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Viscoelastic Transient of Confined Red Blood Cells
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ABSTRACT The unique ability of a red blood cell to flow through extremely small microcapillaries depends on the viscoelastic
properties of its membrane. Here, we study in vitro the response time upon flow startup exhibited by red blood cells confined
into microchannels. We show that the characteristic transient time depends on the imposed flow strength, and that such a
dependence gives access to both the effective viscosity and the elastic modulus controlling the temporal response of red cells.
A simple theoretical analysis of our experimental data, validated by numerical simulations, further allows us to compute an
estimate for the two-dimensional membrane viscosity of red blood cells, 722, ~ 1077 N-s-m~'. By comparing our results
with those from previous studies, we discuss and clarify the origin of the discrepancies found in the literature regarding the deter-

mination of »22 . and reconcile seemingly conflicting conclusions from previous works.

mem?

INTRODUCTION

The study of blood flow properties is a highly active field
of research, both experimentally (1) and theoretically (2—
4). Identifying the relevant (bio)physical parameters con-
trolling such properties is of great interest in the context
of diagnosis of blood disorders, and also represents an
important fundamental challenge in numerical and theoret-
ical modeling of complex fluids. Blood is a suspension of
cellular elements (red and white blood cells, platelets) in
a carrier fluid (plasma). It is known to behave as a non-
Newtonian fluid, the complex rheology of which is mainly
due to the presence of red blood cells (RBC), its major
cellular component (1). The flow properties of blood are
thus essentially governed by the concentration of RBCs
(the so-called hematocrit), their mutual interactions, and
their individual mechanical properties. Over the past 50
years, the latter have been the focus of numerous studies
aiming at characterizing or modeling the viscoelastic
behavior of individual RBCs, and in particular that
of the cell membrane, which separates the outer suspend-
ing plasma from the inner cytoplasm (5-12). The mem-
brane region comprises a lipid bilayer, an external
glycocalyx layer, and an inner two-dimensional cytoskel-
eton composed of a spectrin network. The inner and outer
layers are connected to the bilayer through transmembrane
proteins. Mechanical properties of the membrane are typi-
cally described in terms of bending and expansion moduli
of the bilayer, a two-dimensional elastic shear modulus of
the spectrin network (u,), and a two-dimensional mem-
brane viscosity (722 ) (6.7).
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Aside from their influence on bulk rheology, the mem-
brane properties of RBCs are also of utmost importance in
microconfined flows, i.e., in the microvascular network,
where they control the ability of cells to adapt their shape
and flow through channels having dimensions on the order
of or smaller than the size of unstrained RBCs. Such a capac-
ity of RBCs to flow through very small channels is central in
their physiological function of oxygen delivery to tissue, and
alterations of the viscoelasticity of RBCs are recognized to be
associated with various pathologies (13). In this context, as of
this writing, in vitro studies of microconfined flows are
viewed as a potential diagnosis tool to discriminate between
healthy and pathological cells (14-16).

Along this line, several works have investigated the
steady-state behavior of confined RBCs, from the theoret-
ical (17,18), numerical (19-21), and experimental (16,22—
25) points of view, to probe, e.g., the influence of
mechanical properties on cell shape or velocity. On the other
hand, a limited number of studies have investigated the
behavior of RBCs in transient situations. Early studies
have investigated the relaxation of RBC deformation after
the removal of an applied mechanical stress: the pioneer
work by Hochmuth et al. (26) focused on shape recovery
in micropipette experiments; Baskurt and Meiselman (27)
later performed rheooptical strain relaxation experiments
upon cessation of shear of concentrated RBC suspension,
and Bronkhorst et al. (28) pioneered the use of optical twee-
zers to conduct shape-recovery experiments on single cells.
More recently, Tomaiuolo and Guido (15) have performed
measurements of RBC response time upon flow start in mi-
crochannels, and Braunmiiller et al. (29) have investigated
RBC shape relaxation using microfluidic tools.

The above studies have provided consistent results for the
timescale controlling shape relaxation (or establishment) of
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healthy RBCs: 7. = 0.1-0.2 s. Moreover, chemical or phys-
ical treatments known to affect the mechanical properties of
RBCs were observed to clearly modify this characteristic
time (15,27). From such measurements, authors concluded
that 7. was indeed governed by the viscoelastic properties
of RBCs. Following Evans and Hochmuth (30), 7. has
been commonly related to the mechanical properties of
the cell as: 7. = 922 /u,. Using typical values u, ~5-10
,u,N-mf1 taken from the literature (15,26), a two-dimen-
sional membrane viscosity 722 ~0.5-1 x 107° Nesem™'
has been computed from the measured 7. (15,16,26,27).
Puzzlingly, such studies of the transient response of RBCs
conclude to a value of the membrane viscosity that contrasts
with that coming from other groups of experiments, which
instead yield n”?2 < 107" Nesem ™' (31-33).

The origin of such a discrepancy between the few exper-
imental determinations of the membrane viscosity is a long-
standing issue and is still an open question. However, the
membrane viscosity is often a required input parameter,
either for experimental data analysis (34) or in advanced nu-
merical models of RBCs (2,11,35). In the perspective of,
e.g., quantitative numerical studies of the flow behavior of
suspensions of RBCs, there is therefore a clear need for a
more detailed knowledge of the membrane viscosity.

We address this question in this article. We present an
analytical model that describes the shape evolution of a
RBC in shear flow, which we validate using three-dimen-
sional numerical simulations. We use this framework to
analyze the results of startup flow experiments. The latter
are performed in the spirit of the study by Tomaiuolo and
Guido (15): we extend the work of these authors, and probe
the effect on 7. of 1) the flow strength, 2) the viscosity of the
suspending fluid (7o), and 3) a chemical treatment known
to affect the intrinsic mechanical properties of RBCs.

We find that 7. depends on the flow strength, and exploit
this dependence to extract, in an original way, both the
effective viscosity and the elastic modulus governing the
characteristic transient time of RBCs. We then demonstrate
that such an effective viscosity is not identical to the mem-
brane viscosity, but can be used to determine the actual
72D . Doing so, we obtain a value of 722 . which is in
good agreement with the low values reported by Tran-
Son-Tay et al. (32). By combining theoretical, numerical,
and experimental efforts in this study of viscoelastic tran-
sients of RBCs, we are thus able to reconcile the seemingly
conflicting results regarding membrane viscosity of RBCs.

Theoretical framework
Qualitative discussion

The membrane of a RBC as well as the internal and external
fluids are characterized by their respective viscosities

17mem7 nim and nOul? With nmem = ni]im/R7
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where R designates the radius of a sphere having the same
surface area as that of a RBC. RBC deformation due to
external flow is accompanied by dissipation in the three
fluids. Because one expects the slow mechanism to govern
dynamics, this entails that the three regions act as dashpots
in parallel, so that the total effective dissipation coefficient
can be written as

Nett = OMout + 6,nin =+ ’Ylnmem7

where «, §', and v’ are dimensionless numbers (to be spec-
ified below). A RBC under external flow experiences
viscous stresses on the order of 1, V/R. These stresses are
balanced by the elastic stresses in the cell and by the viscous
stresses due to cell deformation. The elastic stresses in the
cell can be decomposed into two contributions: bending
and shear elasticity on the one hand, and membrane inexten-
sibility on the other. Calling respectively k and pu, the
bending and shear moduli of the RBC (with « having the
dimension of an energy and u, the dimension of a force
per unit length), the first contribution is on the order of

(/R + 1, /R)f = Keaef /R,

where f'is the dimensionless amplitude of membrane defor-
mation. The stress due to membrane tension reads {f/R,
where the characteristic membrane tension ¢ has the dimen-
sion of a force per unit length. Membrane tension builds up
in response to the forces created by the applied external
flow, hence { = mq,/V (this is confirmed by numerical sim-
ulations, as shown below). The viscous stress that accom-
panies the deformation of a RBC is ~ 7f. Balancing the
stresses, we obtain the following equation for cell deforma-
tion f (more details regarding the derivation of the various
terms entering this stress balance can be found in the Sup-
porting Material):

NouV /R = Neuf + (Kett /R + C/R)S. €]

Note that the same form of shape evolution equations has been
obtained by arigorous derivation for almost spherical vesicles
(36-40). Analyzing Eq. 1, we get that the stationary deforma-
tion fy (corresponding to f = 0) reaches saturation for flow
rate tending to infinity (because { « V). This is a consequence
of the membrane inextensibility. Rewriting Eq. 1 withf= of +
fo, we obtain for of the same Eq. 1 but now with the left-hand
side equal to 0. From this equation, we can calculate the in-
verse relaxation time T[l as a ratio of the coefficient in front
of of and the coefficient in front of 6f = of [Te:

o Ker +m0uV
T = ——

; ®)
NegrR

This provides us with 7., the typical timescale of deforma-
tion of a RBC. We shall see from the numerical simulations
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presented below that 7.~' is to a good approximation a
linear function of V. Furthermore, we shall see that numeri-
cal simulation shows that the timescale is proportional to
a linear combination of internal and external viscosities.
Therefore, the above phenomenological law seems to
constitute a quite reliable description when confronted
with experimental and simulation results.
Let us rewrite Eq. 2 as

.\ = aV+a, 3)
where
a;' = Ra(1+ B2+ 7A), 4)
R 1 A N
aal — nouta( +i8 +’Y )7 (5)
Keff
with
A= nin/nouta
A, = nmcm/noun
and where

B=0/aandy = v'/a.

The different coefficients above («, 8, v) can only be deter-
mined numerically (see below). However, when the shape
of a cell is not very far from a sphere, an analytical calculation
is possible (36—41). This has been done for the case of vesi-
cles in a linear shear flow (39), taking into account 1oy, %in,
and Npem, and yields a = 16/3, § = 23/32,and y = 1/2. A
similar study has been performed for a Poiseuille flow (41),
incorporating only the contributions of the outer and inner
fluid viscosities, which provides « = 9 and § = 76/85 for
the flow of a vesicle in a channel of internal radius 5 um, as
it is the case in our experiments. We discuss in Numerical
and Analytical Results our choice for these parameters.

Numerical simulations

We have performed a systematic numerical study of a model
of RBC. The imposed flow is given by

2 2
y +z
1- 2| (6)

V*(R) = e,V 72

where Vis the velocity at the center of the flow, the x axis is
along the flow direction, while the y and z axes are along the
transverse directions. We consider here an unbounded flow.
The sole role of the imposed Poiseuille flow curvature has
proven to account for several experimental facts provided
that the RBC is not too confined, as shown in Coupier
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et al. (42). D/2 in Eq. 6 is the distance from the center at
which the velocity is zero, and was set equal to 5 um as
in the experiments described below.

Numerical simulations for three-dimensional models of
RBCs are based on the boundary integral method, as origi-
nally described for vesicles in Biben et al. (43). Due to line-
arity of the Stokes equations, the total velocity of the RBC
is the sum of the imposed flow (that is, parabolic and un-
bounded) and the one induced by the presence of RBC. Owing
to the integral representation (boundary integral method), the
dynamics of a RBC is represented by an integral on the RBC
boundary and thus the external fluid domain can be taken as
infinite. Recently (44), we have extended our initial work to
include membrane shear elasticity mimicking the spectrin
network of RBCs (membrane viscosity is not accounted for
at present). We have also made several new numerical im-
provements that allowed us to study very deflated shapes, as
required for simulation of real RBCs. We only provide here
the main results concerning numerical determination of
shapes and relaxation timescales, while details of the numer-
ical techniques can be found in Farutin et al. (44). The RBC
model takes into account both bending and shear elasticity.
The Helfrich model is adopted for the bending energy, while
the shear elasticity of the cytoskeleton is described using a
strain-hardening model based on finite extensibility nonlinear
elasticity, which has been able to capture some realistic fea-
tures of RBCs (for details, see Farutin et al. (44)).

The RBC was modeled as an inextensible membrane,
endowed with a shear modulus u, = 1.9 uN.m~' and a
bending modulus k = 2.7 x 107" J. The stress-free state
of the membrane was chosen as a biconcave shape with a
surface area of 122 um? and a volume of 82 um’ (i..,
R = 3 um). Most simulations were performed using 5120
triangular elements to discretize the membrane (2562
vertices). The viscosity of the inner solution of the cell
was chosen as 7;, = 6 mPa-s (8). The viscosity of the sus-
pending medium, 7,,,, and the flow rate were varied as in the
experiments. The elastic and geometrical parameters of the
cell were chosen to get a model consistent with optical twee-
zers experiments (45). Several additional simulations were
performed with different values of u, and k to mimic the
chemical treatment of the cell.

The characteristic time of the cell was determined by
monitoring the transient behavior of the cell velocity upon
flow startup: in a manner similar to what has been used
for experimental data analysis, we define the characteristic
time 7. as the time needed for the cell to reach 99% of its
steady-state velocity.

MATERIALS AND METHODS
Materials

Fused silica capillaries of inner diameter 10 um and outer diameter 150 um
were purchased from BGB Analytik (Rheinfelden, Germany). PDMS
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(polydimethylsiloxane, Sylgard 184; Dow Corning, Midland, MI) was ob-
tained from Neyco (Paris, France). BSA (bovine serum albumin), PBS (phos-
phate-buffered saline) tablets, dextran of average molecular mass 40 kDa,
and diamide were purchased from Sigma-Aldrich (Lyon, France). Solutions
of PBS 0.01 M and pH 7.4 were prepared using 18.2 MQ+cm ultrapure water.

The viscosity of PBS and PBS + dextran solutions was measured on a
cone/plate rheometer (MCR301; Anton Paar, Courtaboeuf, France), and
found to be 1oy = 1.5 = 0.15 mPa+s and 5 = 0.5 mPa-s, respectively,
for pure PBS and PBS + 10% weight of dextran 40 kDa. We have checked
that both solutions behave as Newtonian fluids over the range of shear rates
explored in this study.

Preparation of blood samples

Blood samples from healthy donors were obtained through the Etablisse-
ment Francais du Sang (Grenoble, France) and stored at 4°C until use.
Red blood cells were extracted from whole blood by successive washes
in PBS solution and centrifugation. After each centrifugation, the superna-
tant was pipetted out and PBS was added to refill the tube. The washing/
centrifugation cycle was repeated three times. RBCs were used as such,
or after being exposed to diamide: using a protocol akin to that described
in Forsyth et al. (22), erythrocytes were incubated at room temperature
for 30 min in a PBS solution containing 5 mM of diamide, then washed
in PBS before use in the flow cell.

Experimental setup

Experiments were performed using a custom-built flow cell composed of
the following elements, as illustrated in Fig. 1: four silica capillaries
were cut in 3-6-mm-long segments and fitted into four grooves in the cen-
tral band of a PDMS spacer. The spacer was then sandwiched between a
glass coverslip and a clear polycarbonate plate, and the stack was clamped
in an aluminum frame to ensure tight sealing of the cell. The inlet and outlet
drilled into the polycarbonate upper plate were connected by silicone tubing
to external reservoirs. A solenoid valve was connected between the inlet
reservoir and the flow cell, to control the startup of the flow, while the
steady-state flow velocity was controlled by adjusting the height difference
(Az) between the liquid-free surfaces in the inlet and outlet beakers. The
response time upon startup of the whole setup (including valve, tubings,
and flow cell) was measured to be <10 ms (see Fig. 4 a below).

Before the experiments, the flow cell was filled with a PBS solution con-
taining 0.2% weight BSA, to coat the inner walls of the capillaries and pre-
vent spurious adhesion of the cells to the walls of the microchannels. A
RBC suspension was then added to the inlet reservoir and the concentration
adjusted with PBS so that the initial bulk hematocrit was <1%.

zixzm

C

// y 4 ~/ "
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FIGURE 1 Sketch of the flow cell used in the startup experiments: (a)
silica capillaries, (b) PDMS spacer with grooves, (c) glass coverslip, and
(d) polycarbonate plate.
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The flow cell was placed on the motorized stage of an inverted micro-
scope (IX-71; Olympus, Melville, NY) equipped with a 100x oil-immer-
sion objective. Image sequences of the flowing RBCs were acquired
using a high-speed camera (Phantom Miro4, with chip size of 800 x 600
pixels; Vision Research, Ametek, Elancourt, France) at a frame rate of
4000 images/s. The imaging setup has a nominal sampling resolution of
0.21 um/pixel and 2.5 x 10~*s.

Experimental data analysis

The recorded image sequences were analyzed using toolboxes for
IMAGE]J software (National Institutes of Health, Bethesda, MD) and
MATLAB (The MathWorks, Natick, MA). Image stacks showing the po-
sition of a RBC inside the capillary as a function of time were opened with
IMAGEI] and cropped to keep only a rectangular region of interest, of
height 10 um and length 167 um, enclosing the lumen of the capillary
focused at its midplane (see Fig. 2, a—c). The intensity of each image in
the stack was averaged over the height of the region of interest, and the
result of this averaging was plotted as a function of time, to obtain a
space-time diagram (see Fig. 2 d). Such a space-time plot was further
processed with a gradient filter and finally thresholded, to obtain a binary
image showing the position of the front and rear parts of the flowing red
blood cell as a function of time. This binary image was then processed
with standard MATLAB software tools to extract the position of the front
or rear ends as a function of time, x(¢), from which the instantaneous
velocity Vrpc(f) was computed. The accuracy in determining the position
of the front/rear ends is on the order of the spatial extension of the RBC
boundary on the images, namely 1 um. To reduce the noise introduced
when taking the time derivative of x(¢) to compute the velocity, we average
the position data over a sliding time window of 5-15 points, yielding an
actual time resolution of 1.25-3.75 ms. In practice, the accuracy of
our velocity measurements is limited by such a noise, and is ~=*+0.06—
0.2 mmes~', depending on the averaging. We have checked that no
significant difference was obtained on Vygc(f) when computed from the
position of the front or rear end, and that the obtained results were quan-
titatively in agreement with velocity measurements performed using parti-
cle-imaging-velocimetry tools from the software IMAGEJ. The method
described above has the benefit of being much less time-consuming than
particle-imaging velocimetry.

The characteristic transient time (7.) of RBCs upon flow startup was
determined in two different ways.

FIGURE 2 Image of a RBC in a channel at rest (a), during transient (b),
and at steady state (c). (d) Space-time diagram built from the full image
sequence: the diagram shows the averaged intensity along the flow direction
(horizontally, flow is from left to right), as a function of time (vertically,
from top to bottom). Image size is 167 um x 85 ms. The steady-state veloc-
ity is 3 mm-s~, for a pressure drop of 2 kPa.

Biophysical Journal 108(9) 2126-2136
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1. We have estimated 7. from visual inspection of the time-dependent
shape of RBCs, defining 7. as the time above which no change in
RBC shape was visible by eye; and

2. We have computed the transient time from RBC velocity, defining 7, as
the time required for a RBC to reach 90% of its steady-state velocity, as
illustrated in Fig. 4 a below.

RESULTS
Measurements of transient time

An example of cell behavior during flow startup is given in
Fig. 3 a. It can be seen that a RBC initially at rest in the
channel gradually deforms with time, reaching a steady-
state shape after a few tens of milliseconds. In the range
of pressure drops explored in our work, the steady-state
shape of the deformed RBC could be either parachute- or
slipperlike (46-48), as illustrated in Fig. 3, b—d.

The time dependence of the velocity of a RBC (Vrgpc)
is illustrated in Fig. 4 a. From such Vgpc(f) curves, we
compute the following.

1. The steady-state velocity of the cells (Vi,.x), which
depends, as expected for a Poiseuille flow, linearly on
the imposed pressure drop AP, as shown in the inset of
Fig. 4 a, and

2. The transient time 7. as defined in Fig. 4 a.

In Fig. 4 b, we compare the characteristic time 7. deter-
mined visually (from shape evolution) and from velocity
transients, for all the data collected on RBCs suspended in
PBS solution (the set of data corresponds to a total of
~100 cells). We find a good correlation between the times
determined from the two methods, with 7. computed from
velocity being typically 20% smaller. This difference arises,
to a large extent, from the criterion we use to define 7. from
velocity transients, which underestimates the time to actu-
ally reach steady state by 10-20%.

The results presented in the rest of the article correspond
to 7. determined from velocity transients. Data are presented
as average values for 7. and V.., with error bars corre-
sponding to =1 SD, computed on groups of 8-12 RBCs.

0 10 20 30 40 50 60 70
Time in ms

b c d

FIGURE 3 (a) Montage showing the time evolution of the shape of a
RBC upon flow startup. Scale bar is 10 um. Time is stamped below each
image. The steady-state velocity reached by the RBC is Vipax = 2.8 mmes .
(b—d) Nlustration of the variety of initial RBC configurations (left image)
and final steady-state shapes (right image) observed in our experiments.
The three RBCs shown on (b)—(d) reach the same Vi = 0.88 mmes ™.
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FIGURE 4 (a) (Main panel) Time evolution of the velocity of a RBC
going from rest at t = 0 to a steady-state velocity Vi = 3 mmes™ .
(Arrow) Typical velocity undershoot observed upon opening of the solenoid
valve, which lasts <10 ms. (Inser) Dependence of V,,,,x on the imposed AP.
(b) The value 7. determined from shape evolution as a function of 7.
computed from velocity transient. (Dashed line) Linear (y = ax) fit to the
data, with slope a = 1.22.

Variability between individual RBCs probed under the
same nominal conditions is the main source for the scat-
tering observed on the measured transient times.

As can be seen in Fig. 3, a reason for such a scattering lies
in the fact that the initial position and orientation of a RBC
before flow startup could be highly variable from one cell
to the next. Therefore, for a given flow condition, a velocity
transient most likely reflects the combination of linear
and angular transient deformations of a RBC, as well as
centering of the cell in the channel if its starting position
was off-axis. Distinguishing between angular and linear de-
formations would require three-dimensional or multiangle
imagings of the RBCs (49), which are challenging experi-
ments to perform at high rates and are beyond the scope
of this study. On the other hand, we have checked that
RBC centering did not affect greatly the value of 7. To do
so, we have complemented our measurements, in which
gravity is oriented perpendicularly to the observation plane,
by a set of experiments in which RBCs were observed in a
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plane containing gravity. In the latter case, the initial posi-
tion of RBCs was systematically biased toward the lower
part of the capillary. As illustrated in Fig. 5 a, this did not
result in any significant difference on 7.. Overall, the time
7. determined using the above criterion is to be taken as
an average characteristic time over the different deformation
modes of a RBC upon flow startup. (The shape of the V(r)
curves, such as illustrated in Fig. 4 a, indeed shows that
the approach to the steady state is not exponential. This sug-
gests that velocity transients probably result from more than
one single process.) Nevertheless, as we shall see in the dis-
cussion below, the excellent quantitative agreement between
our results and those obtained from similar experiments
based on advanced shape analysis of RBC transients (15) in-
dicates that our scheme for the determination of 7. provides
meaningful information regarding the governing timescale.

Dependence of 7. on flow strength, external
viscosity, and diamide treatment

We observe that the characteristic time 7, decreases as the
flow strength increases. This is illustrated in Fig. 5 a, for
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FIGURE 5 Dependence of 7. on experimental parameters. (@) The value
of 7. as a function of Vy,,, for healthy RBCs suspended in PBS. (O) Deter-
mination of 7. in conditions where the gravity biases the starting position of
the RBCs, to evaluate the effect of the centering mechanism on the measured
time. (b) 1/7.. as a function of V;,,,, for RBC in PBS (@) and in PBS contain-
ing 10% weight of dextran 40 kDa (). (Dashed line) Linear fit, 7. Y= g0+
@1 Vinaxs to the data obtained in PBS, with ap = 8.3 + 0.8s 'anda; =4.1 +
0.3 mm . (Solid line) Linear fit to the data obtained in PBS + dextran, with
ap=84 * 14s 'anda; =140 = 1.9 mm™".
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RBCs suspended in PBS solution, where it is seen that 7,
decreases from ~0.1 to 0.03 s as V,,,x increases from 0.5
to 5 mmes .

Plotting the inverse time 1/7, as a function of V.., we
find that 1/7. exhibits a linear increase with the steady-state
velocity (Fig. 5 b).

Upon increasing the viscosity of the suspending medium
from that of PBS solution (15, = 1.5 mPa-s) to that of the
10% weight dextran solution (1, = 5 mPa-s), we observe
that the dependence of 1/7. on V,,,x remains linear, with a
greater slope than for RBCs suspended in PBS and a similar
value of the intercept at zero velocity (Fig. 5 b).

Finally, we show in Fig. 6 the effect of diamide on tran-
sient time. It is seen that diamide-treated RBCs still exhibit
an inverse transient time 1/7. that increases linearly with
Vimax, With an overall upward shift of the curve with respect
to that obtained for healthy RBCs.

As discussed in detail below, all the above results are in
good agreement with the simple heuristic argument given
in the Qualitative Discussion.

Numerical results

Fig. 7 shows a snapshot illustrating the temporal evolution
of the shape of a RBC obtained from simulations, starting
from a biconcave shape at rest.

The inverse relaxation time is plotted in Fig. 8 as a func-
tion of the steady-state velocity. 1/7, is seen to vary linearly
with the flow rate, and to display a stronger dependence on
Vimax for lower viscosity contrasts 4, i.e., for larger 7, (see
Fig. 8 a). There is no apparent deviation from linearity either
for weak or for strong flows in the range of explored veloc-
ities, in qualitative agreement with experiments.

As shown in Fig. 8 b, for a given viscosity contrast 4,
changing the value of the inner fluid viscosity, 7;,, merely
results in a vertical shift of the 7. '(V,na) curve, without
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FIGURE 6 1/7. as a function of V., for untreated RBCs suspended in
PBS (@), and diamide-treated RBCs in PBS ([0). (Lines) Best linear fits
of the data for untreated (dashed line, with slope and intercept values as
in Fig. 5), and diamide-treated RBCs (solid line, ap = 15.8 = 1.6 s7!
anda; = 3.4 * 0.7 mm ).
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FIGURE 7 Numerical results illustrating the shape transformation for
a RBC in Poiseuille flow. Color by surface tension. V = 0.5 mmes” !,
A =5. To see this figure in color, go online.

affecting the slope. Data corresponding to an inner viscosity
ninz can be obtained from results computed for ninl by sim-
ply rescaling Tc_l and V.« by the ratio ninllnmz.

The effect of varying the shear or the bending modulus is
illustrated in Fig. 8 b. Decreasing u, by a factor of two
leaves the slope of the curve essentially unchanged, and re-
sults in a twofold decrease of the intercept at zero velocity.
Decreasing « by a factor of two increases the slope by 10%
and lowers the offset at zero velocity by ~15%.

DISCUSSION
Numerical and analytical results

Fig. 7 illustrates the ability of the numerical model to
reproduce the shape evolution of a RBC upon startup of a
Poiseuille flow: the shape transition from discocyte to para-
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FIGURE 8 (a) Inverse relaxation time (Tc") as a function of steady-state
velocity (Vinax), computed with 7, = 6 mPa-s, u, = 1.9 uNem~!, and k =
2.7 x 107" J, for various viscosity contrasts: (ll) A =12, (@), A =3,
(®), A =4, and (A) A = 6.7. (Solid lines) Best linear fits to the data
(7o " = ae™™ + a1™ ™ Vinaw)- () 7o~ (Vimax) computed for A = 3 and param-
eters as in (a) (@), with ;, = 10 mPa+s (O), with x = 1.35 x 1072 J(0O);
with g = 0.95 uN-m~"' (A).

Biophysical Journal 108(9) 2126-2136

Prado et al.

chute obtained numerically is consistent with experimental
observations such as that shown in Fig. 3 a.

There is a strikingly good qualitative agreement between
the simulations and the model presented in Theoretical
Framework. As inferred from a heuristic argument (Eq. 2),
a linear dependence of 1/7. on V,,,, is predicted numeri-
cally; the slope of this linear dependence is controlled by
the effective viscosity, hence by the ratio A, while the elastic
moduli affect only the value of 7. 'at Vyax = 0. The magni-
tude of the effects produced by varying either u; or k indi-
cates that the elastic behavior is essentially governed by
u, (Fig. 8 b). In further support to our heuristic argument,
we also find that the average membrane tension computed
from numerical results is linearly dependent on flow veloc-
ity (Fig. 9 a), with a slope of ~1 mPa-s that is consistent
with the value of 1y, = 1.5 mPa-s. This confirms that, as
mentioned in the Theoretical Framework section, mem-
brane tension { is on the order of the external flow forcing
Nout V-

Such an agreement between numerics and theory prompts
us to further exploit numerical simulations. Fig. 8 a shows
that the slope of 1/7. versus V., called a; in Eq. 3, depends
on the viscosity contrast A = ;,/Mou. In Fig. 9, we plot the
inverse slope, afl, obtained from numerical simulations, as
a function of A. It is seen that @, ' increases linearly with A.
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FIGURE 9 (a) Average membrane tension, {, as a function of the
maximum flow velocity V... Data obtained with a viscosity contrast
A = 4. (Line) Linear fit to the numerical data. (b) Inverse slope, 1/a;, as a
function of viscosity contrast A (). (Solid line) Best linear fit to the
data, with a value of the intercept at A = 0 of 17.2 um and a slope of
16.8 um.
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This is again fully consistent with theoretical predictions
(see Eq. 4). A linear fit of afl(/\), therefore, allows us to
determine the parameters « and (3, which set the relative
contributions of 7., and 7;, to the effective viscosity (see
Eq. 4): we get aR = 17.2 um and aRB = 16.8 um, which
yields, with R = 3 um, o = 5.7, and § = 0.98. These values
are to be compared with those predicted by theories, namely
o = 53 and § = 0.72 for the case of a linear shear flow
(39), and @« = 9 and B8 = 0.9 for vesicles in a Poiseuille
flow (41). The fair agreement between the parameters
determined numerically and their theoretical values is satis-
factory, all the more so that the analytical treatments pro-
posed in Lebedev et al. (39) and Danker et al. (41) are
based on spherical harmonics expansions that are strictly
valid only for small deformations around a reference spher-
ical shape, whereas numerical simulations handle the case
of an initially biconcave, highly deflated, cell undergoing
large deformations under flow. This provides strong support
to the fact that analytical models such as those developed in
Lebedev et al. (39) and Danker et al. (41) are robust and able
to capture the main contributions to dissipation during
vesicle flow.

On this basis, we will now analyze our experimental data
within the proposed theoretical framework. Because numer-
ical simulations account for more realistic shapes and defor-
mations of the cells than theoretical models, we will use in
the following the values of the parameters « and § deter-
mined from the numerical results. As far as the parameter
v is concerned, it cannot be determined from simulations
because membrane viscosity is not included in the numeri-
cal model. Still, the reasonable agreement between
the numerical and theoretical values obtained for « and 8
suggests that analytical parameters are of the correct order
of magnitude, and we will therefore use the theoretical value
v = 1/2 (39). A more accurate estimate of v, i.e., of the
exact weight of Nyem i Negr, Would call for more advanced
simulations accounting for membrane viscosity.

Interpretation of experimental results for healthy
RBC

We first compare our results with those obtained by Tom-
aiuolo and Guido (15): most of the results presented in their
study have been obtained at a single steady-state velocity of
1 mmes~!, at which 7. = 0.09 s is found for healthy RBCs in
PBS. At the same velocity, we measure a characteristic time
7. = 0.08 = 0.01 s, which is in excellent quantitative
agreement.

Besides, as predicted from a simple heuristic argument
(see Egs. 2 and 3), we find experimentally that 1/7, is linear
with V.« (Fig. 5). Linear fits of the data obtained in PBS
and PBS + dextran yield the values of the intercept at origin
(ap) and slope (a;) reported in Table 1. We observe roughly a
threefold increase in the slope when 7, is multiplied by 3.
Recalling that a; = nou/(neeR) (Eq. 2), this suggests that negr
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TABLE 1 Values of ag and a; obtained from a linear fit of the
experimental data for RBCs suspended in PBS (1o, = 1.5
mPa-s) and in PBS + dextran (nou,t = 5 mPa-s)

Nout chf Mmem

(mPa-s) ap(s™) @ (mm') 7 (mPass) (uN-m™') (mPa-s)
15 83+08 41+03 122+21 30+08 28+38
5 84+ 14 140+ 19 119+28 30=12 20+ 11

The corresponding values of 1. and K¢ have been computed from Egs. 2
and 3 with R = 3 um. The membrane viscosity 7mem has been calculated
from 7. using Eq. 4 with R = 3 um, « = 5.7, § = 0.98, v = 0.5, and
Nin = 6 mPass.

is only marginally affected by the external viscosity for 74y,
in the range 1.5-5 mPa-s, hence that the contribution of 7y,
to ¢ 18 weak. This is also consistent with the fact that the
change in 7., does not modify significantly the value of
ag = Ker/(MereR). In our experiments, the main effect of
changing 7, is therefore to affect the magnitude of the hy-
drodynamic forces (7,,V) applied to the RBC.

From ag and a,, we compute the effective viscosity and
elastic modulus that are given in Table 1. We thus get a value
of negr = 120 mPa-s, which is in good agreement with
the one reported in a recent study by Betz et al. (8),
namely negr = 100 mPa-s. The value of Ko = 3 ,uN'm7]
is consistent with that of 2.5 + 0.4 uN+-m ' reported for u,
by Hénon et al. (50). This suggests that, in the experimental
conditions used in this study, K.¢ is governed by the shear
elastic modulus. This is in agreement with our numerical
results, which show that the value of 7.~ ' at V., = 0 is
essentially controlled by u, (Fig. 8 b).

Furthermore, from the values of a; and using Eq. 4, we
make the following estimates for the membrane viscosity:
Nmem = 20-28 mPa-s (see Table 1). From such an estimate,
we conclude that, for an outer fluid viscosity in the
physiological range (9ou¢ ~ 1 mPa+s), n;, and Nyen, are the
two major contributions to the effective viscosity: a(8n;, +
YNmem) = 100 mPa+s = n.g. Finally, if we compute a two-
dimensional membrane viscosity as 722 = n,emR, We get
7R = 0.6-0.85 x 107" Nesem ™.

To summarize, our results regarding the order of magni-
tude of 7. are consistent with those from previous works
on the transient response of RBCs (15,16,26), but on the
other hand we estimate a membrane viscosity 722 . which
is approximately one order-of-magnitude lower than the
values reported in these studies (i.e., n?2 ~107° Nesem ™'
(26)). However, we note that the latter are based on an anal-
ysis proposed initially by Evans and Hochmuth (30), who
developed a model assuming that the only dissipation
relevant to RBC shape recovery is associated with the mem-
brane viscosity. They thereby neglected dissipation in
the inner and outer fluids, and estimated 722 = 7.u,.
By contrast, here we make no such assumption. We find
that 1) the effective viscosity is a combination of 9yem,
Nin» and Moy and 2) each viscosity entering n.¢ has a weight
that is larger than 1 (e = 6). The latter point, which is an
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output of our theoretical and numerical analysis, is consis-
tent with the ad hoc assumption made by Betz et al. (8) in
their modeling of membrane fluctuations. Taking into ac-
count all the viscous contributions and their respective
weights in our data analysis, we get values for n?2 in
very good agreement with those reported by Tran-Son-Tay
et al. (32). These authors deduced nﬁgm from the tank-
treading frequencies of RBCs under shear, using a model
incorporating all dissipation sources, and obtained values
that lie between 0.5 and 1.2 x 1077 N+sem~'. Our work,
fully consistent with the one of Tran-Son-Tay et al. (32),
thus strongly suggests that the assumption made by Evans
and Hochmuth (30) leads to an overestimate of 22 and

is at the origin of the apparent discrepancy between the
reported values of RBC membrane viscosity.

Comparison between experiments and numerical
simulations

Although numerical simulations show a linear dependence
of 1/7. on V .y, in qualitative agreement with experiments,
we observe that both the slope (a;"™™) and the extrapolated
value of 1/7, at zero velocity (ay™™) predicted numerically
are larger than the experimental values (a;*" and ay™P).
This is shown in the summary table below (Table 2).

Following the data analysis proposed in the previous
section, the difference in slopes can straightforwardly be
attributed to the contribution of membrane viscosity to the
effective viscosity. Indeed, we have used the numerical re-
sults regarding a;™"™(2) to determine the parameters « and
B (Fig. 9), and then fitted the experimental data using
Egs. 3 and 4 to evaluate 7,.m, SO that the difference be-
tween the inverse slopes merely reads 1/a,** — 1/a,""™ =
YR mem/Mow- Using the latter expression to compute
Nmem yields exactly the same values reported before for
the membrane viscosity.

Now, a much more stringent test is to check whether the
difference in the offsets (ag) can be attributed to the contri-
bution of membrane viscosity, because in contrast to a;""",
ap™™ was not used to determine parameters of the model.
From Eq. 5, we expect

1 1 Y NimemR
. [ Tmem’ 7
azx" ap'm K, eff ( )

To check the above equality, we estimate K¢ from Eq. 7 and
compare it to the effective modulus determined in the previ-
ous section. Using the values of a( reported in Table 2 and of

TABLE 2 Comparison of numerical and experimental values
of ap and ay

2 aonum (S—l) alnum (mm—l) aoexp (S—l) alexp (mm—l)
4 42.1 12.3 8.3 4.1
1.2 30.3 26.8 8.4 14.0
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Nmem determined above, we get K. = 2-2.5 uN em~ !,
respectively, for A = 1.2 (o4 = 5 mPa-s) and A =4 (o =
1.5 mPa - s). This is in quantitative agreement with the value
of K =3 = 1 ,u,N-m_1 determined from experimental
data, and therefore supports the fact that discrepancies be-
tween simulations and experiments are due to the missing
contribution of membrane viscosity in the numerical model.

Effect of diamide treatment

In Fig. 6, we see that treating RBCs with diamide mainly re-
sults in an upward shift of the curve T[l(Vmax), i.e.,
diamide-treated RBCs exhibit a shorter transient time than
healthy ones. From a linear fit to the data, we obtain 7.y =
147 + 45 mPa-s and K. = 7.0 + 2.8 uN-m™'. The major
effect of diamide is therefore an increase of the effective
elastic modulus K¢, by roughly a factor of 2 with respect
to healthy RBCs. Diamide is known to affect the spectrin
network of RBCs, by creating cross links between proteins
through the formation of disulphide bonds (51). Such a
cross-linking process has been reported to induce a stiff-
ening of RBCs (51-54), via an increase in the membrane
shear modulus (51). Our results concerning the effect of
diamide on RBC transient time are therefore fully consistent
with these previous studies. Furthermore, attributing the in-
crease of K. to an increase in u, is consistent with the
values presented in the Numerical Results. However, For-
syth et al. (22), from which we have adapted the protocol
for diamide treatment in this work, recently reported that,
in microfluidics experiments relying on cell stretching dur-
ing transient confinement in a channel constriction, no dif-
ference in elongation could be detected between healthy
and diamide-treated RBCs. We believe that the apparent
contradiction between our finding and the conclusions of
Forsyth et al. (22) merely arises from the very different
timescales probed in the two studies. Indeed, while we char-
acterize the effect of diamide by measuring the transient
viscoelastic time of RBCs, on the order of 50 ms, Forsyth
et al. probe the elongation of RBCs during a transient
confinement that lasts between 1 and 5 ms only (calculated
from the flow speeds and constriction length reported in For-
syth et al. (22)). The duration of confinement in the work of
Forsyth et al. is therefore much shorter than the time
required for RBCs to reach their steady shape. This, added
to the fact that we have used both a slightly larger diamide
concentration and treatment time in our study, is likely to be
at the origin of the differences between our work and the one
reported in Forsyth et al. (22).

CONCLUSIONS

We have performed a study of the characteristic viscoelastic
time 7. of red blood cells. We have combined theory and
numerical simulations to establish a framework for the anal-
ysis of flow startup experiments on RBCs confined into
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microchannels. We have obtained experimental values of 7.
in quantitative agreement with those from previous studies,
measured either from flow startup (15), relaxation after
cessation of shear (27), or micropipette experiments (26).
Moreover, we have shown that probing the dependence of
7. on flow strength allows us to determine both the effective
viscosity (1) and elastic modulus (K.¢r), and have obtained
values for these two quantities which are consistent with
those from other works (8,50). Most importantly, we
have shown that, in contrast to the assumption made by
Evans and Hochmuth (30) and commonly used later
(15,16,26,27), negr is not equal to the membrane viscosity
Nmem- We have identified, from theory and simulations,
the relative contributions of the membrane, inner (7;,) and
outer (1,4 fluid viscosities to the overall effective viscosity,
and used this to compute the value of the membrane viscos-
ity from our experimental data. Doing so, we obtain 7yen, in
the range 20-28 mPa-s, which translates into a two-dimen-
sional viscosity 7?2 = 0.6-0.85 x 1077 Nesem '. We
conclude that the difference of up to one order of magnitude
that can be found in the literature regarding nyen, only re-
sults from the fact that assuming Negr = Nmem leads to over-
estimate Nyem by approximately a factor of 10. This work
thus reconciles previous contrasting reports about RBC
membrane viscosity, and provides a range of values for
72D that is in excellent quantitative agreement with the
result of Tran-Son-Tay et al. (32). Moreover, we have
demonstrated that measuring 7. as a function of flow
strength provides valuable information not only on dissipa-
tion, but also on the elastic response of RBCs, and is sensi-
tive to elasticity alterations such as those caused by diamide.
This type of experimental investigation, analyzed within the
proposed framework, should therefore prove to be useful in
discriminating how physical or biological factors may affect
red blood cell elasticity or viscosity.

SUPPORTING MATERIAL

Supporting Material is available at http://www.biophysj.org/biophysj/
supplemental/S0006-3495(15)00308-2.
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