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ABSTRACT

On-chip study of blood flow has emerged as a powerful tool to assess the contribution of each component of blood to its
overall function. Blood has indeed many functions, from gas and nutrient transport to immune response and thermal regulation.
Red blood cells play a central role therein, in particular through their specific mechanical properties, that directly influence
pressure regulation, oxygen perfusion, or platelet and white cells segregation towards endothelial walls. As the bloom of in-vitro
studies has led to the apparition of various storage and sample preparation protocols, we address the question of the robustness
of the results involving cell mechanical behavior against this diversity. The effects of three conservation media (EDTA, citrate and
glucose-albumin-sodium-phosphate) and storage time on the red blood cell mechanical behavior are assessed under different
flow conditions: cell deformability by ektacytometry, shape recovery of cells flowing out of a microfluidic constriction, and cell
flipping dynamics under shear flow. The impact of buffer solutions (phosphate-buffered saline and density-matched suspension
using iodixanol/Optiprep) are also studied by investigating individual cell flipping dynamics, relative viscosity of cell suspensions
and cell structuration under Poiseuille flow. Our results reveal that storing blood samples up to seven days after withdrawal
and suspending them in adequate density-matched buffer solutions has in most experiments a moderate effect on the overall
mechanical response, with a possible rapid evolution in the first three days after sample collection.

SIGNIFICANCE

Blood is in intimate contact with all organs in the body, supplying oxygen, nutrients and drugs while removing waste.
It carries cells involved in immune response, wound repair and tumor dissemination. Blood is easily collected, revealing
the presence of disease through biomarker analysis. It is storable and transfusable. Thus, blood is the subject of many
in-vitro studies for research and medical purposes. Guidelines associated to sample preparation or storage conditions have
been established, but these may affect its mechanical behavior. In this collaborative study, we provide new guidelines to
minimize the impact of specific experimental requirements (e.g. density matching, blood freshness) by focusing on the
single or collective motion of red blood cells in a large range of flow conditions.
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INTRODUCTION

In human blood, the volume fraction of red blood cells (RBCs), also called haematocrit, is usually between 35 and 50% while
other cells, platelets and white blood cells, occupy less than 1% of blood volume. RBCs are therefore considered as the main
contributors to the rheological properties of blood.

At the macroscopic scale i.e. in large vessels or in shear rheometry, blood behaves roughly like a Newtonian fluid with
a viscosity of about 3-4 mPa.s at high shear rates (above 103 s (1). At lower shear rates, however, it exhibits a strong
shear-thinning behavior that is related to both aggregation and deformability of RBCs (2, 3): viscosity can reach values of order
100 mPa.s at shear rates around 0.1 s~! (2). In a frequency range that is relevant to blood circulation, viscoelastic properties can
emerge as a consequence of RBC elasticity (4).

In small vessels, a cell-free layer, containing only plasma, near the vessels walls was first observed by Poiseuille (5),
leading to a centered distribution of RBCs in the vessel cross section. This flow structure induces a decrease of the apparent
viscosity with vessels diameters (Fahreeus-Lindquist effect (6)) until a critical diameter is reached and under which the effect is
reversed. It also induces a decrease of the haematocrit in these small vessels compared to larger ones (Fahreus effect (7, 8)).
Hydrodynamic interactions between cells and with the walls are at the origin of these phenomena (9-16). They are themselves
strongly influenced by the mechanical properties of the RBCs. The centered RBC distribution also influences their repartition at
the level of bifurcations, leading to a heterogeneous distribution of the haematocrit in the microcirculation (17-25).

The presence of proteins in plasma, especially fibrinogen, is responsible for the formation of RBC aggregates at low shear
rates that are often shaped like stacks of coins (rouleaux) due to the flat shape of RBCs, or more irregular depending on flow
conditions. RBC aggregation is the main cause of blood shear thinning (2) and is also responsible for a weak yield stress (26).
While the exact contribution of the two main mechanisms of aggregation (depletion (27) or bridging (28, 29)) is still debated,
experimental and theoretical investigations have shown that the morphology and stability of aggregates are strongly influenced
by mechanical parameters of the RBC membrane, such as bending modulus and shear modulus (30-32). Decreased RBC
deformability has been found to be associated with lower RBC aggregation but increased RBC aggregates robustness (33, 34).

The RBC membrane is made of a phospholipid bilayer including different types of trans-membrane proteins (Band 3 ion
channels, glycophorins...), whose main properties are a strong area dilation modulus of about 400 mN/m (quasi-inextensible
membrane), a bending modulus of about 107" J and a shear viscosity of about 0.7 uN.s/m (35). The internal side of the
membrane is covered with a cytoskeleton made of a dense network of spectrin filaments that is connected to trans-membrane
proteins via anchoring proteins. The cytoskeleton maintains the structural integrity of the membrane and conveys shear elasticity
with a modulus in the 5-10 uN/m range (35). Many works have demonstrated that there may be a link between RBC metabolism
and its deformability and some authors suggest that remodelling of the spectrin network and its links with the membrane may
occur as an active, ATP consuming process (36). RBCs also maintain their shape by regulating the osmotic exchange through
their membrane thanks to ion channels. Channellopathies are a group of diseases where ion and water exchanges are impaired
leading to RBC shape and deformability alterations (37—40). The intimate relationship between RBC structure, metabolism,
regulation and mechanical properties suggests that the quality and composition of the suspension medium (plasma or buffer)
may have an impact on RBC deformability, shape and behavior in flow.

After a first set of pioneering studies in the second part of the 20" century (9, 17, 41-45), the emergence of microfluidic
techniques has led to a burst of research dedicated to RBC dynamics in flow, in particular regarding microcirculation issues. In
vitro studies of blood flow allow to control separately the parameters implied in the phenomena, which are quite numerous even
if one focuses only on the mechanical aspects of the problem, i.e. leaving biological considerations apart (e.g. interactions with
platelets and white cells, adhesion phenomena...). This also allows for more quantitative imaging and therefore quantification of
cell shape, dynamics, concentration or velocities in a controlled flow environment. Due to the variability of plasma composition
between subjects, its time dependence for a given subject and the need to control or suppress parameters such as RBC
aggregation, most authors use buffers of controlled composition to re-suspend blood cells at a chosen haematocrit after
separating them from plasma.

Sedimentation of RBCs is also a crucial point regarding in-vitro experiments. In plasma, isolated cells sediment at velocities
of order the micron/s (46). Aggregates of cells sediment even faster. These velocities are sufficient to modify deeply the
distribution of cells in microchannels, where displacements due to cell-cell or cell-wall hydrodynamic interactions are much
slower (9, 14, 16). Sedimentation in inlet reservoirs and tubings makes it difficult to control the local haematocrit, which
seriously reduces the possible timescale of experiments and prevents the collection of statistically relevant data over long
periods. This practical difficulty can only be partly overcome — albeit in an uncontrolled way — by stirring the suspension in the
reservoirs.

Historical experiments have often considered carrying fluids of relatively high viscosity (~ 10 mPa.s) to counter this issue.
They have allowed to infer information on the cell mechanical properties. However, the dynamics and lateral migration of RBCs
are strongly modified in such conditions, in comparison with buffers of viscosity close to that of plasma, which is slightly above
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1 mPa.s at 37°C (14, 47, 48); this makes it difficult to draw relevant conclusions about blood flow, when physiological relevance
is sought.

While recent papers focused on microcirculatory dynamics still consider using viscous buffers (49), alternatives have been
developed. Running experiments in microgravity conditions is one of them (14), yet it poses issues in terms of access, cost and
compatibility between the allotted microgravity time and the needed experimental time. The much more accessible technique of
density matching was introduced in the community in (50), then used in several studies (16, 21, 22, 25, 48, 51-55). By using
iodixanol solutions, agreement between the mean density of RBCs and the carrying fluid can be reached, while the viscosity
remains in an acceptable range (around 1.5 to 1.6 mPa.s at room temperature, see Section Viscosimetry)

In parallel, several other studies where the mechanical interplay between cells and flow is crucial only used the classical
phosphate-buffered-saline solution as a suspending fluid, which raises the question of biases due to sedimentation (12, 56-61),
in particular for those considering aggregating cells (23, 62—64). This diversity in methodology leads to question the reliability
of comparisons of results obtained by different research groups working with different suspending media.

Another potential issue is that of access to blood and time between sample collection and experiments. Depending on the
national legislation and on the organization of blood supply, blood samples can be studied right after collection, or a delay may
be requested to perform preliminary testing of pathogens. In France, blood provided by the French Blood Bank (Etablissement
Francgais du Sang, EFS) is generally qualified after three days but can be obtained at day 0 (DO) in a few specific centers relying
on regular donors. One may also wonder, in the case of unexpected contingencies requiring to postpone (part of) an experiment:
can it be pursued a few days later and still provide trustful results? And more generally, how long after collection can a blood
sample be used for reliable experiments? This opens the question of the impact of blood sample storage on the mechanical
properties of red blood cells and their behavior under a variety of flow conditions.

However, the determination of the geometrical and mechanical properties of RBCs (e.g. visco-elastic moduli, initial
stresses in the cell at rest, etc...) is not an easy task. The outputs of a given experiment are related to these properties but
the inverse problem is tricky to solve, as several of the mechanical characteristics of the RBCs are often implicated in the
observed situation. Moreover, complex modeling has to be called for, which can often be resolved only through numerical
simulations. As an example, the rheological properties of the membrane of an elastic capsule (a much simpler object than an
RBC) has only recently been determined by solving the inverse problem of the flow of such a capsule in the center of a channel (65).

In this paper, we propose to evaluate the impact of blood conservation as well as that of density matching on physical
properties of RBCs, through a set of various and complementary experiments enabling to probe various RBC behaviors under
different flow conditions. Each of them has proven in the recent years to allow for a better understanding of the impact of specific
control parameters (like the viscosity of the external fluid, or the flow strength) and/or of drugs that modify the cell mechanical
properties on their behavior under such flow conditions. Since we aim at providing guidelines for in-vitro experiments that
would mimic as much as possible the mechanical properties of RBCs freshly collected, we will restrict our study to the first
week after collection. Storing blood for more than two weeks has a marked effect on red blood cell morphology and fragility
(66, 67).

RBC deformability under high and steady stress (until 30 Pa) was probed by an Ektacytometry technique while dissipative
mechanisms within the cell were probed in a dedicated microfluidic chip to study the Cell shape recovery after the transient defor-
mation of RBCs. These first two experiments require to use rather viscous suspending media and have only been used to assess
the impact of the conservation method, together with the following experiment. The Cell flipping dynamics under shear flow of
an isolated RBC was explored in the different tested buffer solutions, thus exploring the individual mechanical properties under
lower stress (around 0.2 Pa) compared to the first two experiments (at 3-30 Pa). The impact of the choice of the buffer solution was
also assessed through two experiments scanning RBC collective properties: Viscosimetry and Structuration under Poiseuille flow.

For each of these experiments, a set of parameters defining the duration of initial storage in days (DO to D7), the conservation
conditions (see Sec. Storage conditions) and the buffer used for RBC suspension preparation (see Sec. Preparation of RBC
suspensions) has been tested, as summarized in Fig. 1. Additional parameters have been varied to control the flow conditions in
the different experiments. The range of these parameters has been carefully chosen to avoid sedimentation, when the buffer used
for RBC re-suspension does not match the density of RBCs.

MATERIALS AND METHODS
Storage conditions

After blood from healthy donors was collected in 3 mL. EDTA or citrate tubes, three storage protocols were tested: in
collection tubes, i.e. in autologous plasma with EDTA or citrate, or after washing and immediate transfer of RBCs into a
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Figure 1: Summary of the protocols tested in this work and corresponding RBC deformation and interaction modes. (A) Tests
of storage conditions consists in testing different conservation media (cells stored in autologous plasma with EDTA or citrate,
or cells stored in GASP), except for rheology experiments, and conservation duration (see Sec. Storage conditions). They were
made through four different experiments. The range of days depends on the constraints for each experimental configuration.
(B) Tests of suspending medium mimicking plasma were made in three different buffer solutions (PBS, Iodixanol-1 and
Iodixanol-2, see Sec. Preparation of RBC suspensions) through three different experiments. As schematized on the last column,
the chosen experiments focus on different modes of deformation of RBCs, as well as on different interaction modes (isolated or
concentrated cells). PBS: phosphate buffer saline; PVP: polyvinylpyrrolidone; GASP: glucose-albumin-sodium-phosphate.
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Glucose-Albumin-Sodium-Phosphate (GASP) solution. GASP is a PBS solution (PBS tablet (P4417 from Sigma Aldrich,
Saint-Quentin-Fallavier, France) diluted in 200 mL of deionized, ultrapure water) with 2 g/L. BSA (A7906 from Sigma) and 2
g/L glucose (G8270 from Sigma).

For the GASP solution, washing was performed the same day as collection (D0) by diluting blood with a PBS solution (with
a mixing ratio of 1:3). Then the suspension was centrifuged. For most experiments requiring small amounts of cells, 2 mL
Eppendorf tubes were used in tabletop centrifuges (e.g. Heathrow Scientific Sprout, Vernon Hills, IL, USA, running at 6000
rpm). The typical operating time was 2-4 minutes at an average acceleration of 1400 g. The supernatant was withdrawn with a
pipette and fresh PBS solution was added; the procedure was repeated twice. Finally, the cells were gently re-suspended in
GASP with a total volume identical to the initial blood volume, so that the haematocrit was unchanged. In the following, the
three storage media will be denoted as EDTA, Citrate and GASP.

For viscosimetry measurements, as larger quantities of blood were needed, a 450 mL blood bag from a healthy donor
was collected (provided by EFS Auvergne-Rhone-Alpes). The bag was a standard blood-pack unit supplemented with
Citrate-Phosphate-Dextrose (CPD) for preservation.

All samples were stored at 2-8°C until they were prepared for experiments. RBC suspensions to be used in experiments
were prepared at different storage times after blood collection, from the same day (D0) up to 7 days later (D7).

Preparation of RBC suspensions

The preparation of RBC suspensions consists in separating RBCs from the storage medium before re-suspending them in
different suspending buffers. Below, we first describe the two buffers used for experiments requiring high viscosities to increase
significantly the hydrodynamic stress undergone by the cells, which we use to test the impact of storage conditions (type of
anticoagulant and storage time) on RBC deformability. We then describe the three buffers aimed at mimicking plasma, which
we mainly use to test the impact of buffer composition and in certain cases of storage conditions.

Ektacytometry experiments were run with polyvinylpyrrolidone (PVP) solutions (Mechatronics, Zwaag, The Netherlands),
as in (68—70). The viscosity of PVP is 30 mPa.s at room temperature. Cell shape recovery experiments were run in PBS
solutions + 90 g/L of Dextran (Dextran from Leuconostoc spp., Mw = 2,000,000, #95771 Sigma Aldrich). The viscosity of this
solution has been measured to be 31 mPa.s at room temperature (71).

For Cell flipping dynamics under shear flow, Viscosimetry and Structuration under Poiseuille flow experiments, we used
three suspending media:

* PBS solution (1 tablet per 200 mL water) + 2 g/L. BSA (A7906 from Sigma), named PBS hereafter.

* PBS tablet dissolved in 200 mL of a mixture of 68.5 % water and 31.5 % Optiprep from Axis Shield (v/v) + 2 g/L. BSA,
named lodixanol-1 hereafter, as used in (16, 21, 22, 25, 48, 50-52, 55).

* 68.5% of nominal PBS solution (a PBS tablet dissolved in 200 mL of water) mixed with 31.5 % Optiprep (v/v) + 2 g/LL
BSA, named lodixanol-2 hereafter, as used in (53, 54).

The physical properties of these suspending media are summarized in Table 1. The first two suspending media (PBS and
Iodixanol-1) are regularly used in the literature on human RBC dynamics at the micro-scale. Both Iodixanol-1 and Iodixanol-2
solutions provides density matching. The Iodixanol-2 has emerged as a serious alternative as it corrects the hyperosmolarity
of the Iodixanol-1. Iodixanol-1 has the same salt concentration as the standard PBS solution, while in Iodixanol-2, the salt
concentration is reduced by 31.5 %. Note that in the literature, different concentrations of BSA and other additives such as
glucose may be used, but we restricted our study to these three media.

PBS | Iodix.-1 | Iodix.-2 | Plasma

Viscosity (mPa.s) 0.98 1.58 1.57 1.4-1.6
Density (g/cm?) 1.005 | 1.103 1.100 1.025

Osmolarity (mOsm/L) | 290 386 298 280-300

Table 1: Properties of suspending media and plasma at 24°C. Osmolarities were measured with an osmometer using freezing
point depression (Advanced Instruments Model 2020 Micro Osmometer, Norwood MA, USA), and densities by weighting 20
mL of solution, with an estimated error of 0.003. Viscosities were measured as described in the Viscosimetry section. For
plasma: the viscosity at 24°C is interpolated from the normal range at 37°C (72) and measurements at 16°C in (73), density at
24°C is interpolated from (74) and osmolarity is given in (75).
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After being washed three times as described in Section Storage conditions, RBCs were re-suspended in an appropriate
volume of the chosen suspending medium to control the resulting haematocrit. The total duration of this procedure was less
than 30 minutes. All experiments were performed right after and could last up to 3 hours.

Experimental tests

For each experiment, blood from a single donor was considered, except for the cell flipping experiment where two different
samples were used, one from DO to D3 and the other one from D3 to D6. Experiments were performed right after preparation.

Cell flipping dynamics under shear flow

In this experiment, the behavior of isolated cells under shear flow far from walls was probed. A very dilute suspension of
RBCs (volume fraction ~ 0.01%) was injected in a plane-plane Couette flow chamber with a gap of 200 um. As described in
details in (48), in order to obtain information on the dynamics of all cells in the field of view and given the large thickness
of the flow chamber, the suspension was monitored by a digital holographic microscope. Post-processing of images allows
refocusing numerically on each cell so as to obtain its projected shape perpendicular to the shear-gradient direction. For each
cell projection, the angle W of its main axis with the flow direction and the aspect ratio r,, > 1 between its two main axis, were
computed (see Fig. 2A). Statistics on these two parameters could then be obtained by accumulating data as the cells flow in
the chamber. In (48), this procedure was used to establish the whole transition scenario for the dynamics of isolated RBCs,
for shear rates y between 0.5 and 200 s~!, and viscosity of the carrying fluid equal to 1.5 or 25 mPa.s. The situation using a
viscosity of 1.5 mPa.s corresponds to a viscosity close to that of plasma and a Iodixanol-1 solution was needed in order to
observe statistically relevant population before cell sedimentation on the bottom plane takes place. For the sake of comparison,
we focused here on a single value of the shear rate, y = 200 s~!, which was high enough to allow for good sampling of the
flowing suspension before the cells are too close to the bottom plane while remaining in the physiological range. Only cells
located at least 30 um from the walls were included in the statistics. Statistical data on at least 6000 cell pictures, which were
observed during sequences between 25 and 75 s, were then obtained for the two parameters ¥ and r,. At the shear rate of 200
s~!, it has been shown that cells exhibit a quasi-fixed shape which can be strongly deformed (stomatocyte-like shape) (3, 48, 76).
Due to the elongational component of the flow, the angle of the main axis is centered on 0, while high aspect ratios with strong
dispersion can be observed.

Cell shape recovery

The transient deformation of RBCs flowing out of a microfluidic constriction was used to evaluate the mechanical signature of
cells (71, 77). The microfluidic geometry consists in a 50 um wide microchannel implementing a series of width oscillations
corresponding to 5 um wide and 10 um long constrictions associated with a 25 ym wide and 10 ym long enlargements (see
Fig. 3A). Due to the repetition of the width oscillation, the cells were sequentially elongated along and perpendicular to the flow
direction, hence ensuring a rapid centering effect as illustrated in Fig. 3A. This effect is crucial as it guarantees that all cells exit
the last constriction on the same streamline, which allows for the direct comparison of their behavior. The RBC suspension was
injected into the microfluidic device using a pressure driven flow controlled using a pressure regulator (MFC™-EZ Fluigent,
Paris) with a precision of 1 mbar. Video-microscopic recordings of the cells’ behavior were performed with an inverted phase
contrast microscope (Leica DMI 4000B, Germany) with a X40 magnification and a high speed camera (Phantom Miro LAB310,
USA). Thanks to the image analysis procedure described elsewhere (71), the major and minor axes of the ellipse that has
the same normalized second central moments as the cell are retrieved. They are then used to calculate the deformation index
D defined as D = (a - b)/(a + b), where 2a and 2b are the lengths of the ellipse axes along and perpendicular to the flow
direction, respectively. Diluted cell suspensions (~ 10° cells/uL, i.e. H;=9%) were used in order to avoid the flow of multiple
cells simultaneously in the wavy section of the channel. Experiments were repeated twice and a total statistics including ~
60-80 cells per conditions were recorded.

In (71), the experimental conditions (geometry, flow speed and buffer viscosity) were varied in order to highlight two
different shape recovery processes at the exit of the last geometric constriction, according to the hydrodynamic stress. Here,
the applied pressure at the inlet was set to 200 mBar, which corresponds to typical cell velocities of the order of 7 mm/s
and 1 mm/s in the wavy and larger sections respectively, when using 90 g/L dextran in PBS buffer. In such conditions,
stretching of the cells was observed as they exit the last constriction before recovering a steady shape in the larger part
of the channel as illustrated in Fig. 3. The amplitude of deformation in the wavy section of the channel (calculated over
the 4 last oscillations to avoid being impacted by the entry position of the cell), AD, along with the minimum of the
elongation index, D,,;, - which corresponds to the maximum cell elongation normal to the flow direction due to the in-
crease in channel width - were extracted as presented in Fig. 3B. The time necessary for the cell to recover a stationary
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Figure 2: Cell flipping experiment. (A) Sketch of the experimental set-up. Cells trapped in the gap between the two plates
are observed. The projection of each cell along the shear direction is determined, and characterized by its aspect ratio r, and
angle of the long axis relatively to flow direction ¥. (B) Effect of aging, for cells conserved in EDTA. Suspending solution
is lTodixanol-2. Donor I from DO to D3, donor II from D3 to D6. Top: density distribution d,,, of apparent aspect ratio r,.
Bottom: density distribution dy of the projected angle W (in °). (C) Effect of conservation medium in cell flipping experiment,
for two different days: D3 for donor I, D6 for donor II. Suspending solution is Iodixanol-2. Top: density distribution d,,, of
apparent aspect ratio r,. Bottom: density distribution dy of projected angle V. (D) Effect of suspending medium in cell flipping
experiment, for two different days with donor I (DO and D3, conserved in EDTA). Top: density distribution d,,, of apparent
aspect ratio r,. Bottom: density distribution dy of projected angle P.

shape, noted hereafter 7,, was calculated by fitting the end of the curve D versus the time ¢ (from D, until end of the
curve) by an exponential growth function of the type D = C; + C; x exp( Cj’ ), where C;, C, and C3 are constant to be
adjusted. The representation of 1/7,- versus D,,, has been previously used to differentiate cells with different mechanical
signatures due to pharmaceutical treatments (lysophosphatidylcholine and diamide) at different concentrations and diseases

(77). On the contrary, AD was found to be only sensitive to large deformability changes associated with high drug concentrations.

Ektacytometry

RBC deformability was also assessed at 37°C at shear stresses of 3 and 30 Pa by laser diffraction analysis (ektacytometry),
using the Laser-assisted optical rotational cell analyzer (LoRRca MaxSis, RR Mechatronics, Hoorn, The Netherlands). The
system has been described elsewhere in detail (68). Briefly, 7 uL of stored RBC suspension was mixed with 1 mL PVP solution
and sheared into the Couette system. A laser went through the sheared suspension and a camera recorded the diffraction pattern.
The computer fitted an outline to the elliptic diffraction pattern which allowed the estimation of the length and width of the
fitted ellipse. Then, an elongation index (EI) was calculated as follows: (length-width)/(Ilength+width). An increase in the EI
indicates greater RBC deformability.
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Figure 3: Principle of the cell shape recovery approach. (A) Sequence of deformation of a RBC flowing through the microfluidic
wavy geometry. The close-up illustrates the adjustment of the cell contour by an ellipse and the determination of 2a and 2b the
axes of the ellipse along and perpendicular to the flow direction respectively. (B) Corresponding evolution of the deformation
index D versus the cell position x. The entry of the first constriction has been arbitrarily selected as the origin of the position.
The inset shows the shape recovery process as a function of time. The parameters of interest are the amplitude of deformation
AD, measured over the 4 last width oscillations, the maximum elongation at the exit D,,; and the shape recovery time 7,
which are reported in Fig. 5.

Viscosimetry

The bulk effective viscosity n of RBC suspensions was measured at imposed shear rate in a rheometer. As these experiments
require larger sample volumes, the RBC washing protocol was adapted: 15 mL tubes were filled with 5 mL blood and 10
mL PBS and centrifuged at an average acceleration of 720 g for 5 minutes. After the third centrifugation and supernatant
removal, RBCs were placed in two 50 mL tubes and centrifuged again in order to obtain an homogeneous pellet of cells, whose
concentration is close to 100% thanks to cell deformability (78).

This pellet of cells was used to prepare RBC suspensions with the same three suspending media as used in section Cell
flipping dynamics under shear flow. For each medium, suspensions of decreasing cell concentrations (from 48 to 0% in volume)
were prepared by dilution. Volume fractions in the studied suspensions were estimated by centrifugation of glass capillaries
filled with the suspensions. For the two isodense suspending medium, the suspensions were diluted once with a PBS solution so
that centrifugation could be effective.

Before the suspensions were placed in the rheometer, they were kept under continuous gentle agitation on a roller mixer,
then kept vertical during 2 minutes to allow the potentially present air bubbles to reach the surface. 5 mL of each suspension
were prepared, of which 3.8 mL were taken to be placed in the rheometer. We used an Anton Paar MCR 301 rheometer (Graz,
Austria) with a double gap Couette geometry (SN21094). The axial length of the effective measuring gap was 40 mm while the
gaps had a thickness of 0.415 and 0.464 mm. Measurements were run at 24°C. The device was cleaned and dried between
each experiment. In order to reduce the influence of cell sedimentation that could bias the results, we decided to work at
only one shear rate. We chose 400 s~!, a good compromise to obtain high enough stress for accurate sensitivity without any
inertial effect and within the range of shear rates of in-vivo circulation. The measurement was made right after the suspension
was gently poured in the rheometer cup with a micropipette. We checked that several successive measurements with PBS as
a suspending medium, with the same suspension being left in the rheometer, yielded similar results, insuring thus that our
procedure allows for an unbiased measurement even with PBS, when sedimentation is possible. Indeed, from the filling to the
end of the measurement, we estimated the elapsed time to be around 60s, thus allowing only for a cell migration of order 100
microns, to be compared with the measuring height of 40 mm.

We also checked the relevance of comparing different measurements while the whole geometry is dismounted and cleaned
between each of them as follows. Measuring two times the same initial suspension (prepared then with a double volume of 10
mL) with a full dismounting/washing/drying of the geometry between the two measurements, lead to variations in the measured
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Figure 4: RBC structuration under Poiseuille flow and associated metrics. (A) Representative snapshot from an experiment with
Iodixanol-1 used as a suspending medium and H, = 2.2%, AP = 50 mbar, yielding V,,,, = 3.4 mm/s; (B) Negative of the image
in panel A; (C) Negative background obtained as the median of 100 negative images (1/20 in the sequence, including image in
panel B); (D) Image in panel C subtracted from image in panel B to remove background; (E) Mean intensity of all negative
snapshots with background removed (1/20 in the sequence, including image in panel D). (F) Mean grey level profile obtained by
averaging D along the channel length. An estimate of the width of the RBC enriched central area is given by B, which is defined
as the central interval for which grey levels in the profile are below the background level. An estimate of the adimensional CFL
thickness is deduced as 6 = (W — B)/(2W), where W is the channel width. L represents the full width at half maximum.

viscosity of order 0.5 %. Filling procedure can also induce variations (by creating bubbles, retaining part of the liquid, etc..).
Filling with 3.7 or 3.9 mL of suspension instead of 3.8 mL lead to less than 1% variation in the measured viscosity.

The suspending medium viscosities at 24°C are 179 = 0.98, 1.58 and 1. 57 mPa.s for the PBS, Iodixanol-1 and Iodixanol-2
respectively. For estimating the contribution of red blood cells to the viscosity, we therefore considered the relative viscosity of
a given suspension /1.

Structuration under Poiseuille flow

A cell-free layer (CFL) can build up near the vessel walls in small vessels, due to hydrodynamic interactions between RBCs and
the walls (79). The CFL presence is obvious for moderate confinements (vessels with diameters of 10 um or more) and small
haematocrits (25), and its thickness decreases when increasing the local haematocrit or confinement. Below, we present the
experimental configuration used for studying the structuration of RBCs under Poiseuille flow, using long (~ 1 cm) PDMS-glass
microfluidic channels with square cross-sections (20 um x20 pum).

The protocol used for the fabrication of single PDMS-glass microchannels has been described in detail elsewhere (25).
Before use, microchannels were incubated overnight with a PBS solution containing 2.5 mg/mL BSA (Eurobio, Les Ulis,
France) in order to prevent RBC adhesion onto microchannel walls. The microchannel was then placed on the stage of a Leica
DMRXAZ2 microscope, glass cover slip facing a x20 (NA = 0.4) long-working distance objective. RBC suspensions with
controlled feed haematocrit H ¢ ¢4 in the range 1 to 10% were flown by imposing a pressure drop AP between the microchannel
inlet and outlet in the range of 45 to 110 mbar using a pressure controller (MicroFluidics Control System 8C, Fluigent). The
generated flow rate was sufficiently high to prevent RBC sedimentation, even when PBS was used as a suspending medium.
Image sequences of the flow were recorded using an external collimated light source (Leica EL6000) and a high-speed camera
(pco.dimax S). Typical image sequences were composed of ~ 10000 16 bit snapshots, acquired at a frequency of 1200 fps.
Fig. 4A displays one of these snapshots after conversion to 8 bits. These image sequences were used to introduce metrics
characterizing the RBC structuration under Poiseuille flow and to determine the mean tube haematocrit and maximal velocity
of RBCs, as follows.

We recently presented a quantitative method to determine the haematocrit profile in a microchannel with a square cross
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section (25). However, this method requires linear extrapolation of optical density profiles in the vicinity of the channel walls.
Here, we introduce a simpler and faster method - based on two metrics characterizing the RBC structuration - sufficient to
make comparisons between different experimental situations. For that purpose, we first kept one out of twenty snapshots in the
image sequence. This ensures that, for any pressure drop, each RBC contributes only once to the measurement. These snapshots
were inverted (Fig. 4B) and a median image over the 100 first images was computed, yielding the negative background image
(Fig. 4C). This background image was subtracted from all the inverted images, yielding dark RBCs highly visible on a light
background (Fig. 4D). A mean image was computed from this stack (Fig. 4E). Finally, a gray value profile over the channel
width was deduced by averaged along the channel length (Fig. 4F). This profile was used to get an estimate of the adimensional
CFL thickness as § = (W — B)/(2W), where B is an estimate of the width of the RBC enriched central area, see Fig. 4 and W is
the channel width. Because of the uncertainty induced by intensity fluctuations in the vicinity of channel walls, an additional
metric, the full width at half maximum L, was also extracted from this profile.

As the RBC suspensions were sufficiently diluted, the local tube haematocrit H; could be determined by counting, following
(22), with the following modifications: the RBCs were counted in 100 images evenly sampled throughout the sequence to
deduce their average number. The average haematocrit was deduced by multiplying this number by the ratio of the average
volume of a single RBC (90 um?, see (80)) over the volume of the channel. Finally, the maximal RBC velocity V,,,,x was
estimated by tracking 5 RBCs approximately located at the channel center, using image pairs such as RBCs have moved a
distance approximately equal to the channel thickness. The measurement was performed at 4 time points equally sampled
over the total duration of the image sequence. The maximal RBC velocity was estimated as the maximal value of all these
measurements.

A total of 46 experiments was performed, with H; between 0.2 and 3.6% and V,,,4x between 0.5 and 36 mm/s. We have
checked that there were no correlation between velocities and haematocrits in these experiments.

RESULTS AND DISCUSSION
Effect of storage conditions
Flipping cells

Figs. 2B and 2C show the effects of aging and storage conditions for cells resuspended in Iodixanol-2. The conclusions are
similar for the two other suspending media (data not shown).

As seen in Fig. 2B, whether from DO to D3 or from D3 to D6, storing several days the RBCs has a moderate effect on their
apparent aspect ratio and on their angle relative to flow direction, showing that the main dynamical features are preserved. We
observe an increase in the apparent aspect ratio, in particular a shift in the position of the first peak (located at around 1.4 at D0),
by an amount of up to 10% after three days. In the meantime, the proportion of RBCs aligned with the flow (¥ =~ 0) increases as
the RBCs get older. From the modeling carried out in (48), the shift in apparent aspect ratio can be simply interpreted by a
shift in the aspect ratio at rest, that is, of the ratio between the short axis and the long axis of the RBCs. By analogy with the
experiments lead in the hyper-osmotic Iodixanol-1, on which we comment later on, we may interpret the increase in aspect ratio
as a consequence of a loss of cell volume, which is agreement with other observations at longer times (81). Other causes such
as alterations of RBC mechanical properties should however not be disregarded.

These aging effects are also observed in the two other conservation media; in particular, the marked evolution between
DO and D1 is the same whatever the choice of conservation medium (see supplemental material). Indeed, as seen in Fig. 2C,
the choice of conservation medium has little effect on the dynamics, though cells conserved in GASP seem to have increased
slightly more their aspect ratio after 3 days, that is, to have lost more volume.

Cell shape recovery

Fig. 5 presents the evolution of the amplitude of deformation AD, the maximum elongation at the exit D,,,;, and the shape
recovery time T according to storage time, for the 3 different storage media.

In order to look at the effect of the conservation buffer on the RBCs response, we first compare the different readouts at
DO for the 3 media. We assume that the greater deformability of RBCs corresponded to their physiological state and that any
modifications due to time or to the storage medium would be associated with a loss of deformability. We can see in Fig. 5, a
slight decrease in amplitude of deformation (up to 14%), as well as an overall increase in shape recovery time of RBCs stored
in Citrate and GASP compared to those stored in EDTA (~71 and 27% respectively). This indicates that EDTA should be
preferred when working on the day of the blood collection.

For RBC:s stored in EDTA, a small drop of deformability is observed after DO, highlighted by both a decrease in AD and in
Dy, and an increase in time necessary for RBCs to recover a steady shape after exiting the last geometric restriction. The
following days, deformability seems to stabilize, although 7 shows a slight tendency to increase gradually up to D7. RBCs
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Figure 5: Cell shape recovery experiment. Evolution of the amplitude of deformation (A), the maximum elongation at
the exit (B) and the shape recovery time of the RBCs (C) versus time, according to the three different conservation
solutions. Data are represented in terms of median; the top and bottom of the box mark the upper quartile (UQ) and lower
quartile (LQ) respectively. The error bars mark the minimum and maximum values within the data set that fall within
[UQ+1.5(UQ - LQ);LO - 1.5(UQ - LQ)]. Black * indicate the significant differences (p < 0.05) between the different
conservation solutions at DO, calculated by Kruskall-Wallis’s test, with Dunn’s post hoc analysis. Colored * indicate the
significant differences (p < 0.05) between DO and DX (1<X< 7), calculated by Kruskall-Wallis’s test, with Dunn’s post hoc
analysis.
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Figure 6: Ektacytometry experiment. (A) Elongation index for three different conservation solutions at day DO. (B) Elongation
index for the EDTA conservation solution at days DO, D3 and D7.

Manuscript submitted to Biophysical Journal 11



GDR MECABIO

stored in Citrate and GASP present a deformability that seems to be more stable in the short term (DO to D2) and then slightly
decreased. Therefore, if one needs to use blood samples several successive days, Citrate and GASP should be preferred.

From previous experiments (77) performed on chemically treated RBCs, it appears that T and in a lesser extend D,,;, are
strongly impacted by diamide treatment - a molecule reported to induce the formation of disulfide bonds between spectrin
proteins and thus increase RBCs shear modulus (42, 82). On the other hand the reduction of the surface to volume ratio of the
RBC membrane, induced by the loss of RBC membrane through vesiculation associated with lysolecithin treatment (83), tends
to affect both D,,,; and 7. Here, the fact that both D,,,, and 7 are modified upon storage time, supports the idea that a loss of
volume due to aging of the cells would be responsible for the change in deformability. This corroborates the observations made
in the Cell flipping dynamics under shear flow experiments.

Ektacytometry

Fig. 6A shows no effect of the conservation solution used on RBC deformability determined by ektacytometry at DO. Moreover,
storage for 7 consecutive days in EDTA was not accompanied by large changes in RBC deformability (Fig. 6B). These results
are in line with a previous similar study led in (84).

Viscosimetry

Viscosity measurements were run only at D3 and D6. They are consistent with known viscosity values in large vessels. As
shown in Fig. 7, no noticeable difference can be seen between these two days. It should be noted that, according to the other
experiments, most aging effects occur between DO and D3, a configuration not tested here.

Effect of buffer composition
Flipping cells

Fig. 2D summarizes our findings regarding the choice of the suspending medium. It appears clearly that, while the overall
dynamics is unchanged, choosing Iodixanol-1 as a suspending medium leads to more elongated and deflated cells on average,
which we relate to the hyper-osmoticity of the solution. This effect is quite strong at DO, while at D3, when cells have already
lost some volume due to aging, the difference is less pronounced. By contrast, at D0, the behavior of cells in Iodixanol-2 is
unchanged when compared to PBS solution, as could be hoped from the agreement between both solution osmolarities. The low
salt concentration of Iodixanol-2 seems to have no measurable impact on the cell flipping.

Viscosimetry

Fig. 7 shows that for all suspending media, a reasonable agreement with the empirical model proposed in (85) by Pries et al.
(and widely used since then) is obtained, considering that inter-individual variability prevents from hoping better agreement.

Up to haematocrits of 30 %, no noticeable variation of the relative bulk viscosity with the nature of the suspending medium
has been observed. For higher haematocrits though, underestimations of around 10% are found with the isodense solutions,
and are surprisingly more pronounced for Iodixanol-2, in contrast with other experiments that tend to show more similarities
in RBC behavior in PBS and Iodixanol-2. However, lodixanol solutions have a viscosity that is about 50% higher than PBS
solutions. Vitkova et al. (86) have shown that the intrinsic viscosity of RBC suspensions exhibits a minimum when varying the
viscosity of the suspending medium, due to variations of RBC dynamics in shear flow. This could be responsible for the slightly
lower relative viscosities measured in isodense solutions. On the other hand, the higher osmolarity of Iodixanol-1 leads to more
deflated cells (as also shown in the cell flipping experiments), which partly compensates for the previous effect.

Structuration under Poiseuille flow

Fig. 8 displays the estimate of the CFL thickness ¢ and the full width at half maximum of the mean grey level profile L, both
normalized by the channel width, as a function of local tube haematocrit, for the three suspending media. For the considered
channel width (20 um), we never clearly observed single file RBC flow, yielding values of § which are always smaller than
that estimated for a single file of width equal to the largest dimension of a single RBC (¢ would be ~ 0.3, for a RBC diameter
of ~ 8um). For all media, increasing the RBC volume fraction induces a decrease of the CFL thickness, with a concomitant
increase of the width of the enriched RBC central region, as expected from the general understanding of RBC structuration in the
microcirculation (87-89), both in vivo and in vitro. Noteworthy, our results provide the first direct experimental measurements
of the CFL thickness for a large range of haematocrits in 20um side channels. Our results thus provide a reference for the
validation of a large number of numerical methods recently developed for the simulation of collective RBC behavior. Besides,
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Figure 7: Relative viscosity n7/no, where 1o is the viscosity of the suspending fluid, as a function of haematocrit. Blood comes
from a blood bag where it was conserved either 3 or 6 days. Three suspending media are considered: A: PBS; e: Iodixanol-1;
+: Jodixanol-2. The full line corresponds to the asymptotic value for large tube diameters of the blood viscosity model given by
Pries et al. (85).

they demonstrate the minor impact of the suspending medium, the influence of which cannot be identified within experimental

CONCLUSION

Our set of complementary experiments characterizing the mechanical behavior of red blood cells under different flow
configurations allow to draw the following conclusions:

1. Conservation medium. We showed that the choice of conservation medium between EDTA, Citrate, or laboratory-made

GASP has little impact on the mechanical response of RBCs under shear, either under high (ektacytometry) or low (cell
flipping experiment) stress. In a more complex geometry which allows to explore not only the elastic response but also
the viscous one (cell shape recovery experiment), we highlighted a better stability at short time when cells were stored in
Citrate and GASP.

. Storage time. While cells under high stress present a stable response in time, the picture is different in low stress
experiments, where a clear aging effect between D0 and D3 has been noted, though the overall dynamics is preserved.
Stability seems to be reached between D3 and D6, as also seen on viscosity curves. Since this low stress configuration
corresponds more to physiological conditions in terms of buffer viscosity and flow shear rate, this means that running
experiments at DO must be preferred when possible. Similar conclusion is reached from cell shape recovery experiments,
that explore complex visco-elastic response of the cells. It would be interesting in the future to assess the impact of these
DO to D1 evolutions on the rheological response of blood.

. Buffer composition. Our study on individual behavior of RBCs through the cell flipping experiment reveals that choosing
Todixanol-2 as a density matching solution is a good pick. By contrast, the hyper-osmotic Iodixanol-1 solution leads
to modification of the aspect ratio of the cells. The difference between this suspending medium and PBS becomes
smaller at D3, when aging effects take place, showing that aging or hyper-osmolarity have a similar effect, yet non
cumulative. Finally, this impact of choosing Iodixanol-1 as a buffer solution seemingly disappears when collective effects
are considered, as clearly highlighted in the Poiseuille flow experiments. Our conclusion is that the results from previous
studies from the literature run with Iodixanol-1 are still valid in view of describing physiologically relevant situations,
though the bias on individual dynamics should be kept in mind, as for Refs. (16, 48). For experiments run in the future,
we recommend using Iodixanol-2 as a buffer solution.

One should keep in mind however that density matching of all RBCs in a given batch cannot be reached since the density
of RBCs increases as they get older, before they are eliminated in the spleen. The range of densities is typically 1.06-1.13
g. mL™! (81, 90, 91). Density variations in the population of cells are associated with biochemical (91) and mechanical
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Figure 8: Effect of suspending solution and tube haematocrit on RBC structuration under Poiseuille flow at DO. Left: Estimate
of adimensional CFL thickness; Right: Half width of the distribution (L) normalized by channel size (W=20um). Symbols:
A: PBS; e: Iodixanol-1; : Iodixanol-2.

changes such as: volume, aspect ratio, visco-elastic modulus, etc. (81, 92), also affecting their mechanical response like
shear-induced lift (16).

Our study enriches the existing consensus on other aspects related to in-vitro experimentation with RBCs, such as the use of
glutaraldehyde for stiffening them (93), or as protocols for blood collection and preparation for analysis (68, 84, 94). These
latter studies include the withdrawal protocol, the choice of anticoagulant (EDTA is proposed rather than heparin in (68)), or the
washing protocol (which was followed in the present study). Note that in (68), it is advised not to store samples more than a few
hours. While this prescription can be followed in routine analysis, the unavoidable contingencies of research made it relevant to
explore this point further. For clinical applications involving blood transfusion, the relevant time scale for checking the effect of
conservation conditions of RBCs is instead of a few weeks. It has already been thoroughly explored in the literature, e. g. in
(95, 96). Conclusions are that while a substantial amount of RBCs get strongly impaired after a few weeks, adequate washing
may help in recovering at least partly their ability to perfuse the vascular network.

Beyond the above conclusions, the present study also provides a comprehensive set of results for RBCs behavior under
very different flow configurations, which, all together, have been chosen to probe many of the possible RBC deformation and
interaction modes, as illustrated in Fig. 1. In a context where 3D numerical simulations of a large number of RBCs are now
widespread, our study provides a robust benchmark for validating the codes, which is sometimes only done through quasi-static
configurations like stretching by optical tweezers: this has been shown in Ref. (97) not to be sufficient. Benchmark studies
based on experiments under flow need to be further developed, keeping in mind that, as demonstrated in Ref. (98), "this is in
fact not always sufficient as the robustness of the numerical results to physical/numerical parameters may be so large that a
good agreement may be reached by chance".

The work that was carried out here may be extended in the future to more complex configurations, in view of reaching
higher physiological relevance. First, aggregation between cells is an important phenomenon, that can only be discarded in high
shear rate situations, when flow stress overcomes adhesion forces. Being larger, aggregates of cells will sediment even faster
than isolated cells, which may require the use of density-matching solutions. However, the complexity of aggregation processes
makes it uncertain the impact of adding another molecule such as iodixanol to the buffer.

Second, more complex in-vitro studies mimicking more closely in-vivo environments by considering e.g. channels covered
with endothelial cells (99) require to take into account the co-existence of several types of cells and finding compromises for the
suspending medium, whose influence on each cell type has ideally to be estimated.
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