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ABSTRACT Stroke is a leading cause of death globally and is caused by stenoses, abnormal narrowings of blood vessels.
Recently, there has been an increased interest in shear-activated particle clusters for the treatment of stenosis, but there is a
lack of literature investigating the impact of different stenosis geometries on particle margination. Margination refers to the move-
ment of particles toward the blood vessel wall and is desirable for drug delivery. The current study investigated ten different ge-
ometries and their effects on margination. Microfluidic devices with a constricted area were fabricated to mimic a stenosed blood
vessel with different extent of occlusion, constricted length, and eccentricity (gradualness of the constriction and expansion).
Spherical fluorescent particles with a diameter of 2.11 um were suspended in blood and tracked as they moved into, through,
and out of the constricted area. A margination parameter, M, was used to quantify margination based on the particle distribution
after velocity normalization. Experimental results suggested that a constriction leads to an enhanced margination, whereas an
expansion is responsible for a decrease in margination. Further, margination was found to increase with increasing percent
occlusion and constriction length, likely a result of higher shear rate and longer residence time, respectively. Margination de-
creases as the stenosis geometry becomes more gradual (eccentricity increases) with the exception of a sudden constric-
tion/expansion geometry. The findings demonstrate the importance of geometric effects on margination and call for detailed

numerical modeling and geometric characterization of the stenosed areas to fully understand the underlying physics.

INTRODUCTION

Since 1997, stroke has been a leading cause of death glob-
ally (1,2). Although stroke in the gray matter of the brain
is well known, ~30% of all strokes occur in the white matter
(3). However, unlike the rest of the brain, in which the diam-
eters of blood vessels can range from 15 to 140 um with an
average diameter of 30 um, blood vessels in the white mat-
ter of the brain are arterioles and have diameters of ~100—
200 um (4-6). The narrowing of arterioles from the devel-
opment of a stenosis is termed arteriolosclerosis and can
cause strokes in the white matter, which can lead to demen-
tia and motor function impairment, among other complica-
tions (3). Furthermore, lacunes are cavities that result from
ruptured arteries of around 100 um as a result of arterioscle-
rosis and can lead to death (7,8), and arteriolosclerosis can
also be responsible for hypertension, chronic kidney dis-
ease, and left ventricular hypertrophy (9). Arterioles are
an important part of the vasculature but have major differ-
ences from both tiny and large arteries.
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Although blood behaves as a nearly Newtonian fluid
in large blood vessels, in vessels with smaller diameters,
such as the aforementioned arterioles, blood rheology be-
comes more complex, and a phenomenon known as margin-
ation can occur (10). In these smaller blood vessels that
typically have diameters less than ~500 um (11-13), inter-
actions with red blood cells (RBCs) in the center of the
vessel can cause particles to migrate to the periphery of
the blood vessel or marginate (14). Although white blood
cells were the first to be observed to marginate, drug-car-
rying microparticles were subsequently found to be able
to also marginate (15,16). Margination of drug-carrying par-
ticles is important because marginated particles are near the
wall and will be more effective in delivering their drug
cargo. The extent of this margination depends on particle
size, among many other characteristics of the particles and
also the blood (17,18). However, whereas factors such as
size, shape, and hematocrit and their effects on margination
propensity have been investigated, the effects of stenoses on
margination are largely unknown.

A number of studies have investigated drug delivery to a
site of stenosis using specific attributes of the stenosis, such
as the enhanced local shear (19-22). In this case, particle
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margination becomes even more important because shear is
at a maximum for marginated particles, which are closest
to the blood vessel wall. However, stenoses can have various
geometries, and there is a lack of understanding of the effects
of stenosis geometry on the margination of drug-carrying
particles, especially in the smaller arterioles. Additionally,
although many studies have investigated the effects of
various constriction and expansion geometries on RBC
motion (8,23-39), platelet motion and thrombus formation
(30,32,40-49), and microparticle concentration in the flow
direction (50), the effect of stenosis geometry on the margin-
ation of drug-carrying particles remains largely unexplored.
Indeed, no modeling or experimental studies exist that inves-
tigate particle margination for varying constriction geome-
tries. It was previously observed that in regions of flow
constriction, the margination propensity of microparticles
may be affected (51). Despite these findings, it is unclear
how exactly the geometry of a stenosis, which includes
both an area of constriction and of expansion, affects micro-
particle margination. This is particularly relevant for in vitro
margination studies, all of which tend to include flow con-
strictions and expansions in their experimental apparatus as
a result of constrictions that are present in tubing-to-tubing
or tubing-to-inlet-port connections.

In this study, multiple channel geometries were investi-
gated in vitro via the use of microfluidic devices. The effects
of percent occlusion, constriction length, and degree of ec-
centricity of the entrance and exit of the stenosis were inves-
tigated, and their effects on particle margination were
quantified using direct particle tracking.

MATERIALS AND METHODS
Materials

Defibrinated bovine blood (Lampire Biological Laboratories, Pipersville,
PA) was adjusted to 35% hematocrit using a washing procedure detailed
in a previous study (51). Fluorescent polystyrene spheres of 2.11 um diam-
eter were suspended in the blood and used as model particles (Spherotech,
Lake Forest, IL). This particle size was chosen because it falls within the
size range of shear-activated nanoparticle aggregates, which use the
enhanced local shear within a stenosis as the trigger for drug delivery
(21). Also, this particle size displayed the most margination in the previous
study and thus would be the most affected by subtle changes in the
constriction and expansion geometry (51). For microfluidic device fabrica-
tion, polydimethylsiloxane (PDMS) prepolymer and curing agent were used
(Silgard 184 Silicone Elastomer Kit; Krayden, Denver, CO).

Microfluidic device design

Microfluidic device designs were produced using AutoCAD software.
Three geometric parameters, namely percent occlusion, constriction length,
and eccentricity, were explored and varied one at a time. Percent occlusion
is defined as the ratio of the change in channel width at the constricted area
compared to the nonconstricted area. Three different percent occlusions
(25, 50, and 75%), as illustrated in Fig. | a, were studied. The second
parameter is constriction length and is defined as the distance between
the end of constriction and the beginning of the expansion. Four constric-
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tion lengths, ranging from 50 um to 10 mm, were investigated (Fig. 1 b).
The third parameter is eccentricity, which describes the gradualness of
channel constriction and expansion, as illustrated in Fig. 1 c. It should be
noted that, unlike in some stenosis studies in which the eccentricity term
refers to the degree to which a stenosis or lesion is off-centered (52,53),
this work uses the mathematical definition of the term to describe the round-
ness of the corners or the gradualness of the constriction. In this study, ec-
centricity at the constriction and expansion is calculated according to the
formula for the eccentricity of an ellipse:

e = 1—— 1)

a?’

where ¢ is the eccentricity, and a and b are the lengths of the semimajor
and semiminor axes of the ellipse, respectively. This eccentricity refers to
the shape of the entrance and exit of the constriction. As illustrated in
Fig. 1, ¢ and d, an eccentricity of O indicates that the constriction entrance
and exit are in the shape of a quarter-circle, whereas higher eccentricities
indicate that these shapes are elliptical and approaching a parabolic shape,
which has an eccentricity of 1. A maximal eccentricity of ¢ = 0.99 was
selected to limit the transition length required to establish full constriction.
It should be noted that, in this study, the baseline geometry was arbitrarily
chosen to have 50% occlusion, 10 mm length, and ¢ = 0, as denoted by the
orange boxes in Fig. 1. Only one parameter was varied at a time. Fig. 1 lists
which parameters were kept constant and which parameter was varied in
each section. All devices used in this study have a channel depth of
100 um and a channel width of 100 um in the nonconstricted area. As
shown in Fig. 2 a, the channel is 10 mm long both before and after the con-
stricted area, whereas the constriction length varies. Concentric, axisym-
metric constrictions were chosen to simplify the subsequent analysis on
quantifying margination propensity (Quantifying Margination Propensity).
Real stenoses vary considerably in geometry and likely deviate from such
model designs. The effect of stenosis symmetry on margination is beyond
the scope of this study and has not been investigated. However, previous
studies on coronary artery stenoses suggest that stenosis asymmetry is asso-
ciated with a longer recirculation length, but its impact on hemodynamics
becomes negligible if the stenosis is far from a bifurcation (52,53).

Device fabrication

Microfluidic devices were fabricated from a silicon wafer master
(FlowJEM, Toronto, Canada) using PDMS. Briefly, a PDMS elastomer
base and a curing agent were mixed in a 10:1 ratio. The resultant mixture
was poured over the master and degassed for 10 min to remove air bubbles
and then placed in an oven and allowed to cure. The devices were cut out
and punched to form an inlet and an outlet and then plasma-bonded (Basic
Plasma Cleaner PDC-32G; Harrick Plasma, Ithaca, NY) to a glass coverslip
(#1.5; Thermo Fisher Scientific, Waltham, MA).

Experimental setup

Blood containing the fluorescent 2.11 um spherical particles was pumped
through microfluidic devices using a pressure-driven pump system equip-
ped with a flow controller (Fluigent, Villejuif, France). This pump system,
instead of a syringe pump, was used for better flow rate control (51). The
fluid was pumped through the microfluidic device at a physiologically rele-
vant average velocity of 1 mm/s in the nonconstricted regions, which cor-
responds to a volumetric flow rate of 0.60 uL/min and an apparent wall
shear rate of 77.9 s~ ' (see Supporting Materials and Methods, Section 2)
(54-57). The Reynolds number (Re number) is defined as follows:

Re = PV _ PO @)
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FIGURE 1 Three experimental parameters were explored and varied: (a) percent occlusion, (b) constriction length with mirrored expansion after the given
distance, and (c) eccentricity (¢). The devices in orange boxes are the same baseline devices, with 50% occlusion, 10 mm length, and & = 0. (d) Illustrations of
the definition of eccentricity in this study, defined mathematically by the semimajor axis a and semiminor axis b, are shown to quantify the gradualness of the
constriction entrance or exit. Pictured with circular and elliptical overlays for clarity are the ¢ = 0 channel (quartercircle-shaped entrance) and the € = 0.99
channel (elliptical and nearly parabolic). (e) Transmitted light images of the microfluidic devices are shown for each different geometry at the location of the

constriction. To see this figure in color, go online.

where p is the density (= 1060 kg/m3 ), w is the channel width (= 100 wm),
u is the mean fluid velocity (= 1 mm/s), u is the (dynamic) viscosity of the
fluid (= 3.5 mPa s), Q is the volumetric flow rate (= 0.6 uL/min), and d is
the depth of the channel (= 100 um). The Re number compares inertial
forces to viscous forces and was calculated to be ~0.030, suggesting that
viscous forces dominate inertial forces and that the flow is laminar for all
device geometries. Alternatively, Eq. 2 can be written in terms of volu-
metric flow rate (Q) and channel depth (d). The volumetric flow rates and
channel depth are kept constant in all experiments, and the Re number
therefore remains constant if a Newtonian fluid is assumed. However, this
simplified Re calculation does not take into account the shear-thinning na-
ture of blood. A generalized Re number for a power law fluid was defined
by several authors (58,59) as follows:

pwnﬁ(an)
K((n+ 1)/ (dn)) 801"

3

RegenPL =

where n is the power law index of the fluid, and K is the flow consistency
index of the fluid. Eq. 3 reduces to Eq. 2 for a Newtonian fluid with
n =1 and K = u. Using literature values for blood (n = 0.716 and K =
0.0171 Pa - s") (60), Rege,pr, was calculated to be ca. 0.020 for the noncon-
stricted channel and 0.024, 0.030, and 0.044 for 25, 50, and 75% occlusion,
respectively. Small Re numbers like these imply that viscous forces are
dominant in the current experimental system.

For each device, a 60,000-frame (~7.5 min) time-lapse video was
acquired using a dry objective lens (40x) with a high-speed camera (Andor
iXon Ultra 897 iX0897 electron-multiplying charge-coupled device, 130
frames/s; Andor Technology, Belfast, UK) and an inverted fluorescence
microscope (Nikon Eclipse Ti-E; Nikon Instruments, Melville, NY) with
an epifluorescence source (Intensilight C-HGFIE, Nikon Instruments).
These time-lapse videos were collected at four positions: 1) before the
constriction, 2) after the constriction, 3) before the expansion, and 4) after
the expansion. In each case, the time-lapses were collected 200 um away
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FIGURE 2 (a) Design of a typical device with 10 mm segments before and after a 10 mm constricted middle segment (devices with constriction length
variations had shorter constricted segments). (b) A closeup of the first red box shows imaging positions 1 and 2. (c¢) A closeup of the second red box shows

imaging positions 3 and 4. To see this figure in color, go online.

from the respective geometric changes to allow for flow reestablishment.
Bright-field images of blood flow were also collected and averaged over
time in an attempt to quantify the cell-free layer thickness. However, the
cell-free layer was not clearly discernible, possibly because of the limited
optical resolution and the current channel design. Fig. 2, a—c shows the
areas of imaging for each full-length (10 mm) constriction device, with po-
sitions 3 and 4 located downstream and mirroring positions 2 and 1, respec-
tively. Sample videos at each imaging position may be viewed as part of the
Supporting Materials and Methods (explanation of videos contained in Sec-
tion 1). It should be noted that, for the case of variable constriction length,
videos at positions 2 and 3 were not collected because the lengths studied
were shorter than the viewing window, and as a result, videos at these po-
sitions were impossible to obtain. As such, only the results at positions 1
and 4 were recorded for these devices. After each time-lapse video was
collected, the reservoir of blood was gently shaken to keep the solution
well mixed, and the device was perfused at a high flow rate (~8 uL/min)
for ~2 min. After every 2-3 time-lapse video acquisitions, the entire system
was flushed for 10 min before collecting the next time-lapse.

Image analysis: particle tracking

MATLAB (The MathWorks, Natick, MA) was used to analyze the time-
lapse videos. The fluorescent particles were tracked using code developed
in-house, as reported in (51). The tracking code consists of three steps. First,
a background correction was performed to remove any stationary bright
pixels associated with particles adhered to the bottom or sides of the chan-
nel. Second, the positions and sizes of all particles were calculated using a
gradient-based method. The calculated particle size was used to eliminate
out-of-focus particles based on their apparent larger size. Lastly, the posi-
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tions of all remaining particles were tracked as a function of time to
calculate velocities.

RESULTS AND DISCUSSION
Quantifying margination propensity

The methodology for the quantification of margination
propensity is detailed in a previous study by the authors
(51). Briefly, the channel in each time-lapse video was first
split into 10 equally spaced segments, and the particles
were tracked and counted in each of the 10 segments.
The weighting by velocity was done to account for the
naturally higher particle count near the center of the chan-
nel due to the higher velocity of the fluid and, therefore,
throughput of particles. Because more particles will be
seen nearer to the center of the channel, where the velocity
is at a maximum and more particles will be observed over
a given time for a uniform dispersion, weighting the parti-
cles based on their velocities allows for velocity profile
normalization. This weighting is given by the following
equation (51):

Vx,max
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where Pjn_geqmens 1S the total weighted particle count for
the ™ segment, Vy.q 1S the maximal particle velocity
across the channel, v,; is the velocity of the j™ particle
within the i segment, and N is the total number of particles
within the " segment. From Eq. 4, each particle in a
segment is assigned a weighted value, and slower particles
will be weighted more heavily. The margination param-
eter, M, can be defined as follows:

M = Pl”xegment +P10’h.vegmem (5)

> P

it segmente [1,10)

Eq. 5 allows for results that are easily interpretable and
comparable. Assuming an even distribution of particles
in a fluid where no margination occurs, such as water,
M should be equal to 0.20 because the weighting would
result in each segment having 10% of the total particle
weight and two of the segments being adjacent to the chan-
nel wall. As expected, an M of ~0.20 was found for a con-
trol experiment that was conducted using water, as shown in
Fig. 3 a. Larger values of M are indicative of marginating
behavior, and the magnitude of M can be compared between
experiments to quantify the effects of each of the geomet-
rical changes studied on particle margination. For each
experiment, an average M was calculated after tracking
and analyzing thousands of particles, and a one-way anal-
ysis of variance (ANOVA) with a Tukey comparison was
run on the results to ensure statistical significance.

Effect of position

For particles suspended in water, minimal changes in M
were observed with varying position, as shown in Fig. 3 a.
A one-way ANOVA has shown that none of these margin-
ation parameters are statistically significant from one
another (p > 0.05 in all cases). This is as expected because
there are no particle-RBC interactions in water, and these
values are all very close to the expected value of 0.20 for
a fluid with an even distribution of particles after velocity
normalization. Fig. 3 b shows the results for blood in the
same device at various positions. A one-way ANOVA shows
that all of these values are statistically significant from one
another (p < 0.05). M increases from position 1 to position 2
and from position 2 to position 3. However, a decrease in M
is observed from position 3 to position 4. This trend was
observed for all device geometries with the exception of
the shorter length devices (50, 100, and 200 um), where po-
sitions 2 and 3 are undefined (all average values and SDs are
included in Tables S1 and S2, respectively, in Supporting
Materials and Methods). It was considered that particles in
the constriction are more difficult to track because of
their faster velocities and that this could in turn artificially
inflate M at positions 2 and 3, leading to the observed in-
crease from position 1 to position 2 and the decrease from
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FIGURE 3 Margination parameters (M) at different positions for (a) wa-
ter and (b) blood. Percent occlusion, 50%; constriction length, 10 mm; ec-
centricity, 0. Asterisks denote the significance of a value from all others,
and asterisks with lines denote the nonsignificance of the grouped values
from one another and the significance of nongrouped values. To see this
figure in color, go online.

position 3 to position 4. However, because the water results
show no significant difference in M between positions, it is
likely that the blood results are not a result of tracking dif-
ficulties and that, instead, the geometry is the cause of the
change in M from location to location. It is further hypoth-
esized that particle-RBC interactions—the driving force for
margination (14,18,61,62)—are significantly altered by the
constriction and the expansion geometries.

Effect of variable percent occlusion

As shown in Fig. 4, M increases with an increasing percent
occlusion. These results were confirmed to be significant via
the use of a one-way ANOVA (p < 0.05). The degree of
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nongrouped values. To see this figure in color, go online.

occlusion appears to have a large effect on M. For instance,
increasing percent occlusion from 25 to 75% results in
a 41.6% increase in M. Blood is considered to be an
incompressible fluid, and the mean velocity in the con-
stricted region will change because of the reduction in
the cross-sectional area of the channel, as given by the
equation (63):

Q = uA, (©6)

where Q is the volumetric flow rate, % is the mean velocity of
the fluid, and A is the cross-sectional area of the channel. For
the same volumetric flow rate, a reduction in the cross-
sectional area of the channel results in a proportional in-
crease in the velocity of the fluid. Occlusions of 25, 50,
and 75% yield an increase in the wall shear rate by factors
of 1.6, 3.3, and 13.0, respectively, relative to the noncon-
stricted channel (see Supporting Materials and Methods,
Section S2, for detailed calculations). Other studies have
linked higher shear rates to increased margination as a result
of enhanced RBC-particle interactions (44,51,64,65). These
interactions, which are between elastic and stiff particles
and termed heterogeneous collisions, are identified as
a driving force for margination (14,44,61,66). Indeed, a
modeling study by Yazdani and Karniadakis, which investi-
gated platelet margination for percent occlusions of both 50
and 75%, concluded that an increasing percent occlusion
leads to an increasing shear rate and thus increased fre-
quency of heterogeneous collisions that enhance the lateral
drift of platelets toward channel walls (44). These results
support the findings of this study and match the proposed
explanation.
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Effect of variable constriction length

As shown in Fig. 5, M increases with increasing constriction
length. A one-way ANOVA showed that 50 and 200 um
lengths were significantly different, but 50 and 100 um
lengths and 100 and 200 um lengths were not. This demon-
strates that, although length does have an effect on M, the
effect is difficult to see in 50-100 um intervals. For the
same percent occlusion of 50%, margination was found to
increase with increasing length, likely as a result of the
increased residence time for margination to occur. The dis-
tance required for an initially randomly placed particle to
marginate, or the margination distance (X), is estimated to
be 10.1 mm for the constricted channel, based on an adap-
tion of an equation proposed by Zhao et al. (67):

where 7 is the average flow-direction velocity, w is the chan-
nel width (w = 50 um for 50% occlusion), and D, is the
effective diffusivity in the y-direction (transverse to the
flow direction). From a previous study (51), the effective
diffusivity of a 2.11 um particle, including RBC interac-
tions, was experimentally found to be on the order of
15.42 um?/s. For an average velocity of 1 mm/s, the resi-
dence time required for margination to be completed is esti-
mated to be 10.1 s, whereas the actual residence times
for the 50, 100, 200, and 10,000 um lengths are 50 ms,
100 ms, 200 ms, and 10 s, respectively. This simple analysis
supports the residence time explanation but does not
consider the effect of entrance or exit flows on margination.
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FIGURE 5 Margination parameter (M) results for the variable constric-
tion length device. Percent occlusion, 50%; eccentricity, 0. Asterisks denote
the significance of a value from all others, and asterisks with lines denote
the nonsignificance of the grouped values from one another and the signif-
icance of nongrouped values. To see this figure in color, go online.



Interestingly, the effect of constriction length on margin-
ation does not appear to be linear. As constriction length
increased from 50 to 200 um (a fourfold increase), there
was a 14% increase in M. However, increasing the length
from 50 to 10,000 um (a 200-fold increase in length) results
in a 32% increase in M, which is equivalent to an additional
increase of only 18% relative to the 200 um case. Physiolog-
ically, although the lengths of cerebral arterioles in humans
are known to be on the order of 3 mm (68), the length of a
typical arteriolosclerotic region is not documented in the
literature. If it is on the order of the length of a cerebral arte-
riole, however, then margination would be significant and
would fall somewhere between the values of the 200 um
length channel and the 10,000 um length channel.

Effect of variable eccentricity

Fig. 6 shows the effect of eccentricity (¢), or the gradualness
of the occlusion, on margination. The larger the eccentricity
value, the more gradual the change in channel width both at
the entrance and exit of the stenosis. A one-way ANOVA
showed significance (p < 0.05) of results for € = 0 vs.
e = 0.5, whereas the other values were insignificant from
one another but significant in comparison to ¢ = 0 and
e = 0.5. Margination was found to decrease as eccentricity
increases, with one exception. In the case of a sudden
change in geometry (¢ = not applicable (N/A)), M is lower
than the values of e = 0 and € = 0.5 but is comparable to
those of ¢ = 0.75 and 0.99. These results for the N/A
case, though puzzling, were confirmed through multiple ex-
periments. Table 1 summarizes M at all four imaging posi-
tions (Fig. 2) for varying eccentricity values. M increases
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FIGURE 6 Margination parameter (M) results for the variable eccentric-
ity device. Length, 10 mm; percent occlusion, 50%. Asterisks denote the
significance of a value from all others, and asterisks with lines denote the
nonsignificance of the grouped values from one another and the significance
of nongrouped values. To see this figure in color, go online.
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TABLE 1 Percent Change in Margination Parameter for
Varying Eccentricity

Percent Change in Margination Parameter (M)

Position 1 Position 3 to Position 1 to
Eccentricity to Position 2 Position 4 Position 4
e =N/A +21% —20% +8%
e=0 +12% —10% +30%
e=05 +3% —4% +26%
e=0.75 +5% —5% +21%
e =0.99 +2% —6% +11%

The percent change from position X to position Y is defined as ((My —
My)/Myx), where My and My are the margination parameters at positions
X and Y, respectively. A positive percent change indicates an increase in
M, whereas a negative percent change is associated with a decrease in M.

from position 1 to position 2 but decreases from position
3 to position 4 for all eccentricities. Compared with other
eccentricities, ¢ = N/A has the largest percent increase
in M from position 1 to position 2 (21%) but also the
largest percent decrease in M from position 3 to position 4
(20%). The sudden constriction at the entrance has a posi-
tive effect on the margination that is largely counteracted
by the negative effect of a sudden expansion at the exit of
the stenosis. The degree of negation varies depending on
the eccentricity.

In the literature, some studies observed a recirculating
flow after a sudden expansion (69,70). This recirculating
flow was investigated for the ¢ = N/A device as a potential
explanation for the unexpectedly low M observed. Recir-
culating flow was found to occur as a result of two
competing lift forces arising from inertia: a shear-gradient
lift force and a wall-effect lift force for particle Re
numbers (Re;) greater than one, as given by the following
equation:

a\ 2
Rep = RegenPL (;) s (7

where a is the particle diameter (2.11 um), and w is the
width of the channel. For Rey.,py = 0.020 and w =
100 pum, Re, was ~8.95 x 10~°, which is well outside
of the range for recirculating flow, which tends to occur
for Re, values of order one or greater (69). Furthermore,
no flow perturbations, such as a recirculating flow, were
observed experimentally in the N/A eccentricity geometry
after reviewing time-lapse videos taken at the constriction
and expansion regions. Further, to better understand the
flow profile of the N/A eccentricity device, blood was
modeled as a homogenous power law fluid in COMSOL
software, and the results are included in Supporting Mate-
rials and Methods, Section S3. Such an approach is inade-
quate at capturing margination, which originates from the
interactions between RBCs and particles, but it did confirm
the absence of recirculation. For future work, numerical
models may be extended to offer insights into experimental
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observations reported in this article for varying stenosis ge-
ometries, especially in the case of sudden constriction and
expansion.

CONCLUSIONS

To summarize, particle margination was quantified via the
direct tracking of fluorescent model particles in microfluidic
devices with different constriction and expansion geome-
tries. The margination parameter, or M, was calculated at
different locations as the particles entered and exited the
constricted areas mimicking a stenosed blood vessel. The
higher the margination parameter, the larger the degree of
margination. As a control experiment, particles were sus-
pended in water and pumped through the devices. No signs
of margination were recorded at any of the imaged posi-
tions. In the case of blood, M increased after a constriction
but decreased after an expansion, suggesting that channel
geometry has an important effect on particle margination.
The effects of the degree of occlusion (or percent oc-
clusion), constriction length, and the gradualness of
constriction/expansion were further investigated. Increasing
percent occlusion and increasing constriction length
increased particle margination. As the percent occlusion
increases, a higher shear rate is present in the constricted re-
gion, which has previously been shown to enhance
margination (51,64). The positive effect of constriction
length on margination is attributed to the longer residence
time for longer constriction lengths. In terms of the channel
shape, a more gradual constriction/expansion region (with
increasing eccentricity) resulted in less degree of margin-
ation, with the exception of a sudden constriction/expansion
geometry. No recirculating flows were observed experimen-
tally or in COMSOL simulations. The exact reason is un-
clear and warrants further numerical modeling, such as
particle dynamics simulations, which consider the discrete
interactions between particles and RBCs. All in all, this
study reveals that the channel geometry has nonnegligible
effects on particle margination. However, percent occlusion,
constriction length, and eccentricity are not well defined and
are not fully characterized in existing in vivo studies. We
hope this study will pave the way for more effective drug de-
livery to stenosed sites through an improved understanding
of the contribution of margination to drug delivery at these
sites (19-22). However, before this vision can be realized,
more rigorous and detailed geometric characterizations of
stenosed areas in vivo must be undertaken to better under-
stand the underlying physics and typical stenosis shapes
and sizes in various areas of the body. Taking atherosclerosis
as a physiological example, myocardial infarctions are
known to occur at percent occlusions above 70% (19,71).
However, the cutoff value for a stenosis to become life
threatening is largely unknown for arterioles. With com-
bined geometric information and the results of this study,
drug delivery to these sites can be better predicted, and
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future studies can isolate the effects of various particle char-
acteristics from stenosis contributions to margination and
drug delivery to these sites.

It should be noted that this experimental study did entail
three major limitations. First, it was impossible to track
individual RBCs and more importantly to visualize the po-
tential interactions between RBCs and particles. Unlike
modeling studies, this experimental study was only able to
capture the aftereffects of these interactions. Second, the
experimental results are greatly limited by the spatial and
temporal resolution of the imaging system, whereas the
exact positions of the particles are known in modeling
studies (45,47,48,72). Given the experimental constraints,
the margination is defined based on the normalized particle
distribution at a given location instead of the exact particle
trajectory, as in modeling studies. The results are therefore
not directly comparable. Third, magnification must be suffi-
ciently high to track the particles accurately, limiting the
field of view to ~200 um in length and preventing particle
tracking over longer distances. However, the experimental
observations reported in this article reveal the important ef-
fect of channel geometry on particle margination and will
inform further modeling studies.

SUPPORTING MATERIAL

Supporting Materials and Methods, one figure, three tables, and four
videos are available at http://www.biophysj.org/biophysj/supplemental/
S0006-3495(18)30450-8.
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