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Abstract

The root causes for the mechanisms for margination and near-wall platelet accumulation have
previously been investigated by numerical simulations and the results pointed to two main con-
tributors. First, the behaviour of the red blood cells (RBCs), namely: travelling around the
centerline and formation of the cell-free layer (CFL). Second, the multiple interactions between
RBCs and platelets. However, these mechanisms remain to be experimentally verified. In this
work, we focus on the dynamics of platelet-size particles inside RBC flows through straight-square
microchannels. We used rigid particles with nominal diameter of 2.47 pum to mimic platelets. The
three-dimensional (3D) coordinates (x,y,z) and velocity components (v, vy, v;) of the platelet-size
particles inside the RBC-suspension flows were measured by means of the general defocusing par-
ticle tracking method (GDPT). From the 3D particle trajectories, we were able to investigate the
root causes for margination and near-wall particle accumulation. The overall picture points to the
RBCs as the dictator of the near-wall particle accumulation and margination. We show that the
phenomenon of margination is an irreversible, fast, unpredictable and discontinuous process, and

more importantly it can be an opportunity-based event.

I. INTRODUCTION

Near wall circulation of platelets in microvascular flows plays an important role in the
formation of hemostatic plug [1] and thrombus [2]. In vascular flows, it is well-known that
healthy red blood cells (RBCs) travel preferably around the center-line of the vessel (RBC-
rich region) [3, 4], creating a RBC-depleted region near the wall known as cell-free layer
(CFL) [5, 6]. Platelets, on the other hand, will be forced to travel inside the CFL due
to the multiple interactions with RBCs [7-9]. In other words, platelets in vascular flows
migrate from the core of the RBCs towards the CFL. The phenomenon that describes this
migration of platelets in vascular flows is referred to as "margination”. The margination and
near-wall circulation is not limited to platelets and in fact extends to other rigid particles
flowing in blood vessels such as white blood cells [6] or even synthetic particles [10]. The
latter are known to be a promising technology for drug delivery scenarios [11]. By flowing

close to the vessel wall, rigid particles promote the drug delivery to the endothelial cells.
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Another perspective over rigid particles in vascular flows concerns unhealthy RBC. Under
certain pathological conditions, unhealthy RBCs loose the deformability i.e., the membrane
becomes more stiff as in malaria-infected RBC [12, 13] or in type 2 diabetes mellitus RBCs
[14, 15]. In such conditions, the unhealthy RBCs behave as the other rigid particles in
vascular flows and marginate.

The phenomenon of margination was first observed in 1980 by Schmid-Schénbein et al.
[16] with in-vivo experiments and since then it has drawn significant attention due to the
physiological relevance. Throughout the years, several numerical simulations [17-24] and
experimental studies [25-30] have been dedicated to the subject. The majority of the exper-
imental studies have focused on the conditions that lead to higher margination propensity.
For instance, by adjusting the particle diameter [27, 29], shear rate [23], shape of the particle
[26], hematocrit (Het) [25] and even the geometry of the microchannel [24, 28]. Although
these studies contribute to the development of new drug carrying particles and blood-based
medical devices, as yet in general they have not examined the mechanisms that actual lead
to margination and to near-wall particle accumulation.

Two mechanisms are pointed as the root cause for margination and the near-wall platelet
accumulation. On one hand, we have the wall-induced lift force propelling the deformable
RBC away from the wall and leading to the formation of the CFL [31-33]. The absence
of RBCs inside the CFL results in lack of platelet-RBC collisions and hence in low platelet
diffusivity in the region [19]. Under low collision frequency, platelets lack of an ejecting
mechanism that would enable the migration back to the RBC-rich region. On the other
hand, we have the inevitable collisions between platelets and RBCs inside the RBC-rich
region that lead to the migration of platelets towards the CFL i.e., margination. It has been
shown that in collisions between stiff and floppy particles, the stiffer particle undergoes a
larger displacement [22, 34].

Over the last decade, several numerical investigations [17-21] have focused on develop-
ing models to predict platelet margination in blood flows. Crowl and Fogelson [17] used
Lattice-Boltzmann method to model whole blood dynamics, with the results showing a
non-uniform platelet diffusion in the lateral direction. With direct numerical simulations
of RBCs and platelets suspensions, Mehrabadi et al. [19] reported the platelet margination
as an irreversible process. Using the a three-dimensional (3D) computational model Vahid-

khah et al. [18] studied the dynamics of platelets in whole blood. The authors also reported
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the margination process as irreversible. Similar conclusions were drawn by the theoretical
model of Qi and Shaqfeh [20]. More recently, Zavodszky et al. [21] used cellular blood flow
simulations to study RBC and platelet diffusivity. The authors also showed a non-uniform
platelet diffusivity along the lateral direction, and in addition they determined a particle
lateral drift towards the wall.

On the experimental side, previous authors used platelet-size particles to mimic platelets,
however to evaluate the platelet-size particle distribution within RBC-suspension flows. For
instance, we have the early examples of Tilles and Eckstein [8] and Eckstein et al. [35], and
more recently the particle tracking velocimetry (PTV) measurements of Carboni et al. [27]
where fluorescent polystyrene (PS) particles where added to RBC suspensions. Yet none
of these studies was able to look into the root causes as reported by the aforementioned
numerical simulations. Evidently, the experimental characterization of the dynamics of
platelet-size particles in blood flows is often difficult. First, the RBCs mask the particles
and detection becomes challenging [27], and second particle-RBC interactions are expected
to have a 3D nature [18] and the classical PTV method is limited to two dimensions. Up to
now, to the author’s best knowledge, the root causes pointed by the numerical simulations for
the margination and near-wall platelet accumulation remain to be experimentally verified.

In order to provide experimental evidence on the mechanisms that lead to margination
and near-wall platelet accumulation, in this work we focus on the dynamics of platelet-size
particles inside RBC-suspension flows through straight microchannels with square cross-
sectional area. We used rigid-fluorescent PS microspheres with nominal diameter of 2.47 pm
to mimic platelets. To obtain a 3D characterization of the platelet-size dynamics inside the
RBCs flow, we use a single-camera 3D PTV method, referred to as general defocusing particle
tracking (GDPT) [36-38], to obtain the 3D coordinates (x,y, z) and velocity components
(vg, vy, v;) of the platelet-size particles inside the RBC-suspension flows.

First, the GDPT method is introduced in Sec.IIB1, and the flow is characterized by
means of the velocity profiles and viscosity of the RBC suspensions in Sec. IITA. The par-
ticle dynamics and distribution inside the RBC-suspension flows is studied in Sec. III B.
We start by evaluating the individual particle trajectories obtained with GDPT method,
and subsequently we perform a quantitative analysis based on the particle diffusivity, drift
velocity and distribution along the two cross-flow directions (y and z). The results on phe-

nomenon of margination are given in Sec. III C, where we correlate the particle dynamics

4



with the trajectory of particles flowing close to the CFL. Based on our results, we dis-
cussed the root causes for margination and near-wall particle accumulation in Sec. IV, while

providing a comparison with previous studies.

II. EXPERIMENTAL METHODS

A. Sample preparation

A solution of bovine washed RBCs at Het=100 % (IBORBC100P, Innovative Research,
Co., USA) was used to prepare the RBC suspensions. The initial solution of RBCs was
diluted in phosphate-buffered saline (PBS) (x1.0, ph=7.4, FisherScientific, Co., USA) to
obtain the desired hematocrit levels (Het=10, 15, 20, 25, 30 %) and platelet-size fluorescent
PS microspheres with nominal diameter of 2.47 pm (530/607 nm, PS-FluoRed, MicroParti-
cles GmbH, Germany) were added to each sample [27]. The selected range of hematocrit
corresponds to the value inside the inlet reservoir, also known as feed hematocrit. Please
note that in our experiments, the hematocrit inside the microchannel (i.e., tube hematocrit)
is expected to be smaller than the reservoir hematocrit as consequence of the Fahreus-
Lindqvist effect [39], and that henceforth, Het will always refer to the reservoir hematocrit.

A single solution was prepared for each Hct.

B. Experimental setup

Figure 1 shows the schematic of the experimental setup and measurement principle.
All measurements were performed in a single microchannel featuring a square cross-section
(wen X hen = 50 X 50 pm?) and a total length Lg, of 58.5mm (CS-10000087, Darwin Mi-
crofluidics, France). The microchannel was made of a rigid polymer (Topas COC) and it
was supported with an additional 1-mm-thick glass microscope slide (D100001, Deltalab,
Spain), see Fig. 1(b).

The RBC suspensions were driven through platinum-cured silicone tubing (SHE-TUB-
SIL, Darwin Microfluidics, France) from an inlet reservoir to the microchannel, using hy-
drostatic pressure. The hydrostatic pressure was imposed by setting an offset (h,) between
the inlet and the collection reservoir using a millimeter stage (Edmund Optics Co., USA).

The reference Poiseuille flow for a PBS solution, i.e., in the absence of RBC, corresponds to
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FIG. 1. Schematic of the experimental setup and measurement principle. (a) Schematic of the
GDPT experimental setup used for the tracking of the platelet-size particles inside the RBC-
suspension flows. (b) Schematic of the measurement region. (c) Defocus principle used for defocus

particle tracking methods such as GDPT.

a flow rate of ), = 0.22 1L /min and a mean velocity of v,, = 1.4mm/s. The wall-shear rate
was estimated according to the work of Son [40] and it yielded 4 = 228 s™!. To ensure the
reproducibility of the flow, the data were acquired twice per hematocrit. Between measure-
ments the whole system was flushed and the microchannel rinsed with distilled water for 10
minutes. Additionally, the RBC suspensions were gently agitated before the measurements
to minimize sedimentation.

The imaging system consisted of an epi-fluorescent inverted microscope (DM IL LED,
Leica GmbH, Germany) equipped with a high-speed camera (HighSpeedStar 4G, LaVision
GmbH, Germany). The system was operated with a 20x /0.4 objective lens (NPlan Epi,
Leica GmbH, Germany) which yielded a spatial resolution of 0.85 nm/pixel. The field was
illuminated using a high-power green LED (SolisC525C, Thorlabs Inc., USA) and a filter
cube for fluorescence imaging (Excitation:BP 525/50 nm; Dichroic: 570nm and Emission:

620/60 nm).



1.  Defocusing particle tracking of the platelet-size particles

The 3D coordinates (z,y, z) and velocity components (v, vy, v,) of the platelet-size par-
ticles inside the RBC-suspension flows were obtained using a single-camera 3D PTV method
known as GDPT [37, 38]. The fluorescent particles exhibit unique defocused particle images
depending on their position along the optical axis i.e., their depth position, see Fig. 1(c).
Under these conditions, the 3D positions of the particles are recovered using a suitable map-
ping of the defocused particle images for the depth coordinate (z) and the particle image
center for the in-plane coordinates (z,y). The mapping consists of a calibration image stack
which is obtained by taking images of a platelet-size particle sedimented on the bottom of
the microchannel and adjusting the depth position by moving the objective lens. In our
measurements, the calibration stack was obtained by adjusting the focus position of the
objective lens at constant steps of 1 micron. We obtained a measurement depth A of 100 pm
with our optical configuration, thus the entire volume could be observed with a single mea-
surement. For further reading on the GDPT method the reader should refer to Barnkob
and Rossi [37].

All measurements were performed near the end of the microchannel (Az = 45 mm;
Ax/Ly, = 76 %) to ensure that most of the particles have already marginated. The flow
was recorded using a total of 2500 dark-field images of the fluorescent platelet-size particles,
acquired at a frame rate of 50 Hz. The recorded dark-field images were processed using
the DefocusTracker software [41]. Briefly, the particle detection and coordinates estima-
tion is performed by matching experimental and calibration images with normalized cross-
correlation [42]. Since the particle density was low, the particle tracking was performed
with the nearest-neighbour algorithm [43]. The software is available at the following link:
https://gitlab.com/defocustracking. Additionally, as post-processing step we used a
mean-based outlier detection to remove spurious velocity vectors from the GDPT evalua-
tion: Velocity vectors with more than three standard deviations from the mean value in the
neighborhood were removed. Overall, the outliers represented less than 2% of the dataset

for all measurements.

In this type of measurements, the particle coordinates estimated with the GDPT method
are biased due to the presence of the field curvature aberration [38, 44]. To correct this bias,

we used a procedure based on a reference measurement of a Poiseuille flow as described



in Coutinho et al. [45]. Here, the correction was obtained by using the trajectories of
the platelet-size particles, see also Coutinho et al. [46]. It should be noted that without
correction the magnitude of this bias error was up to 3.4 % of the measurement depth h.

The measurement uncertainty was estimated using a reference measurement of a Poiseuille
flow in the absence of RBCs, as in Barnkob and Rossi [37]. In particular, we used the
displacements in y- and z-direction, considering null-displacement as the true value. We
obtained the following uncertainties o,, = 0.55pm and o, = 1pm. Besides, it was noted
that the red blood cells flowing inside the microchannel mask the defocused images of the
tracer particles, hence degrading the particle detection. To evaluate its impact on the GDPT
evaluation, we can compare the degree of similarity between the calibration and experimental
images given by the maximum value of the normalized cross-correlation, C,, [38], a parameter
that varies between 0 and 1, where 1 to corresponds to a perfect match between a calibration
and an experimental defocused particle image. Figure 2 shows the similarity C,, as function
of the depth coordinate z for the PBS solution (in the absence of RBCs), and Het=10, 30 %,
including the median value and a 80 % distribution of the dataset. Note that the impact of
the RBC masking will be determinant for the depth coordinate z, as it will depend on the
number of flowing RBCs that are positioned between the tracer particle and the objective
lens.

The results shown in Fig. 2(a)-(c) highlight the degradation on the particle detection as
function of the depth coordinate. Whereas for the PBS solution the majority of the data-
points lie above 0.9, in the presence of the RBCs the datapoints show a larger dispersion
in C},. Furthermore, it is also shown that in the RBCs flow, the particle detection is not
possible above a limit depth. Following the present results, we defined a threshold for C,, at
0.85 and excluded the data from points below, as illustrated in Fig. 2. As a consequence, the
determined vertical coordinate will be then constraint to —0.5 < z/ha, < —0.15 throughout

the present work.
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FIG. 2. Distribution of the similarity C,, between calibration and experimental images obtained
from the GDPT evaluations, as function of the depth coordinate z, including the median value
and a 80 % distribution of the dataset. (a) PBS solution (absence of RBCs). (b) Het= 10%. (c)
Het=30 %.

2. Cell-free layer visualization

To characterize the CFL, we recorded bright-field images of the RBCs flow. The CFL
was then determined by post-processing each recorded frame using threshold-based image
processing methods to determine the boundary of RBC-rich region across the length of the
FOV, as well as the position of the wall of the microchannel. Here, the thickness of the CFL
(0crr,) was calculated by finding the distance between boundary of the RBC-rich region and
the wall. The values were averaged in space for each frame and the final value represents an
mean value from all recorded frames. Please note that since our optical setup only allows
to observe the microchannel through the bottom wall, we assume that the CFL determined
for the y—axis is also valid for the z-axis. Such assumption derives from the symmetry of

the microchannels cross section.

C. Velocity profile

The velocity distribution v, (y, z) of the platelet-size particles was extracted from the 3D
particle trajectories provided by the GDPT measurements. For comparison, we projected
the velocity distribution along the spanwise y and vertical z directions and the velocity

profiles were fitted to an empirical equation derived from the solution for Poiseuille flow



velocity in straight-square microchannels

cosh(0.5™) — cosh(|y*|™)
=v- 1
Vo =0 ( cosh(0.5™) — 1 + %, (1)

where v and vy are the fitting parameters based on the velocity distribution (v,), and m
is a fitting parameter based on the velocity profile bluntness (see e.g. Passos et al. [30]).
Here, the coordinate y* is normalized with the width w., of the microchannel. The same
expression is valid for the vertical direction z, with the coordinate being normalized with

the height hy, of the microchannel.

D. Viscosity of RBC suspensions

The viscosity of RBC suspensions is known to vary with hematocrit and to have influence
on the shape of the velocity profiles [25]. To compare, we estimated the relative viscosity
for the different RBC-suspension flows. Due to the non-Newtonian behaviour of blood, the
viscosity of the RBC suspensions is expressed as an apparent viscosity fiapp [47-49] using
the analytical solution of a Poiseuille flow in a microchannel with square cross-section and

it is given by

3w AP = 1192
—hCthh { _ _i freh tanh (mr Weh )} (2)

Happ = 12QL 2 n® md Weh thh

)

where hg, and wg, are the height and width of microchannel, respectively, AP/L the imposed
pressure gradient and @) the volumetric flow rate [50]. The relative viscosity jize is obtained
by comparing the apparent viscosity with and without flowing RBCs. For the latter, we

used a PBS solution as working fluid. The mathematical expression is as follows:

a Q S
Hrel = Happ = i; (3)
HUPBS QrBC

where Qrpc and Qpps represent the flow rate with and without flowing RBCs, respectively.
To compare the present experiments with previous studies, the relative viscosity was subse-

quently analysed using the empirical model given by Pries et al. [51]

fires = 1+ B - [(1 — Het)® — 1], (4)
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where B and C are fitting parameters and Hct is the hematocrit at the inlet reservoir (i.e.,
feed hematocrit). For our measurements, we used the fitting parameters B and C provided
by Pries et al. [51] (B = 3.54; C' = —0.743). which were obtained from the measurements
of Bayliss [52] in a microchannel with a tube diameter of D = 55 um. We selected these
values based on the available data, as they closely resembled the conditions of the current

experiments.

ITII. RESULTS

A. Flow characterization

Figures 3(a) and 3(b) show the velocity profiles of the platelet-size particles in the RBC-
suspension flows at different hematocrit levels (Het=10, 20, 30 %). The velocity data was
fitted using Eq. (1), and the particle coordinates y and z were normalized according to the
dimensions of the microchannel cross-section we, and he,, respectively (Sec.IIC). At low
hematocrit (Het=10 %), the velocity resembles the distribution of a Newtonian fluid [50].
However, at larger RBC concentrations (Het=20, 30 %), the velocity distribution exhibits a
blunter profile. This blunter profile is consistent with previous in-vitro studies [27, 53, 54]
and arises most likely due to both the formation of the CFL and the larger number of RBCs

flowing around the centerline of the microchannel.

3 = Het10% 3 !
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2" = Hect30% > 27 1

g Fit - g 72 N

g . & - é @ - 'r _____ SO

8 1 o . 1 A : =~ \‘\\\\
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FIG. 3. Velocity profiles v, of the platelet-size particles in RBC-suspension flows at Hct=10, 20,

30 %. (a) Spanwise direction y. (b) Vertical direction z. Reproduced from Coutinho et al. [45].
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FIG. 4. Estimated relative viscosity g as function of hematocrit (Het). The different markers

refer to results from two different measurements (Meas. 1, Meas. 2) for the same flow conditions.

The velocity distributions also exhibit a decrease in the maximum velocity as function of
increasing Het, see e.g. Fig.3(a). It is well-established that the viscosity of RBC suspensions
increases with hematocrit [55-57]. For flow conditions imposed by a constant pressure drop
as in our measurements, larger pressure drops are required to drive the flow at the same
velocity for higher Hct. This observation is confirmed by the estimated relative viscosity
trer shown in Fig. 4. Moreover, the estimated values p,.; show a good correlation with the
empirical model given by Pries et al. [51]. It is worth noting that the relative viscosity
provides a measure of the overall behaviour of the RBC suspensions, however in fact the
local viscosity has an heterogeneous distribution in this type of flows [58]. Since there are
more RBCs flowing around the center of the microchannel, we expect larger viscosity in the
middlemost region of flow, whilst taking lower values within the RBC-depleted region i.e.,

inside the CFL.

B. Particle dynamics and distribution inside the RBC flow

To characterize the dynamics of the platelet-size particles inside the RBC-suspension
flows, we first selected individual particle trajectories from the GDPT evaluation. For com-
parison, we considered trajectories of particles flowing inside the RBC-rich region, as well
as inside the CFL which is here represented by the grey-shaded area. Figure5 shows the
sample particle trajectories for Het=10 % and Het=30 %.
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In general, the particles flowing inside the RBC-rich region exhibit large displacements
along the spanwise and vertical directions, as shown in Fig. 5. Since this is a pressure-driven
flow, inside a straight microchannel with constant cross-sectional area and no external forces
are applied to the system, such displacements arise from the continuous, random collisions
with the RBCs [18, 50]. Please note that in collisions between stiff and floppy particles, the
stiffer particle undergoes a larger displacement [22, 34]. On the other hand, inside the CFL,
the particles exhibit trajectories almost parallel to the wall of the microchannel, with only
minor displacements along the the spanwise y and vertical z directions, see e.g. Fig.5(a)
and 5(b). Here, the particles are confined between the RBCs flowing at the boundary of
the RBC-rich region and the wall of the microchannel. Since there are no flowing RBCs
inside the CFL, the collisions are only promoted at boundary of the RBC-rich region and

the magnitude of the fluctuations in the particle trajectories decreases [18].

———= Flow direction CFL —— Traject. - RBC-rich region —— Traject. - CFL

() 05 g =10 (b) 05 ik
i el s i GG
2 M pmT - - o COT = = 3

| geouenonste ooscasuca,, = £ %) — — — — asoutsts:
2 OUELASs = = 2 = = = = ..o
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(0.5 S et st e~ ﬂ 5 Lo il e pararind
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FIG. 5. Sample trajectories of platelet-size particles within RBC-suspension flows at Hct. 10 %
and Hct.30 % including the trajectories inside the RBC-rich region and inside the CFL. (a)-(b)
Spanwise direction y. (c)-(d) Vertical direction z. The flow direction is shown by the arrows (),
the CFL is represented by the grey-shaded area (' ) and dcpy, represents the thickness of the CFL.
Adapted from Coutinho et al. [45].

Following the qualitatively analysis on the particle dynamics from the sample trajectories

shown in Fig. 5, throughout the present Section we will present a quantitatively analysis of
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the particle dynamics and distribution inside the RBC-suspension flow. First, the particle
diffusivity is discussed in Sec.III B1. The particle drift velocity is presented in Sec. 11 B 2,

and ultimately the particle concentration distribution is addressed in Sec. I1I B 3.

1. Particle diffusion

The particle diffusivity (D;) was estimated from the individual particle trajectories. As-
suming that the particle motion in RBC-suspension flows is a standard diffusion process,
the particle diffusivity can be computed from the mean square displacements as function of

time according to

o 1 XN: yz t0+At _yz(tO)) (5)
£ 2A¢ ’

where y represents the particle coordinate (also valid for z), ¢, the reference time and At
the time interval between consecutive image frames (20ms) and N the number of tracked
particles [19, 59]. The selected time window At corresponds to the camera recording fre-
quency and enables to capture several collision events [21]. The values are averaged in
space along the mean flow direction z. For the calculations of D,, we divided the width
of the microchannel into n-bins equally spaced and with width approximately equal to the
particle diameter (=~ 2.5 um). For the z-coordinate, the same procedure was applied but
along the height of the microchannel. To ensure statistical significance, we only considered
the bins including more than 50 datapoints. Please note that the contribution from the
Brownian motion to the particle diffusivity to the shear-induced diffusivity is typically ne-
glected [17, 21]. To have a measure of the Brownian diffusivity, we calculated the particle
diffusivity for the PBS solution (i.e., in the absence of RBCs) (D, = 0.15 x 10~" cm?s™!)
which yielded an order of magnitude lower than the RBC-induced diffusivity, as we will
show throughout this Section. Similar results were obtained in the experiments of Carboni
et al. [27]). For comparison, the results obtained for the PBS solution and different hema-
tocrit (Het=15, 25, 30 %) are shown in Figs 6(a) to 6(d) for the spanwise direction y, and
in Figs6(e) to 6(h) for the vertical direction z. Please note that the vertical coordinate was
limited to —0.5 < z/hg, < —0.15 due to the masking effects of the RBCs, as discussed in

Sec.II B 1. Similar results were obtained for the remaining hematocrit.
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FIG. 6. Diffusivity distribution of the of the platelet-size particles Dy, along the cross-flow direc-
tions y and z for the PBS solution and different RBC concentrations: Het = 15, 25, 30 %. (a)-(d)
Distribution D, along the spanwise direction y. (e)-(h) Distribution D, along the vertical direction

z (—0.5 < z/hey, < —0.15). The CFL is represented by the grey-shaded area ()

The mean value of the particle diffusivity along the spanwise direction y at Het=30%
yielded D, = 1.02 x 107" cm?s™!, which is in the same order of magnitude as those reported
in experiments of Carboni et al. [27] and in the numerical simulations of Crowl and Fogelson
[17] at low shear rate (¥ = 400s™!). In addition, the present value shows good agreement
with the experiments of Turitto et al. [60], where the platelet diffusion in whole blood was
also measured at low shear rates (D, ~ O(1077)). Zdvodszky et al. [21] reported values one
order of magnitude larger, however their numerical simulations were conducted at higher
shear rates, thus the diffusivity is expected to be larger, as shown by Crowl and Fogelson
[17].

Concerning the distributions, the presence of the RBCs originates a non-uniform lateral
and vertical profile in the particle diffusivity, see e.g. Fig.6(b) to 6(d). A large particle

diffusivity is found inside the RBC-rich region: A consequence of the continuous, random
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collisions with the RBCs. Approaching the CFL, there is a steep decrease in particle dif-
fusivity towards the wall of the microchannel. A similar behaviour was reported in the
simulations of Crowl and Fogelson [17] and Zévodszky et al. [21]. This steep gradient is
attributed to the decrease in the number of RBCs as one approaches the CFL [19], which
will accordingly gradually reduce the number of particle-RBC collisions, hence the particle
diffusivity decreases. Without surprise, the minimum values in the particle diffusivity are
found within the CFL. As observed from the sample particle trajectories, such behaviour
arises due to the absence of RBCs inside the CFL. In the end, the RBCs dictate the particle
diffusivity as reported in previous works, see e.g. Vahidkhah et al. [18]. Another supporting
argument arises from the comparison of the particle diffusivity for PBS solution and those
with RBCs. Whereas for the latter we estimated a non-uniform distribution, the former
exhibited a rather uniform distribution while in addition showing a particle diffusivity an
order of magnitude lower.

Comparing the two cross-flow directions y and z, we observe a similar steep gradient in
the particle diffusivity when approaching the CFL, which is sited around the same location.
However, the diffusivity along the vertical direction z, although comparable to the y direc-
tion, is found to be larger. These larger values are most likely a measurement artifact due to
the increased uncertainty of the the GDPT evaluation in the depth direction. As discussed
in Sec. [ B1, the particle detection degraded due to the masking-effect of the RBCs, and
this effect increases as the hematocrit is increased. Accordingly, it is expected that the
uncertainty in determining the z-position becomes larger, which will also translate in more
position fluctuations, hence bias the particle diffusivity along the vertical direction. We will

return to this point in Sec. 111 B 2.

2. Particle drift velocity

The drift velocity of the platelet-size particles (v, and v,) was extracted from the indi-

vidual particle trajectories using the following equation

. NZ (yi(t, +At yilto) ©

where y represents the particle coordinate (also valid for z), ¢, the reference time and At

the time interval between consecutive image frames (20ms) and N the number of tracked
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particles. The quantities were estimated under the same conditions as in Sec. III B 1. Figure
7 shows the drift velocity profile along the spanwise y and vertical z directions for different
hematocrit (Het=15, 25, 30 %). Please note that the results along the vertical direction were

limited to —0.5 < z/hg, < —0.15 following our discussion in Sec. [IB 1.
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FIG. 7. Distribution of the drift velocity profile of the platelet-size particles at Het=15, 25, 30 %.
(a)-(c) Spanwise direction y. (d)-(f) Vertical direction z (—0.5 < z/hq, < —0.15). The CFL is

represented by the grey-shaded area ().

The results from Fig.7 show a noisy drift velocity, without revealing any clear trend.
We observe large fluctuations from positive to negative drift velocities inside the RBC-rich
region. Such result is in agreement with the observed fluctuations in the particle trajectories
from Fig. 5 and also with the high-level of particle diffusivity from Fig.6. The inconclusive
drift velocity opposes, however, previous numerical simulations where a lateral drift was
reported as in Zavodszky et al. [21]. Since in our experiments not every particle marginated
within our FOV, as already shown in Fig. 6, it becomes difficult to expect a trend in the
drift velocity. Moreover, as we will discuss in Sec. III C, the margination phenomenon in
our experiments is not a continuous process and this will therefore have implications in a

determination of a lateral drift of the platelet-size particles. Comparing the spanwise y and
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vertical z directions, we observe a slightly different magnitude. As discussed in the previous
Sec.II B 1, it arises from the degradation of the particle detection and does not arise from a

physical phenomenon.

3. Particle concentration distribution

The particle concentration ¢, was obtained by dividing the spanwise y and vertical z
directions into equally-spaced bins with a width of 2.5 microns, approximately equal to the
particle diameter. The particle count ¢, was estimated by counting the particles in each
individual bin and normalizing it according to the total number of measured particles. Here
again, the values are averaged in space along the mean flow direction x. Figure 8 shows
the particle concentration distribution ¢, across the spanwise y and vertical z directions for
different hematocrit (Het=15, 25, 30 %). To aid comparisons, the concentration distribution
¢, is also shown for the measurement of a PBS solution i.e., in the absence of RBCs. Besides,

the shape of the particle concentration distribution is similar for all hematocrit.
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In the absence of RBCs (i.e., PBS solution), the particles tend to accumulate in the
middlemost region of the microchannel, as observed in the experiments of Carboni et al. [27]
and also in the numerical simulations of Chang et al. [15]. As we introduce the RBCs, the
interplay between the particles and RBCs leads to the particle margination, and a larger
particle accumulation in the region close to the wall of the microchannel, for both spanwise
y and vertical z directions, see Fig. 8. This distributions are well in agreement with previous

works [15, 19, 21, 27].

C. Particle margination

In the previous Sec. III B, we looked into the global particle dynamics through the anal-
ysis of the particle diffusivity, drift velocity as well as particle concentration distribution.
The latter shows indeed a larger particle concentration near the wall, consistent with the
phenomenon of margination. However, as yet, we did not observe any indicators of the
margination mechanism, such as for instance a lateral movement of particles towards the
wall, as determined by the numerical simulations of Zavodszky et al. [21].

To shed light into the mechanisms that lead to particle margination, we considered sample
particle trajectories of particles flowing close to the CFL. A close-up view over the sample
particle trajectories is given in Fig.9. The selected particle trajectories were obtained at
Het=30%. In addition, we highlighted the regions where the particles exhibited the well-
known phenomenon of margination: T ().

Generally, the particle trajectories in Figure 9 show large trajectory fluctuations, the
particle motion appears to be unpredictable and there is no trend when comes to consider
a possible lateral drift. Furthermore, our results show that in the same way that a particle
migrates towards the wall of the microchannel, it can migrate towards the center of the
microchannel i.e., towards the core of the RBC-rich region. The latter is particularly visible
in Fig.9(a), whereas in Fig.9(b) to 9(d) the trajectories exhibit an oscillating-like pattern
with both outward and inward migration. As we discussed in Sec. III B, since no external
forces are acting on the flow, these changes in the lateral migration can only arise due to
the collisions with the RBCs. In other words, the particles will travel laterally depending
on the RBCs that may appear on their path, in which every collision event between a

particle and the RBCs will result in a variation of the particle trajectory. Such unpredictable
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behaviour can thus explain the lack of an overall particle lateral drift from the center of the

microchannel towards the wall (see Fig. 7).

——= Flow direction CFL —e— Traject. - RBC-rich region —e— Margination —e— Traject. - CFL
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FIG. 9. (a)-(e) Close-up view on sample trajectories of particles flowing inside the RBC-rich region
and close to the CFL (Hct=30%), including the margination phenomenon: I () . The flow

direction is represented by the arrows (—) and the CFL is represented by the grey-shaded area

()

Concerning the particle margination, Fig. 9(e) and 9(f) shows sample trajectories of par-
ticles flowing inside the RBC-rich which experienced margination. As in Fig.9(b) to 9(d),
we can first observe the same oscillating trajectory, and only in a second instance the particle
marginates (I (' )), which is here given by a sudden drop towards the CFL. This sudden
drop is often termed as ”waterfall phenomenon” and it was already reported by previous

numerical simulations [15, 18].
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Comparing the different trajectories, the primary difference is that in-between those con-
tinuous, random collisions with the RBCs and during such unpredictable paths some par-
ticles are presented with an opportunity to marginate, whereas the others suffer additional
collisions which prevents them to reach the CFL. As for the former, the margination event
is most likely due to a gap between the RBCs flowing at the boundary with the CFL. Such
conclusion derives from the fact that during margination the particles exhibited a sudden
lateral movement to the CFL i.e, a fast and discontinuous transition and not a continuous
lateral motion from the RBC-rich region towards the CFL. This is in agreement with the
numerical simulations of Vahidkhah et al. [18], where it was reported that the platelets
would take advantage from the cavities between RBCs clusters to marginate. Following this
discussion, the present results suggest that the particle margination can be an unpredictable
and discontinuous process, which can be term as an opportunity-based event: Even though
the particles are flowing close to the CFL, the margination phenomenon will depend on the

RBCs that the particles may find when travelling laterally.

IV. DISCUSSION

The present study enabled to look into the overall particle dynamics and distribution in
RBC-suspension flows. We were able to compute relevant quantities such as particle diffu-
sivity (Sec.IIIB1), drift velocity (Sec.IIIB2) as well as particle concentration distribution
(Sec. III B 3). The results point the RBC as the primary dictator in the particle dynamics. If
we consider the high-level of particle diffusivity inside the RBC-rich region, the lower values
determined when approaching the CFL (Fig.6), and that our experimental conditions did
not involve any external forces, such results derive from the continuous, random collisions
of the particles with the RBCs. As discussed in Sec.III B, in collisions between stiff and
floppy particles, the stiffer particle undergoes a larger displacement [22, 34]. Moreover, the
regions of high and low diffusivity correlate with the expected distribution of the RBCs in
the this type of flows. It is well-documented that the RBC concentration is larger around
the center of the microchannel, has a steep decrease once approaching the wall, and the CFL
is characterized by the absence of RBCs [17, 18, 21]. Another supporting argument is the
particle diffusivity in the absence of RBCs (i.e., for the PBS solution), which has a rather

uniform profile and is an order of magnitude lower.
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Regarding the near-wall accumulation, we have observed that the larger particle concen-
tration is indeed found within the regions close to the wall, which is well-in agreement with
previous experimental [27] and numerical [17, 21] studies. As for the mechanism for the
near-wall accumulation: If the particles experience the well-known phenomenon of margina-
tion and migrate towards the wall (i.e., towards the CFL), where there are no collisions
between particles and RBCs inside the CFL, as shown by the low particle diffusivity, the
particles do not have an ejecting mechanism from the CFL towards the RBC-rich region as
reported by Mehrabadi et al. [19]. Therefore, it results in a near-wall particle accumulation
and it supports the fact that the particle margination is an irreversible process.

As for the margination mechanism, we did not determined a lateral particle drift towards
the wall as in previous studies [17, 21], see Sec. IIIB2. Our results instead suggest that
the particle lateral motion is unpredictable and a result of continuous, random collisions
with the RBCs: It is dictated by the RBCs that may appear during the particle lateral
migration. As we have seen in Fig.9, particles flowing close to the CFL can exhibit both
inward and outward migration. The trajectories of marginating particles exhibited similar
behaviour up to the point where the particle was presented with an opportunity to marginate,
through a sudden drop. These results point the particle margination as an unpredictable,
discontinuous process and more importantly it was an opportunity-based. Nonetheless, our
results were obtained for a fully-developed flow and in physical conditions where the flow
is at the developing stage, for instance after a bifurcation section, the particle margination
may be a result of a continuous lateral drift. Accordingly, at this stage of investigation, it
is premature to assume that the particle margination is limited to the sudden drop i.e., the

"waterfall phenomenon”, observed in our experiments.

V. STUDY LIMITATIONS

First, the washed RBCs lack of bovine serum albumin and other proteins naturally present
in blood plasma. However, this is a necessary simplification since unwashed blood is known
to cause a high particle adhesion and in such conditions it becomes almost impossible to
track the platelet-size particles [27]. We have also taken into account that washed bovine
RBC suspended in PBS provide RBC with elasticity similar to human RBC [27, 61]. In

addition, we used microspheres to mimic platelets, which despite having a similar size to
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those of platelets, they differ in shape since platelets are known to be spheroidal objects
(15, 18].

Concerning the measurement method, we have found that GDPT is able to track the
platelet-size particle in RBC suspensions flows, however the presence of RBCs makes the
particle detection more difficult. For the present study, we were able to fully capture the
dynamics of the platelet-size particles on the lower half of the microchannel. Above the
center-line, an accurate visualization and identification of the platelet-size particle images
was not possible due to the too low intensity of the fluorescent signal. Regarding the CFL
visualization, we assumed through the symmetry of the microchannel cross-section that the
CFL determined for the y-axis was also valid for the z-axis. If the initial mixing of the RBCs
solutions is not sufficient to avoid RBC sedimentation effect along the microchannel, we may
obtain an asymmetric RBC profile along the z-direction. Nonetheless, our recordings were
always performed after the same elapsed time since the flow rate was imposed and lasted 50 s
(2500 frames @ 50 Hz) which ensured consistency and reproducibility of our measurements.
However, in future works, the constraint on the GDPT method due to the RBC-induced

masking and possible sedimentation must be considered.

VI. CONCLUSIONS

The present experimental study represents the first in-vitro 3D characterization of
platelet-size particles dynamics in RBC-suspension flows, which up to now was limited to
numerical simulations. By using the GDPT method, we determined 3D particle trajectories
which enabled to look into the mechanisms that contribute for the near-wall accumulation

and particle margination in RBC-suspension flows.

The overall picture points to the RBCs as the dictator of the particle dynamics, and
therefore the cause for the near-wall particle accumulation and margination, which is well
in agreement with previous numerical simulations. Our results suggest that margination
is an irreversible, fast, unpredictable and discontinuous process, and more importantly an
opportunity-based event. Future work will aim at mimic more relevant biological scenarios,
since in most biological systems the fluid transportation is performed in complex networks

which feature bifurcations or even contractions-expansions.
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