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Blood platelets when activated are involved in the mechanisms of hemostasis and thrombosis, and their
migration toward injured vascular endothelium necessitates interaction with red blood cells (RBCs).
Rheology co-factors such as a high hematocrit and a high shear rate are known to promote platelet mass
transport toward the vessel wall. Hemodynamic conditions promoting RBC aggregation may also favor
platelet migration, particularly in the venous system at low shear rates. The aim of this study was to con-
firm experimentally the impact of RBC aggregation on platelet-sized micro particle migration in a Couette
flow apparatus. Biotin coated micro particles were mixed with saline or blood with different aggregation
tendencies, at two shear rates of 2 and 10 s�1 and three hematocrits ranging from 20 to 60%. Streptavidin
membranes were respectively positioned on the Couette static and rotating cylinders upon which the
number of adhered fluorescent particles was quantified. The platelet-sized particle adhesion on both
walls was progressively enhanced by increasing the hematocrit (p < 0.001), reducing the shear rate
(p < 0.001), and rising the aggregation of RBCs (p < 0.001). Particle count was minimum on the stationary
cylinder when suspended in saline at 2 s�1 (57 ± 33), and maximum on the rotating cylinder at 60%
hematocrit, 2 s�1 and the maximum dextran-induced RBC aggregation (2840 ± 152). This fundamental
study is confirming recent hypotheses on the role of RBC aggregation on venous thrombosis, and may
guide molecular imaging protocols requiring injecting active labeled micro particles in the venous flow
system to probe human diseases.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Platelets play major roles in multiple mechanisms of hemosta-
sis and thrombotic events. They intervene in repairing vascular
injury to prevent further blood lost or pathologically to induce
thrombus growth. Therefore, platelets must leave the main blood
stream and adhere to the vascular endothelium of damaged or
inflamed sites. Red blood cells (RBCs), because of their size, their
aptitude to deform as well as their important volume fraction in
blood, facilitate transport of platelets within blood vessels (Aarts
et al., 1983, 1984; Eckstein et al., 1988; Turitto and Hall, 1998;
Zhao et al., 2012; Reasor et al., 2013; Litvinov and Weisel, 2017).
A contemporary review of blood margination (i.e., radial displace-
ment of leukocytes and platelets toward the wall) and segregation
(i.e., spatial redistribution of blood elements) phenomena can be
found in Kumar and Graham (2012).
1.1. Mass transport

Transport of matter in a fluid can be done by convection (due to
the principal flux) and/or diffusion (due to chaotic movement). In
vitro, adhesion of platelets to the vascular wall was almost abol-
ished in the absence of human RBCs because platelets travelled
parallel to streamlines due to convection only (Aarts et al., 1983).
Similar behavior was observed in vivo, the presence of RBCs had
a strong impact on micro particle margination in microvessels
(D’Apolito et al., 2015). The presence of RBCs would promote par-
ticle diffusion through a turbulent mixing effect (Keller, 1971).
Deformable particles, such as RBCs in shear flow, exhibit a steady
stationary-orientation motion or an unsteady flipping motion
(Keller and Skalak, 1982; Barthes-Biesel and Sgaier, 1985) that
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contribute to platelet margination. RBCs migrate toward the center
of blood vessels and their deformability expulses the smaller plate-
lets from the central flow toward the vessel wall. Through this
mechanism, a two-phase region is anticipated: a region rich in
RBCs and poor in platelets at the vessel center, and a region rich
in platelets and poor in RBCs at the periphery. Diffusive transport
is provoked by the constant collisions of suspended particles. Since
there are more particles per unit volume in the central region of a
blood vessel, platelets tend to migrate from the interior of the
vessel to the vascular wall, as observed experimentally by laser
Doppler (Aarts et al., 1988).

The rotation of RBCs in shear flow has a swept-out volumewhose
amplitude depends on the RBC deformability (Chien, 1975). The
more the RBC deforms, the less the swept out volume is important.
Goldsmith (1972) proposed that RBCs undergo an erratic radial dis-
placement resulting from constant collisions between suspended
particles, thus provoking the radial diffusion of platelets. With this
theory, the rate at which platelets are transported is proportional
to the shear rate and the hematocrit but not to the diameter of
the RBC. The enhancement of micro particle migration with shear
rate was experimentally observed in a microfluidics system at
shear rates between 800 and 2500 s�1, when interacting with
10% hematocrit RBCs (D’Apolito et al., 2016). The presence of a
skimming layer (Aarts et al., 1983) could constitute another expla-
nation for the platelet diffusion phenomenon. This effect is attrib-
uted to the important size difference between RBCs and platelets.
Interestingly, both theories lead to the same conclusion that RBCs
favor platelet migration toward the vessel wall.

1.2. Effect of RBC volume concentration

The presence of RBCs at 40–50% hematocrit considerably con-
tributes to the displacement of platelets and leukocytes, and their
adhesion on the endothelium surface (Goldsmith et al., 1999). At
such a high volume concentration, one might think that RBCs
would limit the diffusion of suspended particles. This is only true
under plug flow when moving blood is stationary with no stream-
line mixing (Goldsmith and Turitto, 1986). At the opposite, the
presence of a velocity gradient promotes collisions of cells
approaching on adjacent streamlines. By observing the movement
of tracer particles in a suspension of transparent ghost RBCs (i.e.,
hemoglobin-less RBCs) under laminar flow using a travelling
microscope, several findings on cell kinetics have been reported
(Goldsmith, 1993): (1) In the absence of ghost erythrocytes, tracer
particles travelled undisturbed and parallel to the vascular wall;
(2) when ghost RBCs were added, cellular collisions increased
and a random lateral displacement of smaller spherical tracer par-
ticles was noticed (Goldsmith and Marlow, 1979); and (3) colli-
sions with the vascular wall occurred and the frequency of
collision increased with the ghost RBC volume concentration.
Recent simulations of microcirculatory flow at 24% hematocrit also
reported that the frequency of collisions with RBCs favors micro
particle margination (Vahidkhah and Bagchi, 2015).

1.3. Influence of RBC aggregation

Inflammatory conditions promote abnormal RBC hyper-
aggregation (Weng et al., 1996a, 1998; Ben Ami et al., 2001;
Berliner et al., 2005; Maharskak et al., 2009; Reggiori et al., 2009;
Tripette et al., 2013). The hyperviscosity provoked by this phe-
nomenon increases the interaction time of platelets with the vas-
cular wall and favors venous thrombotic events (Yu et al., 2011).
However, the decisive role of RBC aggregation on platelet radial
migration is still underexplored. Nash et al. (2008) proposed that
even though RBC aggregation is not required for the margination
of platelets, its presence would favor it. Opposite results were,
however, obtained in vivo using the intravital microscopy tech-
nique and fluorescently labeled platelets flowing in rabbit mesen-
teric arterioles and venules. RBC hyper-aggregation induced by
high-molecular weight dextran infusion reduced the platelet count
at the wall (Woldhuis et al., 1993). Using the same technique, RBC
aggregation promoted leukocyte margination in rat postcapillary
venules and their adhesion on the endothelium (Pearson and
Lipowsky, 2000). The enhancement of leukocyte margination with
RBC aggregation has also been demonstrated in a rectangular chan-
nel microfluidic system (Jain and Munn, 2009).
1.4. Objective

The current study aimed to quantify experimentally in a Cou-
ette flow device the radial migration of platelet-sized micro parti-
cles as a function of RBC aggregation, flow shear rate and blood
hematocrit. RBC aggregation is a recognized thrombotic co-factor
(Mackman, 2012) that has been postulated to trigger venous
thrombosis (Yu et al., 2011). The current study proves the direct
impact of RBC aggregation on mimicking platelet transport, which
is required for interaction with the vessel wall during venous
thrombosis. This work may also shed some light and guide molec-
ular imaging protocols based on the injection of micro particles
into the venous system (Katoh et al., 2009). Experimental data
are also required to better understand the interaction of drug
micro carriers with blood flow properties (Müller et al., 2014),
and the current study may provide new evidences.
2. Materials and methods

2.1. Experimental considerations

Platelets play an important role in the mechanisms of thrombosis and hemo-
static plug despite the fact that they occupy only �0.7% of the blood cellular phase
volume. This is due to their very strong reactivity once activated. Platelets manip-
ulated outside the human body coagulate very quickly on synthetic surfaces. It is
therefore very difficult to work with blood platelets without anticoagulation
(Schneider et al., 1997). However, anticoagulation inhibits adenosine diphosphate
induced platelet activation and, therefore, platelet adhesion. Thus, a protocol aim-
ing at determining the impact of RBC aggregation on platelet interaction with a ves-
sel wall would be difficult with native anticoagulated platelets. Because this study
does not address the biology but the rheology of blood platelets, we propose to
replace them with micro particles that have similar physical dimensions and con-
trollable adhesion properties. Since physiological flow in blood vessels implies a
spatial variation of the shear rate contributing to the micro particle margination
process, we opted instead for a Couette flow system with an aspect ratio providing
a close to constant shear rate in the gap between rotating cylinders (Whorlow,
1980). With such device, the confounding impact of the radial shear rate gradient
on RBC aggregation did not have to be considered when interpreting our results.
2.2. Preparation of blood samples

Fresh porcine whole blood, anticoagulated with 3 g/L of ethylene diamine tetra
acetic acid (EDTA ACS reagent, 99.4%, Sigma Chemical, St. Louis, MO, USA), was
obtained from a local slaughter house. The buffy coat was removed after a first cen-
trifugation at 2500 rotations per minute during 15 min. The plasma was separated
from the RBCs and replaced with an isotonic saline solution for a second centrifu-
gation. The saline suspension was aspirated to remove residual platelets and white
blood cells. RBCs were resuspended in native plasma or in a saline solution.

Nine blood aliquots of 70 mL were prepared from every porcine blood sample
by adjusting the hematocrit to 20%, 40% and 60%, and the RBC aggregation level into
3 categories: no aggregation (NA), normal aggregation (A) and hyper-aggregation
(HA). NA samples were obtained by suspending RBCs into physiological isotonic sal-
ine. Normal A samples were obtained by reconstituting RBCs with the native plasma
(porcine RBCs have a similar aggregation tendency as human RBCs (Weng et al.,
1996b)). HA samples were prepared by mixing RBCs with a dextran solution. Dex-
tran powder (512 kDa, D5251, lot 124H0055, Sigma Chemical, St. Louis, MO, USA)
was dissolved into isotonic saline at a concentration of 30 g/L (Boynard and
Lelievre, 1990; Neu and Meiselman, 2002). Five experimental series were realized
for every blood sample at a given shear rate and hematocrit. All experiments were
conducted within 48 h after blood collection. Two control solutions (no RBCs) were
tested to verify the degree of micro particle migration in the absence of erythro-
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cytes: an isotonic saline solution was used as controls for NA and A blood samples,
whereas an isotonic saline mixed with dextran 512 (30 g/L) was chosen to compare
results with HA blood solution experiments.

2.3. Platelet mimicking particles

Biotin coated fluorescent spherical micro particles (Bangs Laboratories, Fishers,
IN) were used as platelet phantoms. The micro particle diameter and density (2 mm
and 1.06 g/mL) were about the same as blood platelets (2 mm and 1.062 g/mL
(Savage et al., 1986)). The micro particle volume solution to use for each experiment
was determined empirically (300 ml with 1% solid particles). It was chosen by con-
sidering the strongest obtainable fluorescent intensity while maintaining a linear
response for quantification (Amersham Biosciences, 2008). Considering that there
are 150–400 � 103 platelets/mL of human blood, therefore for 70 mL of blood used
for each experiment, the estimated number of micro particles to be used for replac-
ing platelets was between 1–3 � 1010 (we had 7 � 1011 micro particles into 300 ml
of solution, which is higher but comparable). To mimic the endothelium attractive
property, a biotin-capture SAM2 membrane (model V2861, Promega, Madison, WI)
was used to bind flowing biotinylated micro particles. These membranes came par-
tially cut allowing an easy separation into 96 individual squares. They were
designed for small-scale experiments where high binding capacity is required
(Promega, 2008).

2.4. Experimental setup

The Couette flow apparatus (Fig. 1) was designed and manufactured by our
group for blood rheological experiments (Yu et al., 2009). The blood sample was
introduced within a 2-mm annulus between two concentric cylinders of radii
R1 = 80 mm and R2 = 82 mm. The external cylinder is fixed and the inner cylinder
is driven by a step motor and a motor driver (Parker Compumotor, models LN57-
170 and Zeta6104, Richmond, CA) at a constant clockwise angular velocity. For
(R2 � R1)/R1 � 1, then the shear rate c in s�1 is given by Whorlow (1980):

c ¼ 4p� R1 � R2

R2
2 � R2

1

� v ¼ 154� m ð1Þ

where m is the rotation speed in revolution per second.
As seen in Fig. 1, the Couette device possesses an opening on the external cylin-

der, 3.5 cm from its base, to allow micro particle solution injection via a 3 cm3 syr-
inge, a 70 mm long needle and a syringe pump (PHD 2000, Harvard apparatus,
Holliston, MA). The 300 mL micro particle solution was mixed with 1 mL of blood
using a vortex mixer prior to pipetting. The entire apparatus was maintained at
room temperature.

2.5. Biotin-capturing membrane positioning

One membrane of 1 by 1 cm2 was fixed on each internal wall of the Couette
apparatus. The back of each membrane was gently covered with a commercial
adhesive spray (Nashua covalent adhesives 357) and fixed 3–3.5 cm from the base
Fig. 1. Experimental Couette flow device (schem
of the wall (far enough to avoid hematocrit variations in case of improbable sedi-
mentation). The membrane fixed on the rotating cylinder was positioned on the left
of the needle, whereas the one on the stationary cylinder was fixed to the right of
the needle. This way the membranes did not come in contact with microspheres
during injection.
2.6. Measuring protocol

The first part of the study consisted in varying the hematocrit as well as the
aggregation level of RBCs at a constant shear rate of 2 s�1. In the second part, the
RBC aggregation was varied and the hematocrit was fixed to 40% at a constant shear
rate of 10 s�1. Prior to measurements, the blood sample was sheared at 500 s�1 for
30 s to break-up all aggregates and to mix blood. The shear rate was then reduced to
the targeted value for 70 s to wait for the aggregation kinetics to stabilize. After
that, the Couette apparatus performed three complete revolutions. During the first
revolution, the injection of micro particles was performed at a rate of 0.6 mL/min
(for the shear rate of 2 s�1) or 3 mL/min (for 10 s�1) to ensure a homogeneous dis-
tribution. At the end of the first revolution, the needle was removed from the annu-
lus to prevent any flow disturbance. The binding of migrating micro particles was
allowed for the remaining two revolutions. At the end of the third revolution, the
rotating cylinder was automatically lifted up to avoid any further contact between
both membranes and flowing microspheres. Three revolutions were selected to
avoid recirculation of injected micro particles and any further contact with strepta-
vidin membranes. Selected shear rates of 2 s�1 and 10 s�1 are typical of venous flow
conditions (Fung, 1997).
2.7. Quantification of particle counts on both membranes

Once each experiment was completed, the membranes were gently detached
from the Couette annulus with forceps and inserted in a washing solution. All
non-specific adhesive molecules on both membranes were removed following a
20 min washing protocol (Schaefer and Guimond, 1998). Using an oscillating shaker
(model G2, Gyrotory, Eppendorf Inc., Hamburg, Germany), each membrane was
then cleaned during 30 s with 200 mL of 2 M NaCl (product #8B6796, Bioshop
Canada Inc., Burlington, ON), 3 times during 120 s with another 200 mL of 2 M NaCl,
4 times during 120 s with 200 mL of 2 M NaCl with 1% H3PO4 (H3PO4 � 85 WT%
solution in water reagent, product #438001-500 mL, Sigma-Aldrich, Saint-Louis,
MO), 2 times during 30 s with 100 mL of demonized water and 10 s with 95% etha-
nol (this last step is accelerating the drying stage and is optional). The membranes
were then maintained between 2 and 8 �C (Promega, 2008).

Membranes were then scanned using a Typhoon PhosphorImager (Typhoon
8600 Variable Mode Imager, Molecular Dynamics, Sunnyvale, CA) (McNamara
et al., 2001). The maximum spatial resolution of the Typhoon laser was set to
25 mm (the maximum particle count for 1 by 1 cm membranes was 160,000). The
focal plane parameter was set to Platern + press sample, the sensitivity was normal
and the photomultiplier voltage was set to 430 V. Scans were quantified with Ima-
geQuant 2005 software (Amersham Biosciences, 2008) using the colony count fea-
ture with an operator size of 7.
atic view on the left, picture on the right).
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2.8. Statistical analysis

Three way analyses of variance with Tukey test (SigmatStat 3.11, Systat soft-
ware, San Jose, CA) were performed to evaluate the effect of the hematocrit, shear
rate and RBC aggregation level on the migration of micro particles. Otherwise spec-
ified, p < 0.001 was considered as statistically significant (Johnson, 2013).
3. Results

Fig. 2 shows examples of fluorescent particle counts obtained
for different micro particle migrations. As presented in Tables 1
and 2, the number of micro particles counted on rotating mem-
branes was always superior to that measured on fixed membranes
(p < 0.033). This was verified for all saline and blood solutions. The
number of adhesive micro particles was smaller when using a sal-
ine suspension compared with blood experiments at both shear
rates (Table 2). For convenience, only results for rotating mem-
branes are given in the remaining of this manuscript (conclusions
are the same for particle counts measured on stationary
membranes).

3.1. Micro particle count for different RBC aggregation levels and
hematocrits at a shear rate of 2 s�1

As illustrated in Fig. 3, the number of migrating micro particles
attached to the rotating Couette wall increased significantly with
the hematocrit (p < 0.001) and the aggregation property of RBCs
(p < 0.001). The smallest count was obtained with the control sal-
Fig. 2. Microscopic observation (10�) of the biotin-capturing membranes for (A) a low flu
count >1000, and (D) a count >2000. The zoomed sections on A-D correspond to the autom
220 (B), 1269 (C) and 2979 (D) for these examples. The membrane number for identific
ine suspension (0% hematocrit). Pairwise comparisons (Tukey post
hoc test) showed no difference between the saline suspension (no
RBCs) and saline suspension of RBCs at 20% hematocrit. All other
pairwise differences were statistically significant (p < 0.001).

3.2. Micro particle count for different RBC aggregation levels and two
shear rates at a hematocrit of 40%

The number of counted micro particles was minimum in saline
and increased with RBC aggregation (p < 0.001) or a reduction of
the shear rate (p < 0.001, Fig. 4). Statistically significant pairwise
differences (Tukey test) are illustrated on the figure.
4. Discussion

In flow conditions inhibiting RBC aggregation, causes of platelet
margination are related to blood hematocrit (Goldsmith and
Turitto, 1986; Cadroy and Hanson, 1990; Eugster and Reinhart,
2005; Almomani et al., 2008), flow shear rate (Goldsmith, 1972),
RBC dimension (Aarts et al., 1983) and RBC deformability (Aarts
et al., 1984), affecting erratic radial displacement and interactions
with platelets. Only a few studies have looked at RBC aggregation
as a potential cause of platelet or leukocyte margination
(Woldhuis et al., 1993; Goldsmith et al., 1999; Jain and Munn,
2009). Although contradictory, these results suggest a non-
negligible effect of RBC aggregation on micro particle migration
toward the vessel wall.
orescent particle count between 0 and 200, (B) a count between 200 and 1000, (C) a
atic particle counts obtained with the Typhoon PhosphorImager. They were 28 (A),

ation was always visible.



Table 1
Mean ± standard deviation of the number of micro particles captured by the rotating and stationary SAM2 membranes fixed on the Couette flow cylinders for non-aggregating
(NA), normal aggregating (A) and hyper-aggregating (HA) red blood cells at 20% (H20), 40% (H40) and 60% (H60) hematocrits. The shear rate was 2 s�1 for all measurements. For
comparison, the number of micro particles on the rotating membrane when filling the gap of both concentric cylinders with saline was 80 ± 32, whereas it was 57 ± 33 on the
stationary membrane. The use of saline prevented interactions of micro particles with red blood cells.

H20 2 s�1 H40 2 s�1 H60 2 s�1

Rotating Stationary Rotating Stationary Rotating Stationary

NA 151 ± 34 70 ± 34 566 ± 53 244 ± 200 1289 ± 117 941 ± 159
A 424 ± 55 196 ± 47 1077 ± 230 604 ± 100 1695 ± 86 1024 ± 278
HA 579 ± 140 265 ± 176 1569 ± 131 650 ± 140 2840 ± 152 2741 ± 228

Table 2
Mean ± standard deviation of the number of micro particles captured by the rotating and stationary SAM2 membranes for non-aggregating (NA), normal aggregating (A) and
hyper-aggregating (HA) red blood cells at shear rates of 10 s�1 and 2 s�1 for a hematocrit of 40% (H40). For comparison, the number of micro particles when using saline in the gap
of both concentric cylinders is also given at both shear rates.

H40 10 s�1 H40 2 s�1

Rotating Stationary Rotating Stationary

NA 353 ± 103 214 ± 155 566 ± 53 244 ± 200
A 607 ± 238 300 ± 179 1077 ± 230 604 ± 100
HA 1072 ± 223 383 ± 95 1569 ± 131 650 ± 140

Saline 10 s�1 Saline 2 s�1

103 ± 45 73 ± 33 80 ± 32 57 ± 33

Fig. 3. Mean and standard deviation of the number of micro particles counted on rotating membranes as a function of red blood cell aggregation levels and hematocrits for a
constant shear rate of 2 s�1. Statistically significant differences (p < 0.001) were found between every hematocrit and blood aggregating level, except for saline versus red
blood cells suspended in saline at 20% hematocrit (non-aggregating condition).

30 C. Guilbert et al. / Journal of Biomechanics 61 (2017) 26–33
As noticed in Figs. 3 and 4, particle margination was enhanced
with the level of RBC aggregation. This tendency was observed
for every hematocrit and shear rate tested. The results of Fig. 3 also
suggest that pathologically high levels of RBC aggregation com-
bined with a high hematocrit would lead to an over concentration
of platelets in the near vessel wall region thus further promoting
platelet adhesion. These observations are of importance to under-
stand the impact of RBC aggregation on the mechanisms of deep
vein thrombosis (Yu et al., 2011). According to a particle exclusion
theory (Goldsmith et al., 1999), platelets would be expelled from
dense RBC aggregates flowing in the central tubular flow leading
to a better lateral migration than in the case of flowing non-
aggregating RBCs. This is in accordance with our observations
when comparing the impact of RBC saline suspension with no
aggregation (NA) versus normal (N) or hyper-aggregating RBCs
(HA). Also, when no interaction could occur in the case of micro
particles suspended in saline (i.e., absence of RBCs), minimum
adhesions were observed on both Couette walls (Tables 1 and 2),
thus sustaining the hypothesis that collision between RBCs and
platelets are required for efficient margination.

Chien et al. (1967) observed RBC aggregation to occur at shear
rates between 0.0001 s�1 and 100 s�1, with more aggregation pre-
sent at the lowest range. In conditions such as diabetes mellitus,
shear rates above 100 s�1 might be necessary to disrupt RBC patho-
logical aggregates (Cloutier et al., 2008). This range of shear rates is
relevant for venous flow thrombogenicity but also applies to arte-
rial or cardiac recirculating flow (see for example the phenomenon
of spontaneous echo contrast within heart cavities known to be a



Fig. 4. Mean and standard deviation of the number of micro particles counted on rotating membranes as a function of the RBC aggregation level (no aggregation – NA, normal
aggregation – A, hyper-aggregation – HA) at two shear rates and a constant hematocrit of 40% (* shear rate pairwise difference with p < 0.001; ** suspending micro particle
solution pairwise difference at 2 s�1 with p < 0.001; *** suspending micro particle solution pairwise difference at 10 s�1 with p < 0.001). Results for the saline suspensions are
given as controls.
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risk factor of thrombotic events and attributed to recirculating or
stagnant RBC aggregates (Beppu et al., 1985; Daniel et al., 1988;
Wang et al., 1992; Black, 2000)).

As noticed experimentally, the micro particle adhesion was
enhanced with the hematocrit, which was varied from 0% to 60%
in our study. This is in line with the results of Yeh and Eckstein
(1994) observing faster platelet-sized particle migration velocity
in flowing blood when the hematocrit was greater than 10%. This
also supports pioneered observation that anemic patients have a
longer bleeding time than control individuals (Hellem et al.,
1961). As routinely experienced in critical care medicine, the
bleeding time returns to normal if the hematocrit is raised above
30% by blood transfusion.
4.1. Rotating versus static biotin-capturing membrane

As noticed in Tables 1 and 2, more particles were captured by
the rotating inner cylinder and this remained true in the absence
of RBCs, circulating non-aggregating RBCs or flowing RBCs with dif-
ferent aggregation levels. Experimental observations supported by
rheological modeling have been made for spheres suspended in a
Newtonian fluid at high volume concentrations and sheared in
Couette flow (corresponding to our experiments in the absence
of RBCs but at a lower volume concentration of micro particles)
(Leighton and Acrivos, 1987). Two particle diffusion processes with
different time scale of a few seconds or a few hours were observed.
In both cases, modeling suggested that these observations were
due to particle interactions and migration leading to gradients in
particle concentration within the gap of the Couette system. Mag-
netic resonance microscopy confirmed the radial migration of par-
ticles from the rotating inner cylinder toward the static outer
cylinder (Chow et al., 1994). Similar observations were made with
RBCs at a normal hematocrit (Cokelet et al., 2005). Since more
micro particles were detected in our study on the moving inner
cylinder, one cannot exclude the impact of the micro particle injec-
tion toward this cylinder (see Fig. 1). However, even if this con-
founding effect could exist, we observed more micro particle
fixation on biotin membranes for both inner and outer walls when
they were interacting with non-aggregating or aggregating RBCs,
thus confirming the validity of our rheological observations.
In the current study, the use of a Couette system allowed funda-
mental observations at predetermined constant shear rates. It is
clear that blunt-to-parabolic flow streamlines in tube-like flow
should enhance the complexity of micro particle interactions,
margination and segregation. Flow pulsatility, vessel caliber, vessel
tapering and the cardiovascular system geometry further compli-
cate cellular interactions. Recent developments in microfluidics
are also underrepresenting the complexity of blood cell interac-
tions (Kumar and Graham, 2012; Mehri et al., 2014). Nevertheless,
observations with these different systems are complementary and
very useful to clarify the role of RBCs (and their aggregates) on
micro particle rheology.

4.2. Implications for molecular imaging and drug delivery

To adhere to vessel walls or specific molecular sites, targeted
micro and nano particles must circulate at the vicinity of the vas-
cular wall in the same manner as the micro particles of this study.
For arterial applications, flow hemodynamics and blood hematocrit
dominate the margination process. However, RBC aggregation is
relevant to the context of molecular imaging of the venous system
using injected targeted micro particles (Unger et al., 2000; Katoh
et al., 2009). RBC aggregation may also be of high relevance for
drug delivery in the microcirculation, although this phenomenon
has not yet been specifically considered (Tan et al., 2012; Müller
et al., 2014; D’Apolito et al., 2015). Note that the biotin streptavidin
adhesion privileged in this study is similar to that used for drug
delivery using targeted micro particles. Blood rheology and RBC
aggregation are finally of importance in the context of deoxyri-
bonucleic acid delivery for genetic therapy (Hernot and Klibanov,
2008).

5. Conclusion

In this study, an experimental Couette flow device was used to
confirm the impact of blood hematocrit on micro particle margina-
tion, and to quantify the amount of fluorescent labeled particles
attaching to the wall under conditions promoting RBC aggregation
(i.e., a low shear rate and presence of plasma or dextran micro-
molecules favoring RBC adhesion). The phenomenon of RBC aggre-
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gation was observed at shear rate conditions mimicking venous
flow, recirculating flow or plug flow. The 2-mm gap of the Couette
flow device corresponds to the diameter of a small vein. The con-
clusions of this study may apply to microcirculatory flow but fur-
ther validation would be required. The direct impact of this work
is the better understanding of the role of RBC aggregation on
venous thrombosis, and the potential impact of RBC clustering on
diffusion efficacy of micro particle imaging contrasts and drug car-
riers toward the vessel wall.
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