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Blood flow and microparticle transport in a microfluidic bifurcation
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In dense suspensions, both rigid particles and deformable red blood cells (RBCs) exhibit
a tendency to migrate away from the walls and towards the centerline of the vessel in
which they flow. Here we experimentally investigate the situation in which both particles
and RBCs flow through bifurcating vessels, which is particularly relevant for targeted
drug delivery. In particular, we focus on the effects of RBC concentration (hematocrit)
and particle volume fraction. Via high-speed imaging and Lagrangian tracking, we locate
and track tens of thousands of microspheres as they flow through microfluidic bifurcating
channels of arteriole size, in physiological ranges of hematocrit and shear rate. Our
findings show that the margination behavior of the spherical particles is quantitatively
controlled by the RBC-to-particle volume ratio, i.e., the ratio between the hematocrit and
the particle volume fraction. As this increases, interactions with RBCs induce significant
particle velocity fluctuations and enhance their diffusivity. While the deformable RBCs
populate the center of the vessel, particles marginate and form layers adjacent to the
sidewalls of the parent branch, lining the lateral sides of the bifurcation and child branches.
Despite this tendency, a particle-depleted layer, of thickness comparable to the particle
radius, remains at the wall. This behavior is opposite to that when suspensions are devoid
of RBCs, where particles concentrate in the center of the parent branch and at the medial
side of the child branches.

DOI: 10.1103/59c8-zjj2

I. INTRODUCTION

Blood is a dense, complex suspension primarily composed of 40%–45% (by volume) red blood
cells (RBCs), less than 1% leukocytes or white blood cells (WBCs) and platelets, and 55%–60%
plasma as a suspending medium. In microcirculation, where cell dimensions are comparable to
vessel diameters, the simplifying assumption of treating blood as a homogeneous and Newtonian
fluid fails [1,2]. In particular, blood flow is known to involve lateral migration of RBCs away
from the vessel walls, resulting in reduced flow resistance, while WBCs and platelets populate
the near-wall region [3]. The term segregation is usually employed to indicate the tendency of
different species to favor different parts of the cross section, while margination indicates the
migration of certain species towards the vessel wall. Similar phenomena have been observed in
other multicomponent suspensions [4,5]. Understanding these fundamental aspects is essential for
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biomedical applications such as cell sorting and drug delivery. In particular, the ability to predict
particle distributions among vascular networks and optimize their properties is highly desirable
to ensure the efficacy of treatment. Although no complete explanation has been proposed, several
mechanisms have been identified that contribute to such complex behavior. These are described in
comprehensive reviews [3–10] and only briefly sketched herein.

In dense suspensions, rigid spherical particles drift from high-shear to low-shear regions [11]. In
channel and pipe flows, this shear-induced migration results in increased concentrations along the
centerline, increasing the local effective viscosity, which in turn causes the blunting of the particle
velocity profile [12]. Early efforts explained such behavior through a diffusive flux model, rooted
in the gradient of the collision frequency set up by the spatially varying shear rate [11,13]. Later, a
class of suspension balance models were proposed that related the migration flux to the divergence
of the normal stress associated to the particle phase [14,15].

The properties of RBCs add further complexity to the problem, due to their markedly nonspher-
ical shape and their deformability. The latter, in particular, combines with the shear imposed by the
flow to produce a lift force directed away from the wall, sometimes termed wall-induced migration
[16,17]. The combination of shear-induced and wall-induced migration results in a cell-depleted
layer that significantly reduces flow resistance and whose thickness depends on RBC stiffness and
hematocrit [3,18].

In multicomponent suspensions such as blood, interactions between different populations of
particles become important. Extensive numerical and experimental studies have investigated the
effects of various factors on margination and segregation in blood, including hematocrit, vessel
geometry, particle shape, size, and stiffness [4,5]. The latter is a key factor because WBCs, platelets,
and drug-carrier particles are typically stiffer than RBCs. Several studies have shown margination
of stiff particles among deformable ones [19–24]. Investigating heterogeneous collisions in a binary
suspension of rigid and flexible particles in shear flow, Kumar et al. found that rigid particles display
strong margination when they are dilute, whereas flexible particles tend to enrich around the cen-
terline [19,20]. Similarly, Rivera et al. further proposed a theory that predicts how a subpopulation
of rigid particles in a flowing suspension of primarily deformable particles will marginate [21,24].
Motivated by clinical hematological treatments, Fay et al. [23] found both in vitro and numerically
that reducing WBC stiffness leads to their migration away from the vessel wall during blood flow. In
an in vitro study reproducing the pulmonary capillary network, Belenkovich et al. [25] showed that
the presence of RBCs reduces the retention or trapping of microparticles within vascular networks.

Despite those efforts, there is no clear consensus on the effects of hematocrit on segregation and
margination. Shaqfeh and coworkers [26–28] investigated multicomponent suspensions of platelet-
sized particles and RBC in microchannels both experimentally and numerically, finding that the
rate of migration increases with increasing hematocrit. A simulation study by Fedosov et al. [10],
on the other hand, found that margination of WBCs was a nonmonotonic function of hematocrit.
Henríquez Rivera et al. [21,24] proposed different regimes at different levels of hematocrit: particle
margination increasing from low to intermediate hematocrit, but decreasing at high hematocrit. The
latter was explained by the abundance of RBCs close to the wall, keeping rigid particles from it.

Most past studies have considered straight channels, in order to isolate the fundamental flow
physics from complications caused by geometric complexities. In microvasculature, however, the
abundancy of features such as areas of strong curvature and bifurcations (reported to occur approx-
imately every 20 diameters in mammals; see, e.g., Risser et al. [29]) causes frequent redistribution.
In a study of the pathological effects caused by marginated aberrant RBCs, Cheng et al. [30] found
that stiffened RBCs result in large transient stress fluctuations on the walls of curved vessels,
coinciding with vascular inflammation observed in experiments. Noguchi et al. [31] investigated
the two-dimensional (2D) distribution of platelet-sized particles in blood flow through a Y-shaped
microchannel with rectangular cross section. Their in vitro experiments found that particle margina-
tion occurs within a short distance after confluence (flow direction from child to parent branch),
while in a bifurcation (flow direction from parent to child branches) the concentration is skewed
towards the outer wall, slowly recovering a symmetric profile. A similar finding was reported in
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FIG. 1. (a) Bifurcating channel with geometry parameters and coordinate system. (b) Schematic of the
experimental setup.

a numerical study by Bächer et al. [32] in microchannels with circular cross sections. In Li et al.
[33], we experimentally investigated the effect of volume fraction on particle distribution among the
branches in successively bifurcating vessels. Such a study, designed to be relevant to the transport
of embolic particles in the hepatic arterial bed, focused on relatively large lumen and particle sizes,
and treated blood as a homogeneous Newtonian fluid. It was found that particle dispersion among
the distal branches was inhibited by increasing particle volume fraction, and that particles traveled
preferentially to the medial branches rather than to the lateral ones.

Here we experimentally study bicomponent suspensions of RBCs and rigid spherical particles
flowing in bifurcating microchannels. We consider vessel sizes and shear rates relevant to arterioles,
varying the channel width, shear rate, hematocrit, and particle concentration. While most previous
experimental studies used particle adhesion as a metric for margination propensity, here we track
particles via high-speed microscopy, avoiding possibly confounding factors introduced by the
complexity of the adhesion process. This approach gives us access to a detailed view of the
transport dynamics and demonstrates how, for a wide range of parameters, the segregation behavior
is governed by a single parameter: the relative concentration of particles and RBCs.

II. METHODS

A. Microfluidic device design and fabrication

We consider symmetric bifurcating geometries with rectangular cross section, as shown in
Fig. 1(a). The origin of the Cartesian coordinate system is taken along the centerline of the parent
branch, 150 µm from the location where the mother branch starts bifurcating. We denote with x
the streamwise direction, y the direction along the channel height, and r the transverse direction
along its width. This notation is chosen to emphasize the parallel between the transverse position
in the present rectangular geometry and the radial position in circular vessels. The parent branch of
width D0 (ranging between 30 and 100 µm) bifurcates into two child branches of width D1, with a
child-to-parent ratio D1/D0 = 0.7 and an opening angle of 60◦. The bifurcation geometry follows
the model established in our previous work [33], which was based on anatomical measurements and
has been used in numerical and experimental studies relevant to cardiovascular flows [34,35]. The
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channel height is H = 14 µm, which warrants the unobstructed imaging of a single layer of RBCs
and rigid particles. We intentionally selected the geometry to confine particle motion to a single
plane, providing a quasi-2D representation of the axisymmetric midplane in a circular conduit,
and thereby ensuring physiological relevance. Previous studies have shown that rectangular and
square channels promote corner focusing of particles for relatively small particle-to-channel ratios,
while circular channels produce more axisymmetric margination patterns [36–38]. For the current
particle-to-channel ratio a/H = 0.57, the corner effects are expected to only marginally influence
the particle behavior. As discussed later, for the geometries with D0 = 30 and 50 µm, the length of
the parent branch of 1.5 mm allows for fully developed conditions approaching the bifurcation [14].

Experiments are carried out on microfluidic devices fabricated using soft lithographic techniques
[39]. Microchannel patterns are printed onto a film photomask (Micro Lithography Services,
Chelmsford, UK). A silicon wafer is spin coated with a 14-µm-thick layer of photoresist (SU-8
3050, Micro-Chem, Westborough, USA) and exposed to UV light through the photomask to create
master structures. The wafer is developed in 1-methoxy-2-propyl acetate for 2 min and exposed
to chlorotrimethylsilane (Sigma-Aldrich, Buchs, Switzerland) vapor for at least 5 h in a desiccator
at 150 mbar to ease subsequent peeling off of polydimethylsiloxane (PDMS). PDMS monomer is
mixed with curing agent (Sylgard 184, Dow Corning, Midland, USA) at a 10:1 weight ratio, poured
onto the master mold, and degassed in a vacuum desiccator for 30 min. The PDMS mixture is cured
at 70 ◦C for 2 h and peeled off the master mold. Inlet and outlet ports are created by punching
through the PDMS substrate with a 22-gauge puncher (I and Peter Gonano, Niederösterreich,
Austria). PDMS devices are washed in deionized water and ethanol and dried in the oven at 70 ◦C
for 20 min. Next, the PDMS devices and PDMS-coated glass slides are exposed to an air plasma in
a Zepto chamber (Diener Electronic, Ebhausen, Germany) for 1 min and contacted. The complete
device is then placed on a hot plate at 120 ◦C overnight to strengthen the bonding.

B. Preparation of blood-particle suspension

Blood is collected from healthy human volunteers at the blood donation center Blutspende Zürich
(Schlieren, Switzerland). Samples are washed in phosphate-buffered saline (PBS) and bovine serum
albumin (BSA) (Thermo Fisher Scientific, Reinach, Switzerland) to avoid particle and cell adhesion
to the channel wall. Blood is first centrifuged twice at 800 × g for 5 min, removing the supernatant
after each round.

We study the transport of hard polystyrene spheres with a diameter 2a = 8 µm and density of
1.05 g/mL (Sigma-Aldrich, Buchs, Switzerland). The washed RBCs and particles are suspended
in a medium that consists of 75% PBS and 25% OptiPrep (Thermo Fisher Scientific, Reinach,
Switzerland), with 0.05% by volume of Tween 20 surfactant (Sigma-Aldrich, Buchs, Switzerland).
The suspension is adjusted to different particle volume fractions �0 (2%–8%) and hematocrit
HT (10%–40%). Such a range of hematocrit is selected according to the varying levels found in
microcirculation under physiological conditions [3,40]. A trace amount of 1-µm spheres (of the
same material as the 8-µm spheres) are added to the suspension as fluid tracers to characterize fluid
motion in the absence of RBCs without altering the rheological properties of the suspension. In the
following, we refer to the 1-µm and 8-µm spheres as “tracers” and “particles,” respectively.

The suspending fluid has a density ρ = 1.04 g/mL and a viscosity μ = 1.4 mPa s at room
temperature, matching the properties of plasma. The viscosity was measured using a rheometer
(Anton Paar, Switzerland) at various shear rates to ensure Newtonian properties of the suspending
fluid. The main experimental parameters for the investigated cases are summarized in Table I.
This also reports the areal fraction �A = 3

4
H
a �0, which is useful to compare with previous studies

in two-dimensional systems [14]. Indeed, because the present configuration effectively realizes a
monolayer of particles across the vessel width, �A is the relevant measure of concentration for
comparison with the volume fraction of studies in which H and D0 are comparable.
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TABLE I. Main experimental parameters and cases.

D0 (µm) HT �0 �A Rep ReH

30 0% 2% 5.25% 0.10 0.11
30 0% 4% 10.50% 0.10 0.11
30 0% 6% 15.75% 0.10 0.11
30 0% 8% 21% 0.10 0.11
30 10% 2% 5.25% 0.10 0.11
30 10% 4% 10.5% 0.10 0.11
30 10% 6% 15.75% 0.10 0.11
30 10% 8% 21% 0.10 0.11
30 20% 2% 5.25% 0.10 0.11
30 20% 4% 10.5% 0.10 0.11
30 20% 6% 15.75% 0.10 0.11
30 20% 8% 21% 0.10 0.11
30 30% 2% 5.25% 0.10 0.11
30 30% 4% 10.5% 0.10 0.11
30 30% 6% 15.75% 0.10 0.11
30 30% 8% 21% 0.10 0.11
30 40% 8% 21% 0.10 0.11
50 0% 8% 21% 0.10 0.17
50 10% 8% 21% 0.10 0.17
50 20% 8% 21% 0.10 0.17
50 30% 8% 21% 0.10 0.17
50 30% 8% 21% 0.03 0.05
50 30% 8% 21% 0.06 0.11
50 30% 8% 21% 0.13 0.23
50 30% 8% 21% 0.17 0.30
100 0% 8% 21% 0.10 0.35
100 30% 8% 21% 0.10 0.35

C. Flow experiments and imaging

Figure 1(b) shows the experimental setup. Before each measurement run, the microfluidic devices
are perfused with a 2% Poloxamer 188 solution (Sigma-Aldrich, Buchs, Switzerland) for 10 min
to avoid surface adhesion. Particles and RBC suspensions are loaded into a 200-µL glass syringe
(Hamilton Laboratory Products, Reno, USA) and delivered into the microfluidic device using a
Chemyx 200X syringe pump (Chemyx, Stafford, USA) at a rates Q = 10–180 µL/h, that mimic the
physiological range of shear rates γ̇ in microcirculation [3]. The latter is approximated as the wall
shear rate γ̇ = 6U bulk/D0 in parabolic flow, where Ubulk = Q/(D0H ) is the nominal bulk velocity
in the parent branch, leading to γ̇ = 571–3333 s−1. This yields a range of vessel Reynolds numbers
ReH = ρUbulkH/μ = 0.05–0.35 and particle Reynolds numbers Rep = ργ̇ (2a)2/μ = 0.03–0.17.
The measured shear rate is calculated with the fluid centerline velocity Uc and is within ±20% of
the nominal γ̇ . The method to evaluate Uc is described below.

The microfluidic device was mounted on an Eclipse TS100 inverted microscope (Nikon, Zürich,
Switzerland) equipped with a 40× objective lens and a Photron Mini AX highspeed camera
(Photron, Reutlingen, Germany) for particle imaging, resulting in a resolution of 0.5 µm/pixel and a
depth of field than encompasses the channel height. The camera operates at 2k–10k Hz depending on
the flow rate, while the field of interest is illuminated with a MCWHD3 white light LED (Thorlabs,
Dachau, Germany). Images are taken in time-lapse mode with a minimum duration of one second.
Figure 2 shows sample snapshots at various particle volume fractions and hematocrits.
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FIG. 2. Snapshot images of three experiments (at increasing hematocrit and particle volume fraction from
left to right) in the D0 = 30 µm geometry.

D. Image processing and data analysis

Two methods are used to detect particles. For pure particle suspensions, a standard circle-finder
algorithm is used to detect centroids. This is not as effective in the case of RBC-particle suspensions,
due to the uneven brightness of the particles and the interference of RBCs. Therefore, in this
case particle centroids are located using a convolution algorithm [41]: images are convolved
with a particle template image, and the centroids are then identified as convolution peaks which
surpass a specified threshold. Tracers, which are far smaller, are detected as objects below an
appropriate size threshold. Trajectories of both particles and tracers are computed via an in-house
particle tracking velocimetry (PTV) code based on the nearest-neighbor method [42]. Velocities
and accelerations are obtained by applying the first and second temporal derivatives of a Gaus-
sian kernel to the particle trajectories. The size of the kernel is chosen to be a value beyond
which the acceleration variance decays exponentially, as in several previous particle-laden flow
studies [33,42].

The uncertainty in the PTV results (both concentration and velocity) arises from bias errors,
caused by incorrect particle location or tracking, and random errors, resulting from the finite
sample size. Bias errors are estimated by tracking synthetic particles generated from the actual
images, following a method similar to that in [43]. This confirms that the centroid location is
determined with subpixel accuracy (relative to the particle diameter of ∼16 pixels), thus the
associated errors have relatively small impact. Tracking errors are also negligible, as the high
temporal resolution ensures that the frame-to-frame displacement of the tracked particles is gener-
ally smaller than the average spacing between neighboring particles. Therefore, uncertainties are
mostly due to random errors. Convergence studies indicate that those amount to a few percent
of the reported mean and variances, and as such do not alter the reported trends. Such errors,
added to minute imperfections in manufacturing, cause asymmetries in the measured fields of
particle velocity concentrations. As those are slight, for clarity the profiles (line plots) are sym-
metrized around the bifurcation centerline, which does not affect the quantitative results. That
the effect is minimal can be appreciated from the spatial mean fields, which are shown not
symmetrized.
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FIG. 3. (a) Time-averaged field of 1-µm tracer velocity magnitude along the y = 0 plane. (b) Radial
distribution of tracer velocity data points (gray), 5% fastest tracer velocity (black), and fitted a fourth-order
polynomial (red) in the parent branch. (c) Tracer and particle velocity profiles and (d) RMS of particle lateral
velocity in the parent branch at different �0, averaged in longitudinal direction. All velocities are symmetrized
about the centerline and normalized by the respective tracer centerline velocity Uc.

III. RESULTS

Most of the following results are obtained for a bifurcation with D0 = 30 µm, whose cross-
sectional geometry is representative of arterioles. These are used to detail particle motion (Sec.
III A) and spatial concentration (Sec. III B). Geometries with D0= 50 µm and 100 µm are used to
investigate the effect of vessel width and shear rate (Sec. III C).

A. Particle velocity and diffusivity

We first consider the transport of particles in the absence of RBCs, which is characterized by
simultaneously performing PTV on both particles and tracers. The time-averaged field of the 1-
µm tracer velocity along the y = 0 plane is displayed in Fig. 3(a) for the case at �0 = 2% (other
concentrations display quantitatively similar behavior). The tracer velocity data are binned in 3 × 3
pixel windows to ensure at least 20 data points per window, and the 5% fastest velocity data points
within each window are averaged. Here and in the following, the velocity is normalized by the
centerline velocity Uc. This is the peak of the mean velocity along the y = 0 plane, which in turn
is estimated by fitting a parabola on the 5% fastest tracer velocity data points recorded at each r
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location (with 3-pixel bins). The process, illustrated in Fig. 3(b), may slightly underestimate the
tracer velocity on the center plane (by 1%), but it allows isolation of tracers moving along or close
to the y = 0 plane, minimizing contributions from the slower tracers close to the walls at y = ±H /2.
For a discussion on the bias resulting from depth averaging the tracer velocities in small vessels, see
Poelma et al. [44]. The tracer velocity field displays the characteristic slow-down approaching the
bifurcation, also observed in geometries of millimetric lumens where Reynolds numbers are orders
of magnitude larger (see [33]).

Figure 3(c) shows the normalized mean profiles of tracer and particle velocity in the parent
branch for a range of concentrations, averaged in the region 0 < x < 5D0 (which will be used also
in the following to obtain mean profiles in the parent branch). The tracer velocities are obtained
from the parabolic fit described above and therefore are estimates of the fluid velocity along the
y = 0 plane. The particles travel at significantly lower velocities due to their large size compared
to the channel height (a/H = 0.3): they are dragged by fluid that is expected to follow a parabolic
profile in the y direction, and thus possess in average a much smaller velocity compared to the
tracers along the plane y = 0. Indeed, for the lower concentrations, measured particle velocities
along the centerline (r/D0 = 0) are in qualitative agreement with those of Staben et al. [45,46]
in channels with similar ranges of a/H . The large slip velocity of the particles may influence their
lateral migration through modified hydrodynamic interactions. The latter remain largely in the linear
regime for isolated particles [with Reslip = Uslip(2a)/ν = 0.05 for Rep = 0.1], but nonlinear effects
can arise when particles approach each other or the channel walls, where lubrication forces become
predominant.

With increasing �0, particle velocity profiles become blunter. This is consistent with early
studies on particle suspensions in channels and pipes, and the diffusive flux model based on them
[11,12,47]. According to such a framework, the gradient in collision frequency, set up by the
gradient in shear rate, contributes to enhancing the particle concentration along the centerline, in
turn blunting the velocity profile; both effects become more pronounced with higher particle con-
centration. It should be noted that although in these studies the particle-to-channel size ratios were
smaller than in the present case, blunting appears as a robust feature reported also in comparably
dilute suspensions at higher Reynolds numbers [33,48]. The effect is visible also on the fluid velocity
profiles, albeit weakly, possibly signaling the back reaction of the particles on the fluid flow.

The change in mean velocity profiles with increasing �0 is associated with more frequent
particle-particle interactions, with the exchange of hydrodynamic forces manifesting itself in
fluctuating motions. This is reflected also in the root mean square (RMS) of the particle lateral
(r-component) velocity fluctuations vrms, which increases substantially with �0 [Fig. 3(d)]. It
should be noted that the RMS of the particle lateral velocity reflects fluctuations that may include
contributions from both hydrodynamic interactions and measurement noise, which can increase with
volume fraction. While we do not have data for an isolated particle, measurements at �0 = 2% serve
as a baseline, where particle interactions are infrequent and noise is minimal. We further verified that
smoothing the trajectories with our chosen kernel width effectively removes most noise, as indicated
by the velocity and acceleration variance trends. Therefore, the observed increase in RMS at higher
volume fractions primarily reflects enhanced hydrodynamic interactions rather than measurement
uncertainty. This has a strong impact on particle diffusivity, as we discuss below.

Similar trends are also observed in particle-RBC mixtures. The PTV algorithm is able to track
RBCs together with tracers, though only at relatively dilute concentrations (HT � 10%) due to
their complex shape. As the RBC velocity is found to be close to that of the fluid (within less than
10% discrepancy), in the following the fluid centerline velocity Uc (obtained at matching �0 and
in the absence of RBC) is used to normalize the particle velocity. The particle velocity profile is
increasingly blunted as HT increases, as illustrated by Fig. 4(a) at �0 = 2%. However, at �0 = 8%
this effect seems to reach a maximum extent and remains almost unchanged with HT, even though
vrms still grows significantly. Profiles of the latter in Fig. 4(b) highlight peaks of particle agitation
in the vicinity of the side walls at the largest hematocrit, approximately corresponding to peaks of
concentration discussed below (Sec. III B). In general, vrms in RBC-particle mixtures are higher than
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FIG. 4. Normalized (a) mean particle velocity profiles at �0 = 2% and (b) RMS profiles of lateral particle
velocity in the parent branch at �0 = 8% and different HT. (c) Mean RMS of lateral particle velocity in the
parent branch for different �0 and HT. All panels share the same color code with legend shown in (a).

in the absence of RBCs, likely because of frequent interactions in the presence of both species. This
is seen in the spatial average of vrms in the parent branch (0 < x < 5D0) shown in Fig. 4(c).

The trend of lateral velocity fluctuations implies that particle dispersion can be different at
various volume fractions and HT. The reconstruction of Lagrangian trajectories enables us to
directly evaluate the particle diffusivity from the temporal growth of the mean-square displacement
(MSD) in the diffusive limit. Here we focus on the displacement (and the associated diffusivity) in
the lateral direction, which is most relevant for the segregation and margination process [18,26,49].
The lateral MSD

MSD(t ) = 〈[r(t ) − r0]2〉 (1)

(where r0 is the initial lateral position of a particle) is averaged over a minimum of 630 trajectories
for each case. These are all truncated at the same length of 4t0, where t0 = D0/Uc is a characteristic
timescale, to minimize potential bias from short trajectories [50,51].

The lateral MSD in the parent branch is plotted as a function of t/t0 in Fig. 5(a) for the considered
range of concentration, and for various HT at �0 = 8%. The lateral dispersion rate increases with
both �0 and HT. After an initial quadratic growth at short times, the MSD is approximately linear
with time and allows us to estimate the diffusivity K = 1

2 d (MSD)/dt . The values for the various
cases are reported in Fig. 5(b), following the classic normalization by a2γ̇ . Values are comparable

FIG. 5. (a) Mean-squared wall-normal displacement and (b) diffusivity K estimated from the slope of MSD
of selected cases, normalized with particle radius a2 and wall shear rate γ̇ . (c) Autocorrelation ρvv of lateral
particle velocity at �0 = 8%. All panels share the same color code with legend shown in (b).
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FIG. 6. (a) Relative concentration maps of particles at �0 = 8%. (b) Averaged relative concentration
profiles of particles at different �0 in the parent branch.

to those reported by Zhao et al. [26], in their numerical study of lateral diffusivity of platelets
at HT = 10% and 20%. We observe an approximately linear increase of diffusivity with volume
fraction, which is consistent with first-order estimates based on diffusive flux models K ∼ a2γ̇ �0

[4]. The diffusivity increases further with hematocrit, with an apparent jump at the physiological
level (HT = 40%) for which the particles are constantly in contact with RBCs. It should be noted
that the value at HT = 40% may be influenced by measurement variability. To interpret the results,
it is useful to remember that the diffusivity can be expressed as K =vrms

2Tcorr, where Tcorr is the
integral of the Lagrangian velocity autocorrelation along the particle trajectories [52]

ρvv (t ) = 〈v(t + t0)v(t0)〉/〈v(t0)2〉. (2)

As shown in Fig. 5(c), ρvv decays somewhat faster in presence of RBCs, as continuous contact with
them yields a frequently changing (thus, less time-correlated) particle motion. This is consistent with
the simulations of Shen and coworkers [53], who showed how frequent interactions in concentrated
suspensions reduce memory effects in vessel networks. This effect, however, is offset by the greatly
enhanced particle agitation [see Figs. 4(b) and 4(c)], so that overall, the diffusivity increases with
HT.

B. Particle spatial distribution

As noted, RBCs tend to migrate away from the vessel walls, similar to rigid spherical particles,
though driven by different mechanisms. The deformability of RBCs further enhances this migration
[14,15]. As we shall see, this leaves a clear footprint in the spatial distribution of particles. This is
quantified by evaluating the relative concentration φrel = φ/�A, where φ is the local areal fraction
of the spatial average �A.

We first consider the cases without RBCs and present in Fig. 6(a) a map of φrel for the case
�0 = 8%. This displays relatively high particle concentration along the center of the parent branch,
consistent with the diffusive flux model. This, in turn, results in high (low) concentration along the
medial (lateral) walls of the child branches. In Fig. 6(b), the concentration profiles in the parent
branch display a clear tendency to enrich the centerline with increasing �0.

Figure 7 shows maps of φrel at �0 = 8% for different HT values. Remarkably, as HT increases,
the highly concentrated regions gradually shift from the centerline towards the lateral walls of the
parent branch. This trend is also observed at lower �0, though to a lesser extent. Clearly, with
increasing HT, more and more RBCs are able to migrate away from the wall and occupy the central
region, causing particles to marginate close to the wall. Accordingly, with increasing HT there
is a striking inversion of the concentration trend in the child branches: while at low hematocrit
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FIG. 7. Relative concentration contour maps of 8-µm particles at �0 = 8% with increasing HT from left
to right.

(HT � 10%), particles preferentially populate the medial walls after the bifurcation, with increasing
HT they tend to be found along the lateral walls.

To quantitatively compare the relative concentrations between cases, the concentration profiles
averaged in the parent branch are displayed in Fig. 8. At fixed �0 [Fig. 8(a)], particles are pushed
more and more towards the side walls as HT increases. In contrast, at fixed HT [Fig. 8(b)], particles
progressively enrich the centerline as �0 increases. Accordingly, the margination behavior of the
particles is not solely dependent on either HT or �0, but is rather a result of the competition between
the two populations: particles are strongly marginated to the side walls when HT � �0, while they
are increasingly able to occupy the centerline when more abundant.

This trend is consistent throughout the investigated parameter space, as quantified by φrel profiles
for different values of the RBC-to-particle volume ratio HT/�0 in Fig. 9(b): across all considered
cases, increasing such ratio leads to stronger margination. This effect also dramatically impacts the
particle distribution in the child branches [Fig. 9(c)]: at high HT/�0, marginated particles populate
the lateral side (labeled as B) of the bifurcation; while at low HT/�0, particles in the core of the
parent branch favor the medial side (labeled as B’).

The underlying mechanism is interpreted as an interplay between wall-induced migration and
shear-induced collisions between RBCs and particles. At high HT, frequent collisions and hydro-
dynamic interactions between RBCs and particles cause lateral displacement of both species (as
implied by the increased particle diffusivity discussed in the previous section). The deformability of
RBCs, however, increases not only the magnitude of the wall-induced lift, but also their ability to
move through the suspension and away from the wall compared to rigid particles.

FIG. 8. Averaged relative concentration profiles of particles at varying (a) HT and (b) �0 in parent branch.

013101-11



LI, COLETTI, COLOMBO, MENG, AND DEMELLO

FIG. 9. (a) Cross-section labels of the parent branch and child branches. Average relative concentration
profiles of particles at varying levels of HT/�0 in the (b) parent branch and (c) child branches, respectively.

Furthermore, it is worth noting that bifurcation does not cause a significant redistribution of
the particles across the vessel cross section. In fact, the peaks of relative concentration near the
side walls of the parent branch are maintained (if not enhanced) close to the lateral walls of
the child branches. Also, over the imaged portion of the child branches, no significant change
of the highly skewed concentration profile is observed. In the study by Noguchi et al. [31], the
platelet concentration recovered an approximately symmetric profile 10 mm downstream of the
bifurcation using a similar geometry (D0 = 50 µm, D1 = 40 µm). Thus, we expect that the observed
margination (and its dependence on the RBC and particle concentration) will extend its influence
over extended capillary networks.

Next, to explore the microstructure of the particle spatial distribution, we consider pair-
distribution statistics. In particular, we calculate the pair-distribution function g(�r, �x), which
quantifies the probability of finding a particle centroid at a given separation from the one of
a reference particle [54]. Focusing on the near-wall region, in Fig. 10 we show maps of the
pair-distribution function for reference particles in the region − 1

3 < r/D0 < − 1
6 of the parent

branch, at �0=8%. With increasing HT, a high-valued stripe emerges, corresponding to the layer
of relatively large concentration near the wall. Moreover, the map displays a fore-aft asymmetry
typical of sheared suspensions [55,56]. Specifically, a region of low pair correlation is present at
contact (i.e., separations of about 2a) along the extensional axis of the shear flow. This asymmetry

FIG. 10. Pair-distribution maps for the reference particles in − 1
3 < r/D0 < − 1

6 of the parent branch, at
�0= 8% with increasing HT from left to right.
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FIG. 11. (a) Relative concentration map of 8-µm particles at �0 = 8%, HT = 30%, Rep = 0.1, in the
50-µm geometry. Relative concentration profiles of 8-µm particles at (b) �0 = 8% and varying HT, (c) �0 =
8%, HT = 30%, and varying Rep, in the 50-µm geometry.

is interpreted as a signature of nonhydrodynamic interparticle forces, whereas fore-aft symmetry is
expected for perfectly smooth hard spheres in the Stokes regime [57]. At the highest hematocrit,
however, margination dominates and the near-wall layer substantially reduces the asymmetry.

C. Effect of vessel width and shear rate

To investigate the influence of the relative particle size and shear rate on transport, additional ex-
periments are carried out in the bifurcations with D0 = 50 and 100 µm, maintaining a fixed particle
volume fraction �0 = 8%. The tendency of the particles to be marginated in the near-wall region
with increasing HT is confirmed. Figure 11(a) displays the relative φrel field for the representative
case D0 = 50 µm and HT = 30%, exhibiting the characteristic layer of high concentration along
sidewalls of the parent branch and the lateral walls of the child branches. Again, the effect increases
with HT, as illustrated in the parent branch concentration profiles for D0 = 50 µm and varying HT
[Fig. 11(b)]. In comparison with the cases with D0 = 30 µm [see Fig. 8(a)], the concentration peaks
are similarly high.

By applying different flow rates in the bifurcations with D0 = 50 µm, the shear rate is varied
to produce a range of Rep(0.03–0.17). Figure 11(c) reports φrel profiles for the representative case
HT = 30% at varying Rep, showing no significant effect in the present physiological range. Similar
trends (not reported for brevity) are seen in the child branches. Overall, the observed effect of RBCs
on particle margination appears robust within physiological ranges of relative particle size and shear
rate.

Comparing Figs. 8(a) and 11(b), the particle concentration peaks appear narrower in the bifurca-
tion with D0 = 50 µm compared to D0 = 30 µm. The reason is revealed by a systematic comparison
between D0 = 30, 50, and 100 µm, at the same �0, HT, and Rep. This is illustrated in Fig. 12,
showing the parent branch profiles of Up, vrms and φrel, plotted versus the wall-normal distance
�r/a (with origin at the sidewall, �r = D0/2−r). In such a quantitative comparison, one should
take into account that the flow in the wider vessel is still developing from inertialess collision-related
diffusion of non-Brownian particles [14]. Indeed, according to classic estimates for suspensions
similarly dense as our �0 = 8% case [14], the development length is scaling as D0

3/(8a2). This
implies that the present entrance length of 1.5 mm is sufficient for the full development in the 30-µm
and 50-µm vessels, but not for the 100-µm vessel. Despite this consideration, the comparison of the
three cases, shown here for �0 = 8%, HT = 30%, and Rep ∼ 0.1, yields useful insights.

The Up profiles [Fig. 12(a)] are similar for the three geometries, with the larger vessels more
clearly displaying the blunting typical of relatively dense suspensions. The large particle velocity
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FIG. 12. (a) Mean particle velocity profiles, (b) rms fluctuations of lateral particle velocity, and (c) relative
particle concentration profiles at HT = 30%, �0 = 8%, in three geometries with matching wall shear rate
Rep ∼ 0.1. All panels share the same color code with legend shown in (a).

gradient in the range �r/a = 1–3 results in strong shear-induced collisions and a sharp increase
in vrms [Fig. 12(b)] up to �r/a ∼ 3. The velocity fluctuations in this region are also enhanced by
the large local concentration due to particle margination. The φrel profiles show peaks at matching
location �r/a ∼ 1.7 for the three geometries. This clearly demonstrates that the position and width
of the concentration peak are a function of the particle diameter rather than the vessel width. The
interpretation is that the peak is associated with the formation of particle layers, which is in turn
a consequence of the excluded volume effect [55,56] and further signaled by a second peak at
�r/a ∼ 3. Similar particle layering behavior has been reported in several studies of wall-bounded
suspensions for a vast range of regimes [41,48,55,56,58–60]. In most of those studies, however, the
peak is reported to be located at �r/a ∼ 1, implying that the particle layer is essentially in contact
with the wall. Here, on the other hand, a gap exists with size comparable to the particle radius. This
is interpreted as a result of particle-wall lubrication, as we now argue.

Notably, Fig. 8(a) shows that as HT increases, the peak of φrel shifts closer to the wall. Particle
approach to the wall is resisted by lubrication forces scaling as Flub ∼ FDa/h, where FD is the
drag force and h is the gap between the wall and the particle surface [54]. In the present range
of Rep, we can assume Stokes drag and estimate (in the wall-normal direction) FD ∼ 6πμavrms.
The particle-particle and particle-RBC interactions at increasing concentrations result in a stronger
lateral resultant Flat ∼ mparms, where mp is the mass of a single particle and arms is the lateral
RMS particle acceleration measured by PTV. Figure 13 shows such estimates for Flub, FD, and Flat

(normalized by the force scale mpUC
2/D0) as function of HT, with h = 0.7a used to evaluate the

lubrication force at peak location of φrel. Beyond unspecified scaling factors that prevent quantitative
comparisons, all forces increase almost linearly with hematocrit: in particular, the sharp increase of
Flat driven by enhanced interactions shifts the equilibrium position of the concentration peak closer
to the wall; the increasing lubrication, however, maintains a particle-depleted layer of thickness
comparable to the particle radius which might decrease with HT. In the considered RBC-particle
mixed suspensions, such a layer may act similarly as the well-known cell-depleted layer, with
potentially strong impact on the flow resistance.

IV. CONCLUSIONS

We have presented an in vitro investigation of the transport of microparticles along with RBCs
in bifurcating vessels. We have considered regimes relevant to drug delivery in microcirculation,
in which the particles are rigid spheres comparable in size to RBCs. Among numerous important
factors, we have focused on the role of hematocrit and particle volume fraction. Compared to
previous experimental studies, the imaging and tracking of tens of thousands of individual particle
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FIG. 13. Force scaling for drag, lubrication, and lateral forces due to particle interactions, as function of HT.

trajectories for each case has enabled us to obtain a detailed view and new insights in their spatial
distribution, velocity, and dispersion.

In the absence of RBCs, the present experiments are in agreement with classic studies in particle
suspensions at comparable concentrations, showing the tendency of particles to populate the center
of the vessel. While this is not the focus of the current study, the quantitative results for the particle-
only suspensions may prove useful to inform and validate numerical and theoretical models of
particle suspensions in similar regimes.

The addition of RBCs radically changes particle behavior. Considering ranges of hematocrit
HT= 10%–40% and particle volume fraction �0 = 2%–8%, we have shown the crucial effect of
a specific parameter, the RBC-to-particle volume ratio HT/�0, on the segregation of both species.
As this ratio increases, the velocity fluctuations induced by the interaction with the RBCs cause the
particles to spread diffusively, while the RBCs themselves migrate away from the walls and enrich
the center of the vessel. This results in particle margination to the sidewalls of the parent branch.

Importantly, bifurcation does not cause a significant redistribution of particles across the vessel
cross section. Therefore, particle margination to the sidewalls leads to their increased concentration
along the lateral sides of the child branches. This is a diametrically opposite picture with respect
to particle suspensions in the absence of RBCs, where shear-induced migration leads to particles
enriching the center of the vessel and favoring the medial side of the child branches. This observation
has potentially far-reaching consequences for the dispersion of particles in extended capillary beds
that successively bifurcate: at physiological hematocrit, we expect particles to be preferentially
distributed to the lateral branches. This expectation will be confirmed in dedicated studies, in which
the particle redistribution will be investigated for different lengths of the vessels between successive
bifurcations. Furthermore, such memory effects at the bifurcation could be indicative of nonlocal
hydrodynamic interactions that may influence phase separation at smaller scales [1]. Exploring these
effects at capillary scales would be an interesting direction for future work.

RBCs also change the microstructure of the particle spatial distribution, in particular close to the
walls: at physiological hematocrit, the tendency of particles to arrange along the compressional axis
of the shear is superseded by a high-concentration layer. This is centered at a distance of 2a from the
wall, indicating that, despite particle margination towards the wall, a near-wall region of thickness
of ∼a is essentially depleted of both RBC and rigid particles.

These results contribute to the predictive understanding of margination, essential to the opti-
mization of targeted drug delivery. While the rectangular cross section marks a clear difference with
respect to real blood vessels, most of the present results are obtained for a geometry with a limited
aspect ratio H/D0 ∼ 0.5, which warrants physiological relevance of the observed trends.
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We have analyzed particle transport, while examining the behavior of RBCs would be important
to further decode the competition between the two populations. Further studies incorporating the
velocity and spatial distribution of RBCs would allow quantification of frequency and strength
of RBC-particle interaction, therefore contributing to the mechanistic understanding of the phe-
nomenon. This may be especially important for particle dispersion, as the motion of the RBCs
themselves is chaotic [61]. The complex and changing shape of RBCs and their tendency to entangle
with each other complicate this task, though successful examples of advanced tracking approaches
exist [62]. Moreover, as mentioned, future studies shall consider configurations with multiple
successive bifurcations to examine the particle distribution among the distal branches. Finally, the
use of circular, flexible, and endothelialized vessels would increase physiological relevance. It would
also, however, add significant complications in terms of manufacturing and optical access.
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