marked variation in shape distribution of RBC popula-
tions is present. Finally, thanks to our pressure injection system,
we can produce very fast “stop flow” experiments. These exper-
iments nicely demonstrate the dynamical nature of polylobed
morphologies, because either trilobes or hexalobes return rapidly
to their resting discocyte shape when the flow is stopped, as
depicted in Fig. 2B and Movie S4. It is worth noting that the pop-
ulation of stomatocytes keeps its shape longer and relaxes to the
discocyte population on a longer time scale of tens of minutes.
To complement the experiments we also perform numeri-
cal simulations of isolated RBCs in simple shear flow for vary-
ing shear rates, using both SDPD and YALES2BIO software
(Materials and Methods). The simulated dynamics is presented
in Fig. 24 using only YALES2BIO results, because agreement
between the two simulations is very good. Simulations con-
firm the sequence of shapes and dynamics observed experimen-
tally as well as their dependence on % as shown in Fig. 24
and Movies S5 and S6. In comparison with experiments, sim-
ulations provide detailed information about dynamic behavior
of RBCs in flow. For example, the same cell may have dif-
ferent stable shapes under flow (observed during several hun-
dreds of time units 1/4) depending on its initial orientation
with respect to the flow. In particular, stomatocytes can dis-
play both rolling-like or tumbling-like motion; rolling deformed
stomatocytes (Movie S5) and tumbling trilobes (Movie S6)
might be found for similar shear rates. However, the sequence of
shapes found experimentally seems to be qualitatively robust to
moderate changes in the RBC mechanical properties, which has
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been tested in simulations. One difference between experimental
and simulation results is hexalobed deformation of RBCs (Fig.
2A4 at the bottom), which has been observed in simulations only
as a transient state. Nevertheless, in none of the simulations per-
formed for the range 1 s™" <+ < 2,000 s~! has a tank-treading
ellipsoidal RBC been obtained.

Morphology and Dynamics of RBCs at High Hts. To evaluate the
prevalence of polylobed shapes at physiologically relevant shear
rates and Hts, similar hardening experiments were realized for
several RBC suspensions with different Ht values of 5, 15, 22,
35, and 45%. ¥ = 900 s~! (at 37°C) has been selected for
these experiments, because the analysis for dilute suspensions
in Fig. 1B has shown a maximum in the population of trilobes
at this shear rate. Fig. 3 indicates a significant decrease in the
probability to obtain polylobed HRBC:s for increasing Ht. The
percentage of trilobes and hexalobes, which amounts to about
55% of the entire population at Ht = 5%, is more than halved
when the Ht reaches 45%. In addition, at high enough Ht many
HRBC:s display a deformed shape with multiple irregular lobes,
making it difficult to precisely classify their morphology; these
cells will be called “multilobes” and are illustrated in Fig. 3,
Lower Inset. The fraction of these multilobed RBCs seems to
be rather stable, amounting to 25% — 35% of the total popu-
lation. However, the onset of a new cell morphology is detected
for increasing Ht. Flattened discocytes characterized by one or
several grooves or creases on their membrane have been found
and are illustrated in Fig. 3, Upper Inset by optical and confocal
microscopy. The fraction of creased discocytes increases signifi-
cantly at high Ht values, amounting to almost 50% of the sample
at Ht = 45%. In contrast to the vast majority of polylobed RBCs
in dilute suspensions, the formation of flat cells with creases is
a clear effect of mutual hydrodynamic interactions between cells
in such dense suspensions. Indeed, the total percentage of lobed
cells with increasing Ht has the exact inverse evolution of that for
creased discocytes, as shown in Fig. 3. Interestingly, physiologi-
cal Hts in the microcirculation lie in the range 15 — 30% (light
yellow region in Fig. 3), in which a clear coexistence of different
cell morphologies with a domination of lobed shapes is present.

—@—Creased discocytes * c 5 -
0.5 i 3 TrllObeS , rease 1scocyte
—V¥— Quadrilobes
—p— Multilobes
--%-- SDPD creased discocytes
0.4
2
= 0.3
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© 0.2+
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0.0
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Fig. 3. Shape distributions of HRBCs at 900 s~ in suspensions with differ-
ent Ht. For clarity, discocyte and stomatocyte number densities have been
omitted because they are negligible. (Inset) Black frames on the right, a
top view and a cross-section of a creased discocyte acquired by confocal
microscopy as well as an image of a multilobe in BF. Physiological Hts are
indicated by the light yellow region. (Scale bar, 5 um.)
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To corroborate the existence of such folded and irregular
structures in flow at high Ht we have performed SDPD simu-
lations with dense RBC suspensions. The analysis of creased-
discocyte population for different Ht is presented in Fig. 3 along
with the corresponding experimental data showing a good qual-
itative agreement. Fig. S1 also shows RBC-extension distribu-
tions for different Ht values, which are averaged over multiple
RBCs and many time instances (a typical simulation is shown in
Movie S7). The extension distributions clearly show that RBCs
become more stretched in the flow as Ht is increased and that at
low enough Ht polylobed shapes dominate, whereas at Ht = 45%
the fraction of creased discocytes becomes larger than one half.
The coexistence of various cell morphologies and the evolution
of different RBCs populations with increasing Ht are consistent
with the observations made experimentally.

The Role of Cell Deformability in Shear-Thinning Rheograms. Now,
we reexamine the interpretation of classical shear-thinning
rheograms for human blood, which were introduced in the 1970s
(3) and provided the seminal link between shear-induced RBC
deformation, tank treading, and shear thinning. We perform
experiments at Ht = 45% suspending RBCs in either PBS/BSA
or their native plasma. The samples are sheared in the rheome-
ter at 37°C (using both Couette and cone-and-plate geometry)
for the range of 4 between 5 s™' and 2,000 s~*. The relative
viscosity (nr.), defined as the ratio between the measured vis-
cosity of the suspension (7,) and the viscosity of the suspending
medium (7)), is obtained for different 4. Consistent with pre-
vious work (3), at low shear rates washed blood has a signifi-
cantly lower viscosity than WB because plasma induces aggre-
gation. From 4~ 10 s, viscosity curves for both washed blood
and WB merge into a common shear-thinning behavior, as shown
in Fig. 44. To understand the role of shape change in this regime
we compare washed blood rheology with that of two HRBC sus-
pensions at 45% Ht: one with stiff discocytes hardened at rest
and the other one with polylobed cells obtained by hardening
cells previously in the rheometer at 4 = 1,500 s~* and resuspend-
ing them in PBS/BSA at the desired 45% Ht. Both suspensions
of HRBCs show a nearly Newtonian behavior except for shear
rates above 400 s~', where the onset of a slight shear-thickening
is observed especially for hardened discocytes. This behavior is
similar to shear thickening reported for rigid colloidal suspen-
sions (22, 23). For both HRBC dispersions viscosity values are
larger than those for washed blood; however, the sample with
hardened polylobes yields a 70% lower relative viscosity than that
for stiffened discocytes, as seen in Fig. 44. These results indicate
that from 4 = 10 s~ ! up to a few hundred seconds™" shear thin-
ning is largely determined by the change in RBC dynamics from
tumbling to rolling and by the deformation of RBCs into elon-
gated stomatocytes. Beyond 4 ~ 400 s~ !, however, a further vis-
cosity drop is related to the formation of polylobed and flattened
shapes discussed above.

SDPD simulations performed for A=>5 and H¢ =45% quan-
titatively capture shear thinning, as shown in Fig. 44. A closer
look at RBCs shapes for different shear rates essentially con-
firms experimental observations. For moderate shear rates up
to a few hundred seconds™', a prevalence of stomatocytes and
multilobe cells is found, whereas at high shear rates flattened
RBCs are mainly observed. Stomatocytes and polylobes found
for moderate 4 values show a tumbling-like dynamics. The
dynamics of flattened RBCs at high shear rates resembles a
tank-treading motion; however, these cells display persistent and
dynamic membrane deformations represented by small creases
or larger lobes, which continuously form and disappear. Tank
treading with a steady ellipsoidal shape was never observed in
simulations and the motion of flattened RBCs at high shear
rates is likely to be a superposition of both cell stretching and
lobe rotation.
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Fig. 4. Rheology of dense suspensions of RBCs (Ht = 45%). (A) Relative vis-
cosity of the suspensions of deformable RBCs in plasma (red) and in PBS/BSA
(yellow) as a function of 4 in comparison with the suspensions of washed
cells hardened at rest (green) and at v = 1,500 s~ (blue). Suspensions of
deformable RBCs show a typical shear thinning for increasing 5, whereas
hardened samples have a nearly Newtonian behavior. SDPD simulation data
(black stars) are also shown for deformable cells and agree well with the
experimental results for RBCs suspended in plasma or in PBS/BSA. (B) Rhe-
ology of washed blood in comparison with the suspensions of RBCs in solu-
tions with different dextran concentrations (temperature =25 °C). (Inset)
The effect of viscosity ratio X is highlighted by the illustration of single cells
flowing in both PBS/BSA and dextran solutions in microfluidics at a compa-
rable shear stress 7. (Scale bars, 5 um.)

Finally, to highlight the importance of A for the presence
of lobular shapes and their role in shear thinning in compari-
son with steady tank treading, we perform rheological measure-
ments for suspensions of normal RBCs dispersed in solutions
with increasing viscosities modulated by various dextran con-
centrations of 2%, 4%, and 9% (wt/wt) in PBS (respective vis-
cosities: 3.4, 10.2, and 38.8 mPa-s). Ht is kept at 45% and the
suspensions are sheared at 25°C for the range of 4 between
10 s7! and 2,000 s~! (without hardening). Fig. 4B presents rel-
ative viscosities of these suspensions as a function of the shear

Lanotte et al.


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1608074113/-/DCSupplemental/pnas.201608074SI.pdf?targetid=nameddest=SF1
http://movie-usa.glencoesoftware.com/video/10.1073/pnas.1608074113/video-7
http://www.pnas.org/cgi/doi/10.1073/pnas.1608074113

L T

/

1\

=y

stress 7 (= 7s%). The curves for PBS/BSA and 9% dextran solu-
tion display inconsistent trends. In PBS/BSA, which corresponds
to high viscosity ratios (A= 10 at 25°C), a significant and con-
tinuous decrease of 7,.; is observed for increasing 7 up to the
rheometer limit of about 6 Pa. In contrast, 9% dextran suspen-
sions (A~ 0.25) exhibit a slight shear thinning for stresses close
to 1 Pa, but 7, yields a plateau for higher stresses (Fig. 4B).
Samples with 2% and 4% dextran solutions show an intermedi-
ate behavior, in which the occurrence of an increasingly signifi-
cant shear thinning for increasing A is detected. In parallel, we
have performed microfluidic observations of single RBCs flow-
ing in 2% and 9% dextran solutions at Ht = 1% for comparable
shear stresses. Contrary to the behavior of RBCs in PBS/BSA,
cells in 9% dextran solutions do not assume polylobed shapes
but show a rather sharp transition from rigid tumbling disco-
cytes to tank-treading ellipsoids that elongate with increasing
stresses. This transition takes place at 7 ~ 1Pa, which is con-
sistent with the change in slope of the corresponding 7,.; curve
in Fig. 4B. In Fig. 4B, Inset an illustration of the effect of A on
RBC dynamics is presented. Images show the shapes of cells dis-
persed respectively in PBS/BSA and 2% and 9% dextran solu-
tions and flowing in a microchannel with the same estimated
local shear stress of 7 = 6 Pa. A decrease in A promotes in-flow
orientation, elongation, and simultaneous reduction of lobe size
(Movie S8). When A= 0.25, polylobed cells are completely
replaced by elongated tank-treading ellipsoids (Fig. 4B, Inset).
It is noteworthy that all images in Fig. 4B, Inset and movies in
Supporting Information refer to RBCs flowing in microchan-
nels in which the presence of a gradient in 4 can potentially
affect RBC dynamics, whereas rheological measurements were
performed under pure shear flow conditions. However, com-
parison between off-center shape sequences in 50-pum capil-
laries and simple-shear YALES2BIO simulations presented in
Fig. 24 indicates a rather marginal effect of the gradient of
shear rate.

Discussion

Without aggregation, blood continuous shear thinning is the
result of a rich dynamical behavior of RBC population, based pri-
marily on the inability of RBCs to tank-tread under physiological
conditions (A~ 5). In this study, we have observed a diversity of
shapes and dynamical states of RBCs for increasing shear rates
and the development of a large fraction of highly deformed and
polylobed cells for 4> 400 s~* (Figs. 1 and 2), which has been
confirmed by simulations.

For single cells in dilute suspensions, and for 4 <1 s™*, the
biconcave shape is preserved and RBCs behave like rigid oblate
ellipsoids, such that the membrane and the enclosed fluid rotate
as a rigid body. For increasing shear rates up to 10 s, more and
more cells are found to roll on their edge, as previously observed
in experiments using rheoscopes (24) and more recently in flow
chambers (18, 25). Shear thinning in this range of shear rates
is therefore mainly controlled by discocyte orientation. Rolling
has its origin in shear elasticity of the membrane. Under physio-
logical conditions, membrane tank treading is forbidden due to
the relatively high internal viscosity as predicted by viscous ellip-
soidal models of the RBC (26). However, during each tumbling
period the membrane elements oscillate around a given position
and this local oscillatory strain seems to destabilize RBCs from
tumbling toward rolling (27) instead of tank treading. Although
not fully settled, this phenomenon is well captured by our simula-
tions and is described as a stable motion in several recent numer-
ical simulations of capsules (28) and RBCs (29).

In the range of shear rates between 45 and 400 s™°, a large
population of the rolling discocytes loses one dimple and become
rolling stomatocytes, displaying at first more frequently a circu-
lar rim up to 45 s~! and then a breathing elliptical rim for shear
rates reaching 400 s™*. In this second morphological transition,
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rolling stomatocytes are showing a smaller cross-section to shear
flow than rolling discocytes, reducing their disturbances of the
streamlines. This leads to a further shear thinning. Both our
numerical approaches capture this flow-induced morphological
transition for single RBCs. The loss of the dimple happens
abruptly in simulations highlighting a buckling instability, which
is also confirmed experimentally by the long time scales (min-
utes) necessary for the population of stomatocytes to relax to a
discocyte shape.

Beyond 400 s~! the dilute population of RBCs is subjected
to a new shift in morphology and large lobes develop on the
surface of the cells (Fig. 14). These out-of-plane deformations
are again a signature for a lack of fluidization of the mem-
brane even for the largest stress of 6 Pa we were able to reach
both experimentally (with the rheometer and in microflows) and
numerically. Noteworthy, Sutera and Mehrjardi (30) studied in
the 1970s the morphology of cells hardened in PBS solutions at
very high shear stresses (7 > 10 Pa). Their images at 7=10 Pa
show the presence of pronounced concavities on RBCs similar
to those we observe for polylobed cells. Our experiments con-
firm how lobes are directly associated with a large enough vis-
cosity contrast A because they vanish in very viscous dextran
solutions, as shown in Fig. 4 (from )\ = 2.9). However, the exact
nature of these transitions and the development of folded shapes
remain to be understood. Modifications of an RBC membrane
at rest can also induce similar transformations observed here
for increasing shear rates. Theoretically, a large equilibrium-
shape variety has been obtained for RBCs including stomato-
cytes, with circular and deformed rims, and trilobes (named
knizocytes in the literature), by changing the resting elastic state
of the cytoskeleton and the area difference between lipid leaflets
in the model (31). Despite this striking similarity, the dynamic
shapes in our simulations have been observed without any
explicit modification of the membrane. These results open the
road for further experimental investigations on the possible flow-
induced modifications of RBCs membrane and their impact on
dynamics.

Our dilute single-cell experiments and simulations show how
out-of-plane deformations are inevitable for increasing shear
rates. However, for more concentrated suspensions, a large pop-
ulation of creased and flattened discocytes appears both in exper-
iments (Movie S9) and simulations (Movie S7 and Fig. S1).
Although it is perfectly conceivable that large lobes cannot eas-
ily develop on membranes in crowded suspensions, the complex
flow between cells seems to counterbalance the inherent ten-
dency of RBCs to elongate more in the vorticity direction. It
is this fine balance between vorticity- and flow-direction elon-
gations that aligns cells on average parallel to the flow. Never-
theless, any variations in relative positions between the cells or
any collisions immediately give birth to local bulges on the mem-
branes and produce large fluctuations of shapes as seen in RBC
extension distributions (Movie S7 and Fig. S1).

In summary, blood shear thinning is related to a rich behavior
of RBC:s in shear flow convoluted with a large distribution of cell
shapes for any given flow condition. The lack of membrane flu-
idity for high viscosity contrast is the key feature that controls
RBCs’ behavior. Besides shear thinning, several fundamental
physiological phenomena have been analyzed under the assump-
tion of membrane tank treading, such as vasoregulatory ATP
release by RBC:s in strong shear flows (32) or the formation of a
few-micron-thick cell-free layer adjacent to the vessels walls that
is responsible for the apparent viscosity drop with decreasing ves-
sel diameter, the so-called Fahraeus-Lindqvist effect (33). Our
study questions the relevance of such droplet-like analogy for
RBC dynamics to explain these phenomena and seeks to reex-
plore them both experimentally and theoretically for physiolog-
ically relevant viscosity and stress conditions. Finally, our study
suggests that in pathological states inducing a change in blood
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features such as plasma composition, RBC cytosol viscosity, or
membrane mechanical properties the onset of shape transitions
will be affected, and this should play a central role in pathological
blood rheology and flow.

Materials and Methods

Blood Samples. Nonclinically issued RBCs for laboratories have been
obtained from blood bags (that cannot be used for donation) through the
local blood bank (Etablissement Francais du Sang, Montpellier, France). Sam-
ple preparation and characteristics are given in Supporting Information as
well as experiments, summarized in Table S1.

Rheology and Imaging. Rheology experiments were performed in cone-plate
and Couette geometries with a stress-imposed rheometer (AR 2,000; TA
Instruments) at constant temperature. Dilute and semidilute cell suspen-
sions were rigidified in flow by adding a high-glutaraldehyde concentration
solution in small volume during flow. Such an amount of glutaraldehyde
produces a very rapid, strong, and permanent solidification. Both shearing
and hardening were carried out within 2 min. Samples were then collected,
washed, and suspended in PBS solution for microscopic examination real-
ized both in BF and with confocal microscopy. See details in Supporting
Information.

Microfluidics and Imaging. Microflow observations were realized at 25°C in
glass round capillaries with a diameter of 50 um. Flow rates were adjusted
by a OB1 Pressure Controller (ElveFlow) operating up to 2 bar. Images were
acquired at a high magnification (60x and 100x objectives) on a Nikon
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inverted microscope equipped with a high-speed camera Phantom Miro
M320S (Vision Research) and subsequently analyzed by a custom image anal-
ysis software (Imagel). See details in Supporting Information.

Numerical Simulations. Two different in-house softwares were used for
numerical simulations. The first one, YALES2BIO (19, 34), is a finite-volume
parallel solver for the incompressible Navier-Stokes equations on unstruc-
tured meshes. Fluid-structure coupling was implemented using an immersed
boundary method adapted to unstructured grids (19). The second one, the
SDPD method (21), is a mesoscale hydrodynamic particle-based approach
that represents fluid flow, and a RBC membrane is modeled as a triangu-
lated network of springs (20) whose vertices are coupled to the fluid via fric-
tional forces (20). Further details about the numerical methods and setups
can be found in Supporting Information.

ACKNOWLEDGMENTS. S.M. and FN. thank Dr. Moureau and Dr. Lartigue
(CORIA, UMR 6614) and the SUCCESS scientific group for providing the
YALES2 code, which served as a basis for the development of YALES2BIO
Catherine Braun Breton is acknowledged for her help with blood-sample
manipulation. This work was supported by the Oséo-Banque Publique
d’'Investissement project Dat@Diag (M.A., S.M., FN., and L.L.), Labex Numev
Convention ANR-10-LABX-20 (M.A. and L.L.), and Agence Nationale de
la Recherche (ANR) Grant ANR-11-JS09-0011 (to S.M. and FN.). Simula-
tions with YALES2BIO were performed using HPC resources from Grand
Equipement National de Calcul Intensif - Centre Informatique National de
I'Enseignement Supérieur (Grant 2016-c2016037194). D.A.F. acknowledges
funding by the Alexander von Humboldt Foundation. SDPD simulations
were performed using a central processing unit time allocation at the Julich
Supercomputing Center.

22. Barnes HA (1989) Shear-thickening (dilatancy) in suspensions of non aggregating
solid particles dispersed in newtonian liquids. J Rheol 33:329-366.

23. Brown E, et al. (2011) Shear thickening and jamming in densely packed suspensions
of different particle shapes. Phys Rev E Stat Nonlin Soft Matter Phys 84:1-11.

24. Bitbol M (1986) Red blood cell orientation in orbit C= 0. Biophys J 49:1055-1068.

25. Yao W, et al. (2001) Low viscosity ektacytometry and its validation tested by flow
chamber. J Biomech 34:1501-1509.

26. Keller SR, Skalak R (1982) Motion of a tank-treading ellipsoidal particle in a shear
flow. J Fluid Mech 120:27-47.

27. Dupire J, Abkarian M, Viallat A (2015) A simple model to understand the effect of
membrane shear elasticity and stress-free shape on the motion of red blood cells in
shear flow. Soft Matter 11:8372-8382.

28. Dupont C, Salsac AV, Barthés-Biesel D (2013) Off-plane motion of a prolate capsule in
shear flow. J Fluid Mech 725:180-198.

29. Cordasco D, Bagchi P (2013) Orbital drift of capsules and red blood cells in shear flow.
Phys Fluids 25:091902.

30. Sutera SP, Mehrjardi MH (1975) Deformation and fragmentation of human red blood
cells in turbulent shear flow. Biophys J 15:1-10.

31. Lim GHW, Wortis M, Mukhopadhyay R (2002) Stomatocyte-discocyte-echinocyte
sequence of the human red blood cell: Evidence for the bilayer-couple hypothesis
from membrane mechanics. Proc Nat/ Acad Sci USA 99:16766-16769.

32. Forsyth AM, Wan J, Owrutsky PD, Abkarian M, Stone HA (2011) Multiscale approach
to link red blood cell dynamics, shear viscosity, and ATP release. Proc Natl Acad Sci
USA 108:10986-10991.

33. Fahraeus R, Lindqvist T (1931) The viscosity of the blood in narrow capillary tubes. Am
J Physiol 96:562-568.

34. Gibaud E (2015) Numerical simulation of red blood cells flowing in a blood analyzer.
PhD thesis (Université de Montpellier, Montpellier, France).

35. Dulinska I, Targosz M, Strojny W, Lekka M, Czuba P, Balwierz W, Szymonski M (2006)
Stiffness of normal and pathological erythrocytes studied by means of atomic force
microscopy. J Biochem Biophys Methods 66:1-11.

36. Dodson Il WR, Dimitrakopoulos, P Tank-treading of erythrocytes in strong shear
flows via a nonstiff cytoskeleton-based continuum computational modeling. Biophys
J99:2906-2916, 2010.

37. Cordasco DY, Bagchi P (2014) Comparison of erythrocyte dynamics in shear flow under
different stress-free configurations. Phys Fluids, 26:041902.

38. Evans EA, Fung YC (1972) Improved measurements of the erythrocyte geometry.
Microvasc Res4:335-347.

39. Plimpton S (1995) Fast parallel algorithms for short-range molecular-dynamics. J Com-
put Phys 117:1-19.

40. Espaiiol P, Revenga M (2003) Smoothed dissipative particle dynamics. Phys Rev E Stat
Nonlin Soft Matter Phys 67:026705.

41. Groot RD, Warren PB (1997) Dissipative particle dynamics: Bridging the gap between
atomistic and mesoscopic simulation. J Chem Phys 107:4423.

42. Fedosov DA, Peltomaeki M, Gompper G (2014) Deformation and dynamics of red
blood cells in flow through cylindrical microchannels. Soft Matter 10:4258-4267.

Lanotte et al.


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1608074113/-/DCSupplemental/pnas.201608074SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1608074113/-/DCSupplemental/pnas.201608074SI.pdf?targetid=nameddest=ST1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1608074113/-/DCSupplemental/pnas.201608074SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1608074113/-/DCSupplemental/pnas.201608074SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1608074113/-/DCSupplemental/pnas.201608074SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1608074113/-/DCSupplemental/pnas.201608074SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/cgi/doi/10.1073/pnas.1608074113

L T

/

1\

=y

Supporting Information

Lanotte et al. 10.1073/pnas.1608074113

S| Materials and Methods

Sample Preparation. Nonclinically issued RBCs for laboratories
have been obtained from blood bags (that cannot be used for
donation) through the local blood bank (Etablissement Frangais
du Sang, Montpellier, France). These venous-blood samples,
whose volume ranged between 420 and 500 mL, were stored
in PVC-di-(2-ethylhexyl)phthalate transfusion bags produced
by Macopharma (MSE Systems). Such bags are provided with
66.5 mL of CPDA-1 anticoagulant (pH 5.6), whose composition
is: sodium citrate dihydrate 26.3 g/L, citric acid monohydrate
3.27 g/L, monobasic sodium phosphate dihydrate 2.51 g/L, and
dextrose monohydrate 25.5 g/L. The suspensions were then cen-
trifuged at 1,000 x g for 20 min and the buffy coat was removed.
RBC dispersions were diluted in PBS and the procedure of cen-
trifugation/removal was repeated twice to obtain washed RBCs.
Afterward, cells were resuspended in their native plasma treated
with anticoagulant or in solutions of PBS supplemented with
BSA (1 mg of BSA per 1 mL PBS) and the Ht was adjusted
by using graduated and narrow test tubes. Samples were kept at
25°C throughout all of the preparation.

Dilute suspensions (H¢=1%) of fluorescent HRBCs for
confocal observation were prepared by using a PKH26 Red
Fluorescent Cell Linker (Sigma-Aldrich). HRBCs were labeled
following standard protocol of the provider. The 2,000-kDa Dex-
tran (Leuconostoc spp.; Sigma-Aldrich) solutions were prepared
in PBS with a concentration of 2% (wt/wt), 4% (wt/wt), and
9% (wt/wt). Dissolution was obtained at room temperature by
overnight gentle stirring. All dextran/PBS solutions showed a
nearly Newtonian behavior with a constant viscosity equal to
3.4, 10.2, and 38.8 mPa-s, respectively, for dextran concentra-
tions of 2% (wt/wt), 4% (wt/wt), and 9% (wt/wt). We used a
very-high-molecular-weight dextran in order not to change the
osmolarity of the buffer suspension when it has been added to
make the suspending medium more viscous. All dispersions con-
taining RBCs and all suspending solutions used in our experi-
ments have a pH ranging between 7.0 and 7.2 for WB and 7.4 for
both PBS/BSA and PBS/dextran solutions. Osmolarities of our
buffers were measured to be 285 mOsm on average. The samples
were stored in a refrigerator at 4°C and they were used within
the time frame between 3 h and 5 d after the blood draw. The
healthy state of the cells was checked by looking at the amount
of echinocytes before each experiment. Blood samples and real-
ized experiments are summarized in Table S1.

Rheology and Microfluidics. Rheology experiments were per-
formed in a cone-plate stress-imposed rheometer (AR 2,000; TA
Instruments). The temperature was kept constant at 37°C by a
Peltier temperature controller. Data were analyzed by the Rheol-
ogy Advantage Data Analysis software. In the first type of exper-
iments, diluted suspensions of RBCs (Ht = 1%) in a PBS/BSA
solution were hardened in flow by adding a 70% wt/wt solution
of glutaraldehyde prepared in PBS solution (Sigma-Aldrich) and
glutaraldehyde concentration was adjusted to 9%. Three hun-
dred microliters of the resulting sample was added by capillarity
to 700 pL of the RBC dispersion during shearing to reach a final
glutaraldehyde concentration of almost 3%. Such an amount of
glutaraldehyde produces a very rapid, strong, and permanent
solidification. Indeed, recent atomic-force microscopy indenta-
tion measurements (35) performed on glutaraldehyde-treated
RBCs have yielded a Young’s modulus £ in the range 10 to
100 kPa. Therefore, for the maximum shear stress o of 6 Pa
reached in our experiments, the typical strain of HRBCs, o/ E,
is expected to be within 0.05 to 0.005%. This means that HRBCs
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can be considered as rigid objects in all our experiments. The
same protocol was used to harden samples at higher Hts. Both
shearing and hardening were carried out within 2 min. Samples
were then collected, washed, and suspended in PBS solution for
microscopic examination.

Images of stiffened cells were acquired with an inverted micro-
scope (Olympus IX71 60x objective) equipped with a digi-
tal camera (Sony XCD-X710). Acquired data were analyzed in
MATLAB (version 2011a; The MathWorks); the minimum num-
ber of cells counted and classified for each 4 in Fig. 1B and
for each Ht in Fig. 34 was equal to 550 and 450, respectively.
Microflow observations were realized at 25°C in glass round
capillaries with a diameter of 50 pym. Flow rates were adjusted
by an OB1 pressure controller (ElveFlow) operating up to 2
bar. Images were acquired at a high magnification (60x and
100x objectives) on a Nikon inverted microscope equipped with
a high-speed camera Phantom Miro M320S (Vision Research)
and subsequently analyzed by a custom image analysis software
(ImageJ).

Numerical Simulations. Two different in-house softwares were
used for numerical simulations. The first one, YALES2BIO
(19, 34), is a finite-volume parallel solver for the incom-
pressible Navier-Stokes equations on unstructured meshes.
Fluid-structure coupling was implemented using an immersed
boundary method adapted to unstructured grids (19). RBCs
were modeled as viscous drops enclosed by membranes resist-
ing shear, bending, and area dilation. In the SDPD simulations,
the SDPD method (21), a mesoscale hydrodynamic particle-
based approach, represents fluid flow, and an RBC membrane
was modeled as a triangulated network of springs (20) whose
vertices are coupled to the fluid via frictional forces. The net-
work assumes fixed connectivity and includes the spring’s elastic
energy, bending energy, and area and volume conservation con-
straints (20). Further details about the numerical methods and
setups are given below.

YALES2BIO Simulations. YALES2BIO (www.math.univ-montp2.
fr/~yales2bio/) is a finite-volume parallel solver for the incom-
pressible Navier-Stokes equations on unstructured meshes.
Fluid-structure coupling is accounted for by an immersed
boundary method adapted to structured and unstructured grids
(19), thoroughly validated in 2D and 3D (19, 34). RBCs are
modeled as viscous fluid drops enclosed by membranes resist-
ing bending, shear, and area dilation. The Helfrich model with
spontaneous curvature represents resistance to bending via the
curvature energy &:

£ =22 /(zH — c0)dS, [S1]
2 S

with S the membrane surface, s, the bending modulus, H the
mean curvature, and ¢y the spontaneous curvature.

In-plane elastic resistance due to the cytoskeleton is modeled
using the Skalak model:

Wore = S [ 428 -2)7 42 (03 + X3 - XA - 1)
+ C8 -1, [S2]

with A; and X2 the in-plane principal values of strain, G the
shear modulus, and C a parameter representing the ratio of
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the area dilatation modulus to the shear modulus. Because the
model is used for the cytoskeleton only, C' should be of the order
of unity. We use C' = 0.5 (see ref. 36 for discussion).

The resistance to area dilation of the lipid bilayer is accounted
for by a global area resistance. This approach has the advantage
of relaxing the well-known stiffness of the Skalak model (36),
which is critical at the high shear rates considered.

Computations of the dynamics of isolated RBCs in simple
shear flow are performed in a cubic domain of edge 21 um,
delimited by a pair of sliding walls with opposite velocities impos-
ing a shear rate 4. Periodic boundary conditions are imposed in
the other two directions. The fluid domain is discretized by a
Cartesian grid of 60 elements, with a resolution of 0.35 um. The
same setup was already used to study tank treading and validated
against experimental data (34). The RBC is initially deposited
into the undisturbed shear flow and computations are performed
over 800 characteristic time units (in 1/4) to guarantee that the
dynamics reported is stable.

We used the same characteristics for the cell as Cordasco
and Bagchi (37). The initial RBC shape is prestressed because
it is transformed from an unstressed ellipsoid of volume ratio
0.997 and area 134.1 ym? to a discocyte having the same area
and a volume of 94.1 um?®. A positive spontaneous curvature of
co = 1.41 um™" is imposed. After a transient phase, the RBC
stabilizes to an equilibrium shape very close to the parametric
shape by Evans and Fung (38). The initial shape is thus simi-
lar to the parametric biconcave shape of Evans and Fung (38),
but the stress-free shape is the ellipsoid of volume ratio 0.997.
As in Cordasco and Bagchi (37), the bending modulus is equal
to Ky = 6.0 x 107° J. The Reynolds number is 0.1 in all of
the simulations, and the viscosity ratio is 5.0. The shear modu-
lusis Gy = 2.5 uN.m~! and the local area modulus is twice as
large, as C' = 0.5 (36). A large global area coefficient (approx-
imately 1,000 G;) is imposed to conserve globally the area of
the cell; variations of the membrane area always remain smaller
than 0.5%.

SDPD Simulations. The other software we used is based on the
code LAMMPS (39), which has been modified by our group.
We have implemented SDPD, a particle-based hydrodynam-
ics method (40), where each particle represents a microscale
fluid volume. Particles in SDPD interact through pairwise con-
servative, dissipative, and random forces. A particle density of
12/(um)?® was used, corresponding to a resolution of 0.54um
(the diameter of a sphere having the average volume of a sol-
vent particle). To model fluid—structure interactions, we used
friction forces in the DPD method (41) to couple fluid flow and
the motion of RBC membranes. The used version of SDPD con-
serves angular momentum (21), which is crucial for simulations
with fluids having different viscosities.
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The RBC is modeled as an impenetrable membrane enclos-
ing an inner fluid. We have used bounce-back reflections at a
membrane to prevent fluid particles from crossing the membrane
both from inside and outside (20). The membrane was made
up of 3,000 vertices connected with springs. The model has fea-
tured stretching, bending, and compression resistance. Govern-
ing potentials, numerical implementation, and parameter values
are identical to those in ref. 42, except where noted in the text.
Local and global area and volume conservation are modeled by
penalty-like potentials. Bending energy has followed Eq. S1 and
the bending rigidity is related to thermal energy as x, = 70k T'.

An attractive worm-like-chain model, combined with a repul-
sive power function, imposes a spring force between two adjacent
vertices:

Ubond = Uwic + Upow

In 322 — 223

Uste = kg T —
: s 4p 1—-z
— M form >0,m#1
Upow(li) _ (mfl)lim71 ’ 7é
—kplog(l;) form =1

where z = I/l,, € (0,1), lis the spring length, /,, is the maximum
spring extension, p is the persistence length, kg T' is the energy
per unit mass, k, is the force coefficient, and m is an exponent.
Young’s modulus of RBC membrane was set to 18.9-107° L As
in YALES2BIO simulations, the RBC membrane is prestressed.
Starting from a stress-free spheroid of volume ratio 0.96 and area
133.2 pm?, its volume is reduced by deflation to obtain a disco-
cyte with the same area and a volume of 92.6 um?>.

Simulations of the dynamics of isolated RBCs in simple shear
flow are performed in a domain of 30 ym x 20 pym x30 pm,
confined by a pair of rigid, sliding walls with opposite velocities
imposing a shear rate of 4. The walls are modeled by a collec-
tion of frozen SDPD particles whose structure and density match
those of the suspending fluid. Periodic boundary conditions are
imposed in the flow and the vorticity directions. The RBC is ini-
tially placed into an undisturbed shear flow and simulations are
performed over 400 characteristic time units (in 1/7).

For an easy comparison with other studies, we have used the
following dimensionless quantities:

e Reynolds number Re = % = (.3. n is the number density,

4 is the shear rate, D, is the effective diameter of a RBC, and

7 is the external fluid viscosity.

o\ = :]’—; is the viscosity contrast between cytosol and external

plasma. Here, A = 5.

e 4 = 4.7 is the dimensionless shear rate. 7 is the RBC’s relax-

S D3
ation time defined as 7 = =
-
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Fig. S1. Distributions of RBC extension for different Ht values measured in SDPD simulations. Extension is defined as the maximum instantaneous cell length
/'in the flow direction, as depicted in the first inset. Distributions include data from multiple RBCs in a suspension and are averaged over many time instances.
Insets illustrate typical shapes for different values of /. The two extension regions marked by light yellow and light blue colors schematically depict / ranges
where polylobed shapes and creased discocytes are observed.
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Table $S1. Summary of samples used for the experimental
investigations

Donor WB PBS/BSA HDisco HLobe dxt
A X X

B X X X

C X X

D X

E X

F X X

G X

H X
| o ox
J o ox
K o ox
L ox

M o

Letters in the first column indicate different patients, and symbols indicate
samples used for rheological (x) and microfluidic (0) measurements. Suspen-
sion conditions are indicated as plasma (WB) and saline solution (PBS/BSA).
Dispersions with hardened cells at rest are indicated as HDisco and obtained
at high shear rates as HLobe. Experiments realized in dextran solutions are
marked as dxt.

Movie S1. Folded stomatocyte with a vacillating-breathing motion in flow at 4 = 500 s~'. Video was initially acquired with a high-speed camera at 3,500
frames per second (fps) in a round glass capillary with a diameter of 50 um and is displayed here at the frame rate of 7 fps.

Movie S1
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Movie S2. Side view of a trilobe RBC rotating in flow at 4 = 800 s~'. Video was initially acquired with a high-speed camera at 4,000 fps in a round glass
capillary with a diameter of 50 xm and is displayed here at the frame rate of 7 fps.

Movie S2

PNAS

Movie S3. Hexalobe rotating in flow at 4+ = 850 s~ . Video was initially acquired with a high-speed camera at 5,000 fps in a round glass capillary with a
diameter of 50 um and is displayed here at the frame rate of 7 fps.

Movie S4. Relaxation of a hexalobe RBC after stopping the flow in a round glass capillary with a diameter of 50 um. Video was initially acquired with a
high-speed camera at 1,500 fps and is displayed here at the frame rate of 100 fps.

Movie S3

Movie 54

—

Movie S5. Folded stomatocyte showing dynamics from tumbling to rolling in flow at 4 = 286s~". SDPD simulation video of a RBC being sheared in a slit of
30um height and periodic boundary conditions in both flow and vorticity directions. The shear profile is linear.

Movie S5
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Top view
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Side view

Movie S6. Top and side views of a trilobe RBC rotating in flow at & = 1,000 s~ obtained by numerical simulations using YALES2BIO. Video was generated
from solutions stored at 2,000 fps in pure shear flow and is displayed at the frame rate of 16 fps.

Movie S6
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Movie S7. Concentrated suspension of RBCs (Ht = 20% and ¥ = 1,000s~"). SDPD simulation video of RBCs being sheared under periodic boundary
conditions in all directions (Lees—-Edwards boundary conditions). We observe many polylobed/creased RBCs. The shear profile is linear.

Movie S7
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Movie S8. Polylobed RBCs rotating in flow in a PBS/BSA solution with dextran (2% wt/wt). The cells are subjected to a local shear stress of 7 ~ 6 Pa. Video
was initially acquired with a high-speed camera at 3,500 fps and is displayed here at the frame rate of 5 fps.

Movie S8

PNAS

Movie S9. Concentrated suspension of RBCs (Ht = 15%) in PBS/BSA solution flowing in a round glass capillary with a diameter of 50 um. A large number of
polylobed/creased RBCs are observed in proximity of channel walls (wall shear rate is 4,y = 850 s~"). Video was initially acquired with a high-speed camera
at 3,000 fps and is displayed here at the frame rate of 25 fps.

Movie S9
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