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Micropipette aspiration, optical tweezers, rheometry or ecktacytometry have been used to study the shape recovery of
healthy human Red Blood Cells (RBCs) and measure associated relaxation times of the order of 100-300 ms. These
measurements are in good agreement with the Kelvin-Voigt model which describes the cell as a visco-elastic material,
predicting that its relaxation time only depends on cell intrinsic properties. However such mechanical solicitation
techniques are far from being relevant regarding RBCs solicitation in vivo. In this paper, we report for the first time the
existence of two different behaviors of RBCs shape recovery while flowing out of a microfluidic constricted channel.
Calculation of the viscous stress corresponding to the frontier between the two recovery modes, confirms that RBCs
resistance to shear u is the elastic property dominating the transition between the two recovery behaviors. We also
quantified associated recovery times 7, and report values as low as 4 ms - which is almost two decades smaller than
typical RBCs relaxation time - at high viscosity and flow velocity of the carrier fluid. Although we cannot talk about
relaxation time because the cell is never at rest, we believe that the measured shape recovery time arises from the
coupling of the cell intrinsic deformability and the hydrodynamic stress. Depending on the flow conditions, the cell
mechanics becomes dominant and drives the shape recovery process, allowing the measurement of recovery times of the
same order of magnitude than relaxation times previously published. Finally, we demonstrated that the measurement
of the shape recovery time can be used to distinguish Plasmodium falciparum (causing malaria) infected RBCs from

healthy RBCs.

I. INTRODUCTION

The Red Blood Cell (RBC) membrane is composed of
a phospholipidic bilayer, associated with a 2-D spectrin
network composing the cytoskeleton' and enclosing a vis-
cous cytoplasm loaded with hemoglobin. The mechanical
properties of the cytoskeleton combined to a high surface to
volume ratio, give RBCs an impressive ability for reversible
deformation. This particular property is very crucial for
RBCs as they spend their 120 days of life flowing through
microcapillaries to transport oxygen through the whole
organism. The combination between the phospholipid bilayer
and the cytoskeleton constituting its membrane confers to the
RBC a visocoelastic behavior which is intermediary between
that of an elastic solid, characterized by energy conservation
and a purely viscous Newtonian liquid, characterized by
energy dissipation. This type of behavior can be described
by the Kelvin Voigt model®> which is a linear combination
of a spring and a damping Newtonian element. Using the
Kelvin-Voigt model, the pioneer study of Hochmuth et al.?
predicted that the time necessary for RBCs to relax, from
a deformed state to their stress-free equilibrium shape, is a
constant which depends only on the mechanical properties of
the membrane. This constant is defined as T = n,,,/u, where
N 1s the 2D membrane viscosity and , its shear modulus.
Knowing that 1,, has been estimated*® to be of the order
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of magnitude of 0.5 - 1 x107% N.s/m and that u has been
measured experimentally through different methods>*7-10 in
the range u=2.5-9 x107% N/m, 7 can be calculated to be of
the order of 100 ms.

Different methods have been reported in the literature
to characterize experimentally this relaxation time 7 in
static configurations, such as micropipette aspiration®!112,
optical tweezers>!3 and electrodeformation'*. 7 has also
been measured under flow conditions, as for example us-
ing rheometry!'>!6, ecktacytometry!” and more recently
microfluidics!®. All of these studies , which have been per-
formed in low viscosity physiological buffer as the external
medium, either in static or under flow, report roughly the
same relaxation time to be of the order of 100-300 ms.3!1:15.18
Those values are in good agreement with the calculation of T
made by Hochmuth using the Kelvin-Voigt model to describe
the RBC mechanics.

In the present paper, we propose to study experimentally
the shape recovery of healthy human RBCs flowing out of
a microfluidic constricted channel. We report for the first
time two different types of shape recovery behaviors for
the cell after exiting the constricted channel, depending
on the viscous stress applied. We demonstrated that the
transition between the two recovery modes is directly related
to the RBC elastic properties. We measured experimentally
associated shape recovery times, 7,, defined as the time
necessary for the cell to return to a steady shape after exiting
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the constricted geometry. Because RBC steady state is
reached under hydrodynamic stress rather than at rest, the
recovery time does not directly correspond to the relaxation
time. However, in specific experimental conditions, values
obtained for recovery times were found to be comparable to
typical intrinsic relaxation times values reported in literature,
while reaching values as low as 4 ms with very different flow
parameters. From the highly aboundant literature dealing
with the flow of RBCs in close-fitting constriction, only the
paper from Braunmiiller et al.'® looked at the RBCs shape
relaxation. They report the existence of two relaxation times.
A first relaxation time 7, corresponding to the time necessary
to change from the compressed shape inside the microchannel
to adopt the parachute-like shape, is found to be in the range
0.11 - 0.52 s, which is in good agreement with relaxation
times reported by others. The second time 7y, corresponds
to the time necessary to deform from the parachute-like shape
to the discoidal shape and was measured to be of the order
of 9 - 49 s. They found that the two times vary linearly with
respect to each other. However, to the best of our knowledge,
we are the first ones highlighting the coupling between
the cell mechanics and the hydrodynamics at the exit of a
microfluidic constriction, by measuring variation of shape
recovery time upon buffer viscosity and flow speed. Finally,
the use of the shape recovery time to discriminate healthy
from pathological cells was demonstrated on Plasmodium
falciparum infected RBCs.

Il. MATERIALS AND METHODS
A. Experiments:

a. Device geometry: The microfluidic systems were
made in polydimethylsiloxane (PDMS, Sylgard), using stan-
dard soft-lithography techniques'® and sealed on glass via an
oxygen plasma treatment (Harrick plasma). The main width
of the channel W, was set to 15, 25 and 50 um while keeping
a fixed height of 5 um. A succession of 15 tooth-like shapes
- composed of a narrowing followed by a widening - were
implemented. This geometry is referred to as the oscillating
width channel (OWC). In the zone of interest of the geome-
try, the channel width decreases from W, to 5 um and then
increases up to 25 um. Each constriction and widening has a
length of 10 pum, this width oscillation is repeated over a total
length L = 290 pum as illustrated Figure 1. This specific ge-
ometry was chosen for its ability to quickly center RBCs (cf.
Figure 2).

b. Suspension preparation: 30 uL of fresh blood were
drawn from healthy volunteers by finger prick. RBCs were
isolated from the rest of the sample by centrifugation and
then re-suspended in phosphate buffered saline (PBS, Sigma-
Aldrich, France), which viscosity 1,,, was varied from 1.3 to
31.5 mPa.s, by solubilization of Dextran (Leuconostoc mesen-
teroides, M,, = 2x 100, Sigma-Aldrich, France). All solutions
were filtered at 200 nm prior to utilization. The RBC con-
centration was adjusted to ~ 19 x10® RBCs / mL in order

to avoid the flow of several cells simultaneously in the mi-
crochannel. Malaria infected RBCs (iRBCs) were obtained
by culture of 3D7 Plasmodium falciparum clone maintained
in vitro as previously described?’. Healthy human RBCs were
suspended in RPMI culture medium supplemented with 0.5%
AlbuMAX™ 11, 2.1 g L=! NaHCO3, 0.025 g.L.~! Hypoxan-
thine, 25 mM HEPES and 20 pg.mL~! Gentamicin at 5%
hematocrit and inoculated with infected RBCs. Enrichment
of iRBCs was obtained using a Percoll discontinuous den-
sity gradient centrifugation method?!. The isolated iRBCs
layer was washed 3 times in culture medium before being sus-
pended in supplemented RPMI. Parasitemia was evaluated by
microscopical examination of Giemsa colored blood smear at
roughly 80% as illustrated in Figure 1 in Supplementary Ma-
terial. Finally, iRBCs were washed twice with PBS and sus-
pended in a viscous saline buffer (1,,, = 31.5 mPa.s) at the
optimum concentration for microfluidic experiments. A more
detailed version of the iRBCs enrichment procedure can be
found in Supplementary Material.

c. Experimental setup: The RBC suspension was in-
jected into the microfluidic channel using a pressure driven
flow. The applied pressure was varied between 13 and 500
mbar depending on the targeted cell velocity. The lower pres-
sure gradients were achieved using hydrostatic setup, i.e. a
height difference was set between the syringe containing the
blood sample and the outlet reservoir, whereas higher pressure
gradients were applied using a pressure regulator (Bellofram
and Fluigent) with a precision of 1 mbar. Videomicroscopic
recordings of the cells behavior were performed with an in-
verted phase contrast microscope (Leica DMI 4000 B, Ger-
many) with a x40 magnification and a high speed camera
(Mikrotron EoSens MC1362, Germany).

d. Image analysis routine: Post-processing of the
movies was performed using a self-edited Matlab code to
study cell dynamics and deformation. On every image, the
RBC contour was fitted with an elliptical shape (Figure 1); the
position of the ellipse center of mass and the length of both
axes, along (x-direction) and perpendicular to (y-direction)
the flow direction, respectively 2a and 2b, were measured.
Various parameters were then calculated: the cells velocity
Veenr (see Figure 2 in Supplementary Material for a detailled
definition of V) and the deformation index D, defined as
D= (2a—2b)/(2a+2D).

B. Numerical simulations:

For the estimation of the hydrodynamic stress, 3-D numeri-
cal simulations were performed using Comsol Multiphysics®
to solve the hydrodynamic flow equations. Simulations were
performed by applying a pressure gradient flow between the
inlet and outlet of the microfluidic channel, using different
values of fluid viscosities 7,,; = 2.8, 8.6 and 31.5 mPa.s.
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FIG. 1. The microfluidic channel used to study the shape recovery time of RBCs under confined flow is composed of 14 tooth-like shaped
constrictions. The different dimensions are reported on the picture; here W, = 15 um. The insert shows a close-up of a RBC which 2-D
projected area is fitted by an ellipse (white dashed line). The two axes of the ellipse along and normal to the flow direction, respectively 2a

and 2b are defined.

I1l. RESULTS AND DISCUSSIONS
A. Centering effect of the geometry

Although we focused in this paper on the cell behavior at
the exit of a constricted channel, we have chosen to implement
an oscillating width channel, including several 10 um long
constrictions, instead of a single 10 (m long one, because of
the centering effect associated by the repetition of the restric-
tions. Indeed, one may notice from Figure 2, that whatever
their position in the inlet main microchannel, y;, RBCs tended
to exit the geometry at the same position y, associated with
the half of W,, hence illustrating the centering effect of the
design. Several studies reported in literature have used differ-
ent techniques to focus cells and facilitate single cell study.
For example sheath flow, where two streams of liquid force
the alignement of the cells on the chip, has been reported??.
Similar results can be achieved using active approaches such
as acoustophoresis® or electrophoresis”*?>. The implemen-
tation of a geometrical constriction has been demonstrated to
focus cells towards the centerline of the device when the width
of the channel is subsequently increased.?®?’. Finally, in or-
der to obtain a single file of cells, Tsai et al. have used a
4.5um wide and 30 um long geometrical restriction with a
width to center RBCs and align them so they would enter the

evaluation zone on the same streamline?3.

In the case of a unique 10 pum long constriction, cells
arriving off-centered in the channel tended to exit also off-
centered. The centering effect associated with the oscillating
width channel ensures a symmetrical deformation of the cells
at the exit of the last narrowing, prevents them from rotating
and imposes that all cells are exposed to the same hydrody-
namic stress, all cells being aligned on the same flow line.
This centering effect is more pronounced for W, = 50 um,
where it is more necessary as cells might arrive from various
off-centered positions. Indeed, we can see that the centering
amplitude |y; — yy|, illustrated by the dashed lines, is larger
for W, = 50 um (see Figure 3 in Supplementary Material). Fi-
nally, we have verified that the history of deformation, via the
repetition of the constrictions, did not impact the mechanical
response of healthy RBC, by measuring the recovery time of
healthy RBCs both after one single 10 um long geometric re-
striction and at the exit of the 15 repetitions of the 10 m long
restriction (see Figure 4 in Supplementary Material).

B. Dual shape recovery behavior

Video-microscopic recordings of RBCs flowing through a
microfluidic channel with oscillating width, allowed the vi-
sualization of cell deformation as it traveled through the de-
vice. The cell entering the 15 um wide channel presented a
parachute-like shape, typical of RBCs in confined flow. As
it approached the first constriction, the cell got compressed
which is traduced by its elongation in the flow direction (Fig.
2).

Then, it underwent a stretching along the y-axis when
entering the widening, before being compressed again by the
next constriction. This cycle of compression-stretching is
repeated due to the series of narrowings and enlargements.
Finally, as it exited the last narrowing, the cell returns to its
final parachute-like shape. Because the steady state does not
correspond to resting conditions, the recovery process by
which cells return to their final shape, after flowing out of the
geometry, cannot be directly assimilated to a cell relaxation.
Thus, this recovery process does not depend only on its
mechanics but rather on a coupling between the relaxation
and the flow. At the exit, two different recovery behaviors
were observed according to the experimental conditions as
illustrated by the sequences of deformation presented in
Figure 3.

At high speed and viscosity of the carrier fluid (Fig. 3a),
we observed a first recovery mode - the stretching behavior
- which is characterized by a sudden increase of the 2b-axis
(normal to the flow direction) of the cell as it exited the
last constriction, before recovering slowly its steady state
shape as illustrated on the schematic and highlighted on the
time lapse close-up (Fig. 3a). At lower speed and external
viscosity (Fig. 3b), the cell underwent the same compression-
stretching cycles and behaved qualitatively similarly with a
lower amplitude of deformation than the previous mode in the
central zone of the microchannel. However at the exit, the cell
which was compressed due to the last narrowing, recovers
directly a parachute-like shape, without being stretched in
the y—direction as pointed out on the schematic and the time
lapse close-up (Fig. 3b). This mode is referred to as the
unfolding behavior.

The deformation of the RBCs flowing in our geometry can
be quantified using the deformation index D = (2a —2b)/(2a+
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FIG. 2. Time lapse microscopic images of cells entering the microfluidic channel at various off-centered positions, noted y; and exiting centered
in the channel, ys = 0. The origin of the y axis was chosen to coincide with the center axis of the channel. (a) W, = 15 um (o, = 31.5 mPa.s
and Ve = 1820 /.Lm.s_l), (b) W, =25 um, (Nour = 31.5mPa.s and V,; = 2194 um.s_l) and (c) W, =50 um (Ngy =31.5 mPa.s and V¢, =
1979 um.s~1).

NN I N NI NN NN
NN NN NN NN NN N

Flow direction
—>

1 2

FIG. 3. Sequences of deformation of two healthy RBCs under flow a) at high and b) at low speed and viscosity of the external medium.
Along the geometry, both cells get compressed and elongated perpendicular to the flow direction when entering each narrowing and widening
respectively. (a) At high hydrodynamic stress, as the cell exits, it is stretched by the extensional flow before returning to the parachute-like
shape, unlike at lower stress (b) where the cell recovers directly from the compression without being stretched. The external viscosity and
the cell speed at the exit are respectively a) Mo, = 31.5 mPa.s and V,;; = 533 um.s_1 and b) 1y = 1.3 mPa.s and V., = 483 um.s_l.The
schematics show a representation of the typical deformation in the two behaviors at two different times #; and #;.

2b), where 2a and 2b are the two axes of the elliptical shape As the RBC maintained its parachute-like shape, in the 15
fitting the cell. As an example, the variation of D associated ~ pm wide zone of the channel, the corresponding deformation
with the sequences of deformation presented in Figure 3 are ~ index was relatively constant and nearly close to zero,
reported in Figure 4. hence traducing a projected area roughly circular (2a = 2b).
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FIG. 4. Variation of the deformation index D = (2a —2b)/(2a + 2b) versus the position of the cell center of mass a) and b) for the stretching
and c) and d)for the unfolding behaviors. The origin of the graphs was arbitrarily chosen to be the entry of the first narrowing. b) and d) show
representations of D versus time of the two previous curves, where only the time window corresponding to the recovery is reported. The exit
of the last narrowing was arbitrarily chosen to be r = 0. The dashed lines are exponential fits allowing the determination of the recovery time
7, with the following equations D = m; + mpexp((m3-t)/7,) and D = my + mpexp(-(m3+t)/7,), for unfolding and stretching respectively, where

my, my and m3 are constants to be adjusted.

The following oscillations in D traduced the deformation
undergone by the RBC in response to the oscillating width of
the channel. Indeed, D increased to positive values (2a > 2b)
due to the cell compression by the constriction (Fig. 4a and ¢
upper photo) leading to its elongation in the flow direction.
In the contrary, when entering an enlargement, it tended to
be stretched in the y-direction (Fig. 4a and c lower photo)
corresponding to a decrease in D which can reach negative
values (2a < 2b) depending on the experimental conditions.

In the stretching behavior (Fig. 4a), after reaching a
maximum value at x = 285 um, the sudden drop of D traduces
the large cell stretching after its exit from the last narrowing.
Finally, after reaching a minimum, noted D,,;, around x = 295
um, D returns exponentially to its initial value and reaches
a plateau corresponding to the cell steady shape. In the case
of the unfolding behavior presented in Figure 4c, D reaches
a maximum value at x = 285 um, noted D,,;, however it
recovers directly a steady shape according to an exponential
decay.

The variation of D between the last deformed state at

the exit, noted D,,;, and the steady shape corresponding to
the plateau value, were represented as a function of time
(Figures 4b and d). The experimental data were fitted using
an exponential growth or decay, depending on the stretching
or unfolding mode respectively, thus allowing the extraction
of the recovery time 7.

C. The transition between the two recovery behaviors
depends on RBC elastic properties

We evaluated the influence of external flow parameters on
the shape recovery of healthy RBCs, by varying buffer vis-
cosities and cell velocities. We scanned a range of cell speeds
from 100 to 2000 um.s~! and the external viscosity was var-
ied from 1 to 31.5 mPa.s. We gathered experimental results
in a diagram (Fig. 5), where the recovery mode is plotted as a
function of 1,,, and V,;;.

For V,..;; > 400 ,um.s’l, stretching was observed experi-
mentally for 1,,, > 5 mPa.s, whereas unfolding was obtained
for Now < 2 mPa.s. Thus, in this range of cell speed, the
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FIG. 5. Experimental recovery diagram representing unfolding (open
squares) or stretching (solid squares) behaviors according to the cell
velocity V., and the viscosity of the surrounding medium 17,,,. The
mixed behavior refers to a mode where a portion of the RBCs ex-
periences unfolding whereas the rest of the population undergoes
stretching. The percentages of stretching were (1) 27%, (2) 50%
and (3) 55% respectively. The dashed line is a guide for the eyes
representing the transition between the two modes.

transition between the two recovery modes is mainly dictated
by Nows- In the frontier zone (highlighted by the dashed line
in Figure 5), we noticed experimentally a mixed behavior,
where a portion of the RBC population experienced stretch-
ing, while the other one experienced unfolding. The percent-
age of the stretching behavior increased with the cell velocity,
hence highlighting that the transition depends also on V,;;. At
lower cell speed, V,..;; < 350 ,um.s’l, the transition between
the two recovery modes depended strongly on both V,.;; and
nout-

By increasing the viscosity and velocity of the carrier fluid,
we tuned the viscous hydrodynamic stress probed by RBCs,
which leads to a transition in shape recovery behavior. In-
deed the diagram reveals that at low viscous stress, the cell
resists the deformation and recovers a steady shape according
to the unfolding mode. Whereas, when the viscous stress is
sufficiently high, the RBC gets stretched at the exit and ex-
periences stretching. Therefore the Capillary number, ratio of
the fluid viscous forces to the RBC elastic properties, can be
used to describe the shape recovery of RBCs. To elucidate
which elastic property dictates the experimental shape recov-
ery of healthy RBCs, we aim at calculating the three Capillary

St.(2b)3 St.2b
numbers Cabending = (B ) Cagshear = T and Castretching =
%, associated with the bending modulus B, the shear modu-

lus u and the stretching modulus K respectively, 2b being the
typical size of cells. In parallel, the viscous stress St under-
gone by RBCs at the exit of our geometry was estimated using
relation (eq. 1). In a diverging channel, St can be expressed?’
as:

d d
St ~ 3Nous [IBZH();I] (1)

In order to estimate St probed by the cell at the exit, we

6

used Comsol Multiphysics® to perform 3-D simulations of
the flow of buffer solutions at various viscosities in absence
of any object. We calculated the local stress St, according
to equation 1 (see Figure 5 in Supplementary Material), for
various conditions of 1,,; and Vgyiq, Vriia corresponding to
the maximum velocity of the parabolic profile at the exit of the
last constriction. In a first approximation, we considered the
velocity gradients at the exit of the oscillating width channel
in absence of cells.

As expected, Figure 6 illustrates that St increases linearly
with Vs and varies also with 1n,,. We report on the
graph, the domains where each of the recovery modes is
observed experimentally, assuming in a first approximation
that Vg ~ Vee. From Figure 6, we could estimate a range
of local stress, St;presn, corresponding to the frontier between
the two modes.

For hydrodynamic stresses larger than St;,.s;,, RBCs are
deformed and underwent a stretching behavior, whereas for
lower stresses, they experienced unfolding. For 1, = 2.8
mPa.s and Vs ranging from 460 to 1018 um.s~!, the zone
of the relaxation diagram where the mixed behavior was
observed, we estimated St;,.s, to be between 0.6 and 1.4 Pa.

Using this threshold stress and reading the graph in Figure
6, we can estimate that unfolding behavior would be observed
for Ve below 140 pm.s~! and 25 pum.s~!, for Ny, = 8.6
mPa.s and 31.5 mPa.s, respectively. This was consistent
with our experimental observations for these two viscosity
values. Indeed, minimum velocities that we could reach
experimentally were V,.;; = 277 um.s~! for 1,,; = 8.6 mPas.s
and Ve = 133 um.s™! for 1y, = 31.5 mPa.s, values above
the extrapolated frontier values found previously. Therefore,
we only observed stretching for these buffer viscosities.

RBC elastic moduli have been previously reported in
literature>3*32 to be B = 1.8 x 107! Num, u = 2.5-9
uN.m~! and K = 2x 10° uN.m~!'. These values allow the
calculation of the associated Capillary numbers to be of
the order of Capenging ~ 10°, Caghear ~ 1 and Clgrerching ~
107 respectively. Therefore, we can conclude that the shear
modulus drives the transition between the recovery behaviors
of RBCs. It would be interesting to try to determine if the
study of RBC shape recovery at the exit of a microfluidic
constriction could be a novel way to evaluate RBC elastic
shear modulus. Although experiments performed with me-
chanically altered RBCs are required in order to demonstrate
it. Mechanically altered RBCs would have to be flown at
several speed in our geometry, while being suspended in
buffers with various viscosities in order to determine the
associated threshold stress Stj.s,. But more importantly
a quantitative measurement of the Young modulus of the
impaired RBCs would be necessary to validate our hypothesis.
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FIG. 6. Representation of the estimated applied stress St at the exit of the last geometrical constriction versus the flow velocity Vpy,z at
this location and the external medium viscosity 1,,; showing the two behaviors regions (unfolding/stretching) as well as the threshold stress
Stihresn- The inset shows a close-up on the origin of the plot. Gray zone represents the transition zone. Numerical simulations were performed

using W, = 15 um.

D. Shape recovery time

We quantified the deformation of RBCs according to the ex-
perimental conditions, i.e. at various Mgy, Ve and for three
different main channel widths (W, = 15, 25 and 50 um, all
the other parameters - dimensions and number of constric-
tions - being maintained constant). RBCs deformation at the
exit D,,; and the associated recovery time T, were measured.
In the case of cells returning to a steady shape according to
the unfolding mode (Figure 7a), the maximum deformation
D, experienced by cells flowing through the last geometric
constriction, is independent of both parameters V,.;; and W,.

Indeed, in the unfolding behavior, D, corresponds to the
cell compression in the last narrowing which remains constant
through the whole study, and therefore only depends on the
constriction dimensions. Figure 7b presents the evolution of
1/7, as a function of V.., Moy being fixed at 1.3 mPa.s, for
two values of W,. The results show that 1/7, is increasing
linearly - thus 7, is decreasing - when V,,;; increases. Such
behavior has already been reported by Prado et al.> for the
relaxation time measured as the time necessary for RBC, ini-
tially at rest in a capillary, to adopt a steady shape when the
flow is suddenly started. We can also mention that data issued
from different OWC geometries (different W,) aligned on the
same linear regression (Fig. 7b), hence demonstrating that the
recovery time in the unfolding mode was not impacted by the
width of the channel, but is rather governed by the cell me-
chanical properties.

In the case of the stretching mode, the maximum deforma-
tion at the exit D, is not influenced by the cell speed V¢,;; in
the tested range (data not shown). We explain this result by

the fact that although the applied stress is increased with the
flow speed, RBCs transit through the high stress region more
rapidly when V,;; increases. Consequently, the increase of
St is counterbalanced by the short time RBCs spent in this
region. The Figure 7c presents the effect of W, on D,,,;. For
each external viscosity and W,, the data from different cell
speed conditions were pooled. The graph reveals that, for a
fixed external viscosity (1, = 31.5 mPa.s), cells are more
stretched at the exit of a 50 um wide channel than when W, =
25 or 15 um. This behavior is attributed here to the fact that
as St is higher than St,.sn, RBCs will deform according to
the applied stress which is larger in a 50 um than in a 15 um
wide channel. Regarding the recovery time, we retrieved in
the stretching behavior, the linear relationship between 1/7,
and V.., (Fig. 7d). The graph also reveals that for a given
cell velocity, 1/7, increases - i.e. T, decreases - when W, is
decreased, which is consistent with the fact that cells take
longer time to recover from a more deformed state. Moreover,
by plotting 1/7, versus V,.;;/W,, we can collapse all the data
on a single line as illustrated by the inset in Figure 7d. This
indicates that, in the stretching mode, the recovery time is
directly imposed by the flow. Previous studies in the literature
have observed the decrease of RBC recovery time upon the
increase of cell velocity and explained it through energy
dissipation®*.

We report the effect of 7,,, on RBCs elongation and shape
recovery at the exit. Figure 8a reveals that D,,,, increased as
Now 18 raised, which is consistent with the increase of the hy-
drodynamic stress.

One would expect to observe a longer recovery time at
higher external viscosity, as more elongated cells take longer
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of D,y versus the main channel width W, for the stretching behavior (1, = 31.5 mPa.s). d) 1/7, as a function of V., for healthy RBCs
undergoing stretching at the exit of channels with different widths W,, (1, = 31.5 mPa.s). For both recovery modes, each point represents a

statistic of at least 20 RBCs. P represents the P-value of the t-test.

time to recover a steady shape. However, Figure 8b points out
that 1/7, increases, and therefore 7, decreases, with the vis-
cosity of the suspending medium. We explain this behavior in
terms of a coupling between the cell and the external medium
which may impact energy dissipation. Such dependency upon
Nowr Was previously observed while measuring relaxation time
using the startup flow of RBCs? and ecktacytometry*. Al-
though such techniques report the measurement of relaxation

time, i.e. time necessary for the cells to relax to their equi-
librium stress-free shape, we retrieved here the same features
on the study of the time necessary to recover a steady shape
while still under flow. We may notice that our measurements
of 7, in unfolding mode are starting around 129 ms, typically
for Ny = 1.3 mPa.s and V,;; = 170 /,Lm.s’l, which is in good
agreement with relaxation time values previously reported in
literature®'32 and predicted by the Kelvin-Voigt model. But
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as a function of V,,;;/W,, for various conditions of 1,,;. Each point
represents a statistic of at least 20 RBCs. P represents the P-value of
the t-test.

they can also reach values as low as 4 ms, in stretching mode
for Nou = 20.3 mPa.s and V,.;; = 1500 um.s~!. These re-
sults illustrate that, during the flow of RBCs out of a constric-
tion, 7, varies with the flow conditions (i.e. Ny, and V,.;; /W,).
Howeyver, it can be assimilated to the cell intrinsic relaxation
time dependent on the membrane mechanical properties only
at very low flow speed and buffer viscosity.

E. Shape recovery time of pathological cells

Finally, we evaluated if the shape recovery time could be
used to discriminate healthy from pathological RBCs. To do
so, the behavior of Plasmodium falciparum infected RBCs
(iRBCs) were studied and compared to that of healthy RBCs
(hRBCs). iRBCs were obtained by culture of Plasmodium
falciparum parasites. Parasitemia was improved by gradient
centrifugation technique?! in order to reach values of the or-

der of 80%. iRBCs and hRBCs were flown into a 10 um deep
tooth-like microchannel - in order to avoid total blockage of
the channel by pathological cells - with W,, = 50 um. Hy-
drodynamic conditions were chosen in order to observe the
streching behavior, i.e. 1y, = 31.5 mPa.s and P was fixed at
200 mbar, leading to V¢, ~ 1885 ,um.s’l. The shape recov-
ery time, 7,, of iRBCs was estimated and compared to that of
hRBCs, as presented Figure 9a.
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FIG. 9. a) Shape recovery time 7, and b) cell elongation at the
exit Dy, for healthy RBCs (hRBCs) and Plasmodium falciparum
RBCs (iRBCs). P represents the P-value of the t-test calculated over
roughly 50 cells for each conditions. Both populations were sus-
pended at 1y,; = 31.5 mPa.s and flown at P = 200 mbar in the device,
leading to Ve = 1885 /.Lm.sfl.

The graph highlights the strong decrease in recovery time
between the two samples. Indeed, iRBCs recover a station-
ary shape roughly twice as fast as healthy cells. This differ-
ence can be explained by the measurement of D,,, (Figure
9b) which reveals that iRBCs elongate roughly 1.6 times less
that hRBCs. These findings underly that it takes less time for
pathological cells to recover from a less elongated state. The
measurements of shape recovery time can therefore be used
to discriminate healthy from Plasmodium falciparum infected
samples. Hence demonstrating that the recovery time traduces
the cell intrinsic mechanical properties, if cells undergo the
same hydrodynamic stress, i.e. they are submitted to the same
external viscosity and flown at the same speed, in the same
geometry.
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IV. CONCLUSION

Our results have shown that RBCs flowing out of a mi-
crofluidic constriction undergo two different shape recovery
behaviors, depending on the experimental conditions. At
high external viscosity and flow speed, we highlighted a
stretching mode where the impact of the flow on the shape
recovery is dominant, whereas at low viscosity and velocity
of the carrier fluid, we found an unfolding mode where
the mechanical phenotype of RBCs dominates the shape
recovery. The calculation of the corresponding Capillary
numbers shows that the RBC shear resistance governs the
transition between the two recovery dynamics. It would be
interesting to evaluate if the calculation of the viscous stress
corresponding to the frontier between these two recovery
modes (at Ca ~ 1), could be used to estimate an elastic
shear modulus of healthy RBCs. We also showed that the
associated recovery times, T,, vary strongly according to
the viscosity and velocity of the carrier fluid. Indeed, we
report values comparable with relaxation times published in
the literature - and in good agreement with the Hochmuth
Evans calculation based on the Kelvin-Voigt model (~ 100
ms) - for very low flow speed and buffer viscosity, as well
as values as low as 4 ms at specific experimental conditions.
The RBCs shape recovery under flow being dictated by the
coupling between the cell and external medium, it is expected
that 7, varies with the flow parameters. Indeed, we found that
7, decreases with the raise of the external viscosity and the
relative velocity between the surrounding fluid and the RBC.
We explain this reduction of the recovery time in terms of the
strong coupling between the cell and the external fluid, which
impacts the energy dissipation. Finally, the comparison of
the behaviors of Plasmodium falciparum infected and healthy
RBCs flowing out of constricted channels, illustrates that
diseased cells are less stretched and thus recover a steady
shape twice as fast as normal ones. Such results demonstrate
that 7, provides a signature of the cell intrinsic mechanical
properties and that its measurement has the potential to detect
the pathological state of RBCs.

V. SUPPLEMENTARY MATERIAL

See supplementary material for a detailed description of
the preparation of the Plasmodium falciparum infected Red
Blood Cells. More information on the determination of cell
velocity is illustrated in supplementary material. The effect
of stress history on the mechanical response of healthy RBCs
is also detailed. The quantification of the centering effect of
our geometry is also provided and briefly discussed. Finally,
a description of the numerical simulations performed to
calculate the viscous stress St necessary to extract the shear
modulus is included.
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