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Abstract

Particle adhesion in vivo is highly dependent on the microvascular environment comprising of
unique anatomical, geometrical, physiological fluid flow conditions and cell-particle and cell-cell
interactions. Hence, proper design of vascular-targeted drug carriers that efficiently deliver
therapeutics to the targeted cells or tissue at effective concentrations must account for these
complex conditions observed in vivo. In this study, we build upon our previous results with the
goal of characterizing the effects of bifurcations and their corresponding angle on adhesion of
functionalized particles and neutrophils to activated endothelium. Our hypothesis is that adhesion
is significantly affected by the type of biochemical interactions between particles and vessel wall
as well as the presence of bifurcations and their corresponding angle. Here, we investigate
adhesion of functionalized particles (2 um and 7 um microparticles) to protein coated channels as
well as adhesion of human neutrophils to human endothelial cells under various physiological
flow conditions in microfluidic bifurcating channels comprising of different contained angles (30°,
60°, 90°, or 120°). Our findings indicate that both functionalized particle and neutrophil adhesion
propensity increases with a larger bifurcation angle. Moreover, the difference in adhesion patterns
of neutrophils and rigid, similar sized (7 um) particles is more apparent in the junction regions
with a larger contained angle. By selecting the right particle size range, enhanced targeted binding
of vascular drug carriers can be achieved along with a higher efficacy at optimal drug dosage.
Hence, vascular drug particle design needs to be tailored to account for higher binding propensity
at larger bifurcation angles.
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Introduction

Particle adhesion in vivo is highly dependent on the microvascular environment comprising
of unique anatomical, geometrical, physiological fluid flow conditions and cell-particle and
cell-cell interactions (Cho et al., 1985; Ishikawa et al., 2011; Ku, 1997; Lee and Lee, 2009;
Mayrovitz et al., 1977; Prabhakarpandian et al., 2011a). The biochemical processes involved
in cell-cell and particle—cell interactions have been traditionally characterized using in vitro
static assays consisting of tissue culture dishes coated with either protein matrices or
adherent cells, in which the number of adherent particles/cells is quantified after a period of
incubation (Amoozgar et al., 2013; Baker-Groberg et al., 2014; Irino et al., 2014; Neal et al.,
2011). However, these static assays lack the in vivo complex microcirculation environment,
in which the presence of physiological fluid flow and geometric features can determine
spatiotemporal changes in hemodynamic conditions and factors impacting adhesion (Fahim,
2003). Therefore, in recent years in vitro flow chambers characterized by a simple geometry
and defined flow conditions have been used to study the adhesive interactions between
particles/cells and adhesion molecules of the endothelium (Decuzzi et al., 2007; Haun and
Hammer, 2008; Jutila et al., 2007; Sang et al., 2007; Sperandio et al., 2006). With the
advancement of MEMS-based microfluidic systems during the last few years, micro-scale
flow chambers have been developed to accurately reproduce the in vivo conditions (e.g.
stenosis, bifurcations). Using these devices comprised of fluidic channels with dimensions
ranging from few micrometers to hundred micrometers, several investigators were able to
characterize leukocyte adhesion (Dixit et al., 2012; Rouleau et al., 2010; Schaff et al., 2007)
and platelet adhesion (Ku et al., 2008; Sarvepalli et al., 2009; Tovar-Lopez et al., 2010) in
an in vivo mimicking fluidic microenvironment.

Different types of targeting moieties on carrier’s surface have been investigated for
achieving a higher efficiency of drug carrier interaction and adhesion to the endothelium
(Burch et al., 2002). In prior studies, we showed that adhesion efficiency of functionalized
particles and leukocytes in vitro using synthetic microvascular networks (SMNs) mimicking
the in vivo microvasculature and fluid flow conditions (Lamberti et al., 2014;
Prabhakarpandian et al., 2011b) and leukocytes in in vivo vessels (Tousi et al., 2010) is
significantly affected by geometric features of the vessels. Doshi et al. (2010) showed that a
simple bifurcating microfluidic flow chamber can be used to characterize the transport and
adhesion dynamics of drug carrying particles. Moreover, the junction region of the
microfluidic flow chamber was able to select the best particle shape for optimal adhesion
over the traditionally used linear microchannels. In a recent study (Lamberti et al., 2013), we
showed that adhesive interactions of functionalized particles with the endothelium are
significantly higher in junction regions than straight sections of in vitro systems. These
studies showed that, regardless of size, shape and biochemical interactions between particles
and endothelium, significantly higher adhesion was observed at the junctions compared to
the straight sections of the channels. The importance of geometrical features and
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hemodynamic forces in the vasculature has also been widely investigated in the
pathobiology of atherosclerosis (Gimbrone and Garcia-Cardefia, 2013). It has been shown
that straight regions of arteries are exposed to steady laminar blood flow and are protected
from atherosclerosis, while regions of bifurcations are characterized by disturbed blood flow
that predisposes to atherosclerosis (Malek et al., 1999; Nigro et al., 2011; Wootton and Ku,
1999). Therefore, in order to characterize the efficiency of targeted drug carriers in vitro, it
is important to consider the geometry of the microvasculature, in particular the bifurcations
and junctions of the microvascular network.

In this study, we build upon our previous results with the goal of characterizing the effects
of bifurcations and their contained angle on adhesion of functionalized particles and
neutrophils to activated endothelium. Our hypothesis is that adhesion is significantly
affected by the presence of bifurcations and their corresponding angle as well as the type of
biochemical interactions between particles and vessel wall. In order to study the effects of
the presence of bifurcations in the vasculature, we investigated adhesion of functionalized
particles to protein coated channels and adhesion of human neutrophils to human endothelial
cells in microfluidic channels comprising of different bifurcation angles. To model drug
particles, we used polystyrene microspheres, which although not biodegradable, have been
widely used as model drug carriers for medical research and biological laboratory
experiments (Gentile et al., 2008; Kendall et al., 2009; Namdee et al., 2013; Rodgers et al.,
2000). A comparison of neutrophil/particle adhesion density between the junction and the
straight regions of the channel was performed to examine the non-uniform distribution of
neutrophils/particles at vessel bifurcations. Finally, we compared functionalized particle
adhesion patterns with neutrophil adhesion in cellularized bifurcating channels to examine
neutrophil-endothelium interactions at the junction and in the straight section of the system.

Materials and Methods

Fabrication of Bifurcating Synthetic Microvascular Network (SMN)

Bifurcating SMN (Fig. 1) was fabricated using soft lithography processes (Doshi et al.,
2010). Briefly, Sylgard 184 PDMS was poured over the developed masters in a 150 mm
Petri dish, and degassed for 15 min. The polymer was then allowed to cure overnight in an
oven at 65 °C. The bonding surfaces of the PDMS and 1x3 in. glass slide were plasma
treated (200 mTorr, 18 W, 30 s) in a plasma generator (Harrick Scientific, Ithaca, NY).
Tygon Microbore tubing (0.06 inch OD and 0.02 inch ID) was used to connect inlet and
outlet ports punched on PDMS using a biopsy punch. The networks used in these studies
comprised of channels of rectangular cross-section with a parent channel of 100 um width
and 100 pm depth and two daughter channels of 50 pum width and 100 pm depth and
bifurcation contained angles of 30°, 60°, 90°, 120° respectively. The bifurcation is
symmetric about the parent channel.

Coating of Bifurcating SMN with Avidin

The inlet port of the microfluidic device was connected to a 1 ml syringe filled with avidin
(Invitrogen, Carlsbad, CA) at a concentration of 20 ug/ml mounted on a programmable
syringe pump (PHD 2000, Harvard Apparatus, Holliston, MA). Avidin was introduced into
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the channel at a flow rate of 1 pl/min for 10 min. The flow was then stopped and the entire
device was placed at 4 °C for 4-6 h. The device coated with avidin was allowed to come to
room temperature (~10 min) before the experiments.

Seeding of human umbilical endothelial cells into the SMN

Using our established protocol (Lamberti et al., 2013; Rosano et al., 2009), the fabricated
device was degassed and then washed with sterile DI water. The device was then incubated
with fibronectin (100 pg/ml) for 1 h. Human umbilical vein endothelial cells (HUVEC)
(Lonza, Walkersville, MD) were introduced and incubated at 37 °C and 5% CO,. Media was
replaced every 24 h until the cells were confluent in the device. Confluent endothelial cells
were activated with 10 U/ml of TNF-a for 4 h before the experiments.

Neutrophil Isolation and Labeling

Human blood was obtained via venipuncture from healthy adult donors and collected into a
sterile tube containing sodium heparin (BD Biosciences) after informed consent was
obtained as approved by the Institutional Review Board of Temple University. Neutrophils
were then isolated using a one-step Ficoll-Plaque gradient (GE Healthcare, Piscataway, NJ).
After isolation, neutrophils were counted and resuspended in HBSS (5x10° cells/ml).
Neutrophils were labeled in suspension using CFDA SE probe (Molecular Probes, Carlsbad,
CA) for 10 min at room temperature. The labeled neutrophil solution was washed with
Hanks Balanced Salt Solution (HBSS) and resuspended in pre-warmed endothelial cell
media containing 10 ng/ml of TNF-a and kept in the incubator for 10 min prior the
experiments.

Adhesion measurements in bifurcating SMN

Adhesion studies were conducted using biotin-conjugated microspheres of 2 um or 7 um
diameter (Polysciences, Inc., Warrington, PA) and human neutrophils, prepared at a
concentration of 5x10%/ml in PBS. A programmable syringe pump (PHD 2000, Harvard
Apparatus, MA) was used to inject the particles and the flow was set for a shear rate of 240
1/sec. Every 3 min, the flow was reduced by half reaching a final shear rate of 7.5 1/sec,
similar to our previous studies (Doshi et al., 2010; Kolhar et al., 2013; Lamberti et al., 2013;
Prabhakarpandian et al., 2011c, 2001; Sakhalkar et al., 2003). The new shear rate was
maintained for 3 min to allow sufficient time for a statistically significant number of
adhesion events to occur (Doshi et al., 2010; Kolhar et al., 2013; Lamberti et al., 2013;
Prabhakarpandian et al., 2011c; Smith et al., 2014). A cooled CCD camera, Retiga Exi
(Qimaging, Surrey, BC, Canada) was used for acquiring images. The entire process was
automated using the NIKON Elements software (NIKON, Melville, NY). Particle/
Neutrophil adhesion patterns were analyzed in both the junction area (defined as a distance
of 200 um from the bifurcation) and the straight section (defined as a distance of 1000 pm
from the junction area) as described before (Lamberti et al., 2013). Particles and neutrophils
that did not move for 30 sec during the 3 min acquisitions period were considered adherent
and counted using a 4x objective.
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Statistical Analysis

Results

Unless otherwise noted, data are presented as Mean + Standard Error of the Mean (SEM).
Analysis of variance (ANOVA) was used to determine significant differences between
different bifurcation angles, shear rate values and junction vs. straight sections.

Images of the different shapes of bifurcating channels are presented in Figure 1. Adhesion
profiles of biotinylated particles were quantified in different contained angles in bifurcating
SMNs coated with avidin. Different sized functionalized particles (2 um or 7 pm) or
neutrophils were perfused through the bifurcating channels at shear rates ranging from 240.0
to 7.5 1/sec, which are the typical physiological shears observed in the microcirculation
(Kim and Sarelius, 2003). Fluorescent images of straight sections and the junction regions
were taken at the end of a fixed time interval of 3 min (Fig. 2). The adhesion propensity was
quantified in terms of the number of particles and neutrophils attached per unit area of the
bifurcating SMNs.

Adhesion patterns of 2 um particles is dependent on the angle of bifurcation

Adhesion of functionalized particles decreased with increasing shear rate in both junctions
and straight regions of all bifurcating SMNs (bifurcation angles of 30°, 60°, 90° and 120°),
indicating an inverse relationship between levels of shear and particle adhesion (Fig. 3A and
3B). In addition, our results showed a significantly higher particle adhesion (1.5 times
higher or more) in junctions compared to straight sections.

Furthermore, particle adhesion at junctions increased with an increase in the angle of
bifurcation (Fig. 3B). In particular, at all shear values the bifurcation angle of 120° resulted
in the highest level of adhered particles as compared to the smaller bifurcation angles (30°,
60°, and 90°). This dependence is not seen in the adhesion data in the straight sections,
suggesting that this phenomenon is due to the geometry of the bifurcation region.

The difference in adhesion patterns of neutrophils and 7 um particles is more apparent in
the junction regions

In order to investigate whether the effects of the geometry observed in the in vitro systems
correspond to biological particles with different biophysical characteristics, we examined
neutrophil-endothelium adhesive interactions in bifurcating SMNs with different bifurcation
angles. To better approximate the in vivo environment, endothelial cells were seeded in the
bifurcating SMNs and then exposed to flow overnight (Fig. 4A and 4B).

Endothelial cells were then activated with TNF-a in the SMN, while human neutrophils
were isolated and then perfused on activated cells under the same shear conditions used for
the functionalized particles. In these experiments, we used SMNs with a bifurcation angle of
30° and 120° which represent the narrowest and the widest angles studied, respectively. We
also studied the adhesion level of 7 um functionalized particles which have similarly sized
as the neutrophils but are rigid. Similar to the results obtained for both 2 pm and 7 um
functionalized particles, adhesion level of neutrophils on endothelial cells in the bifurcation
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SMNs decreased with an increase of shear rate (p < 0.01) at both straight and junction
regions (Fig. 5 and 6). As a negative control experiment, adhesion of 7 um biotin particles
on non-activated surface of the bifurcating SMNs with an angle of 30° coated with 0.1%
BSA solution was investigated. The results showed no adhesion at all shear conditions (data
not shown).

When we examined the level of adhesion of both 7 um particles and neutrophils in the
junction regions of bifurcating SMNs with an angle of 30°, there was a significant difference
in the level of adhesion between particles and neutrophils at low shear conditions (p< 0.01)
(Fig. 6A). On the other hand, junction region with an angle of 120° showed a significant
difference between 7 um particles and neutrophils at all shear conditions (p< 0.01) (Fig. 6B).
Furthermore, the adhesion of particles and neutrophils in the larger bifurcation angle of 120°
was higher (~ 2 times) than that in the 30° bifurcation angle.

Discussion

In this study we have used synthetic microvascular networks (SMNs) with different
bifurcation angles (30°, 60°, 90°, 120°) to study the adhesion patterns of functionalized
particles and neutrophils under different geometric and flow conditions. 2 um biotinylated
particles interacting with avidin coated channels were used for all the bifurcation angles and
under various shear conditions, while neutrophil-endothelial interactions were studied using
human neutrophils flowing on HUVECs pretreated with TNF-a for 4 h in SMNs with
bifurcation angles of 30° and 120° under various physiological shear conditions. Adhesion
patterns of neutrophils to activated endothelial cells were compared to that of similar size 7
um, but rigid, functionalized particles.

Vascular endothelium has been shown to sense different flow patterns and to have different,
flow-specific responses both at the molecular and at the cellular levels (Nigro et al., 2011).
Previously, our group has shown that the presence or absence of endothelial cells and/or
receptor concentrations on their surfaces, are not the driving forces behind the preferential
adhesion patterns of neutrophils near bifurcations (Prabhakarpandian et al., 2011c; Rosano
et al., 2009; Tousi et al., 2010). Similar to our previous results (Lamberti et al., 2013), the
number of adherent particles/neutrophils in junction regions is statistically higher than in
straight sections depending on local shear stress. In this study, we tested the hypothesis that
adhesion is significantly affected by the type of biochemical interactions between particles
and vessel wall as well as the presence of bifurcations and their corresponding angle. We
estimated the influence of the bifurcation angle on particle adhesion by using bifurcating
SMNs with various angles and we then compared the results with those obtained from
neutrophil adhesion to endothelial cells in the same bifurcating geometries. Our findings
indicate that both functionalized particle and neutrophil adhesion increases with a larger
bifurcation angle. The higher adhesion of particles/neutrophils at the larger bifurcation angle
observed in SMNs is likely due to altered flow patterns, which lead to a higher interaction of
particles/neutrophils with the walls (Prabhakarpandian et al., 2011c). Given the fact that
neutrophil-endothelial cell interactions involve a much larger number of biochemical
interactions compared to biotin-avidin interactions of the 7 um rigid particles, it is
interesting to note that as the bifurcation angle increases, differences between particle

Microvasc Res. Author manuscript; available in PMC 2016 May 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lamberti et al.

Page 7

adhesion and neutrophil adhesion profiles becomes more pronounced. The interaction
between biotinylated particles and avidin coated vascular walls is a simplification of the
more complex interaction of neutrophil-endothelial cells. The differences in neutrophil and
particle adhesion could stem from a variety of factors e.g. neutrophil deformation vs.
particle rigidity, endothelial cell signaling in neutrophil-endothelial interactions vs. the
absence of signaling for particle adhesion, and differences in binding affinity between
neutrophil-leukocyte interactions and avidin-biotin interaction, among others. Additional
controlled studies would be needed to develop a detailed mechanistic understanding of the
differences attributable to these factors, and could be pursued in future efforts.

Several computational studies have shown the important effects of the presence of
bifurcations on cell margination and adhesion; for example the distribution of red blood cells
in the microvasculature resulted to be uneven in the downstream channels of a bifurcation
vessel (Chesnutt and Marshall, 2009). In our studies, we did not see any differences in
particle/neutrophil adhesion between the upstream and downstream channels following the
junction region, but believe that the presence of red blood cells may enhance this
phenomenon. In this study the experiments were performed using neutrophils or particles
suspended in cell culture medium or buffer and were designed to study the effects of shear
stress and the in vitro geometry of bifurcating SMNs on cell/particle adhesion. However, we
did not completely reproduce the in vivo blood rheology, in which the presence of
erythrocytes enhance neutrophil/particle rolling and arrest by displacing them from the bulk
flow toward the wall and increase binding of neutrophil/particle to endothelium (Migliorini
et al., 2002). Future studies may be performed by including erythrocytes in the neutrophil
suspension and study the overall efficiency of neutrophil capture in bifurcating SMNs by
increasing the frequency of collision as neutrophils interact with the endothelium.

Atherosclerotic lesions are preferentially located at the outer walls of the arterial branches
and curvatures, where the local flow is disturbed (e.g., non-uniform, irregular oscillation,
and recirculation) (Asakura and Karino, 1990; Caro et al., 1971; Zarins et al., 1983). Since
the margination of microspheres to the vessel wall, and therefore the probability to their
adhesion to the endothelium, has been shown to be a combined function of particle size,
blood flow rate and the wall shear rate within the vessel (Charoenphol et al., 2010), the
results obtained in this study may help to characterize the behavior of drug carriers in
conditions of disturbed blood flow typical of many clinical disorders, including
atherosclerosis, arterial aneurysm, aortic valve calcification, postsurgical intimal
hyperplasia, in-stent restenosis, venous varicosity, chronic venous insufficiency, ischemia/
reperfusion injury, and transplant vasculopathy (Chiu and Chien, 2011).

In conclusion, drug carrier particle adhesion is significantly affected by the presence of
bifurcations and their corresponding angle as well as the type of biochemical interactions
between particle and vessel wall. By choosing the right particle size range and the right
vascular geometry, enhanced targeted binding of vascular drug carriers can be achieved
along with a higher efficacy and minimal drug dosage. Hence, drug particle design needs to
be tailored to account for higher binding propensity at larger bifurcation angles.
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Schematics of bifurcating SMNs with an angle of 30°, 60°, 90° or 120°.
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Figure 2.
Images show adhesion of 2 pm biotin-coated particles to avidin-coated bifurcating SMN

with an angle of 60° at different shear values. The difference in the adhesion propensities
can be clearly observed between high and low shear rates.
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Figure 3.
A) Adhesion of 2 um functionalized particles to straight sections significantly increases with

decreasing shear values ranging from 240 to 7.5 1/sec. There was no statistic significant
difference in the level of adhesion of particles between different angles at all shear values.
B) Adhesion of 2 um functionalized particles to junction regions significantly increases with
the angle of bifurcations (p<0.05) for shear values ranging from 7.5 to 120 1/sec. *p< 0.05;
**p< 0.01. Please note that the scales for the Y-axis in panels A and B are different and that
there was significantly higher particle adhesion in junctions as compared to straight sections.
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Figure 4.
A) Endothelial cells cultured in bifurcating SMN reach confluence under shear flow

conditions; B) Endothelial cells stained with Hoechst (blue, nuclei) and MitoTracker Red
CMXRos (red, mitochondria) show elongation in the direction of flow.
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In the straight sections of the bifurcating SMN with an angle of 30° (A) and 120° (B) there
is no significant difference in the level of adhesion between 7 um particles and neutrophils at

all shear conditions.
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A) In the junction regions of the bifurcating SMN with an angle of 30° there is significant
difference in the level of adhesion between 7 um particles and neutrophils at low shear
conditions. B) In the junction regions of the bifurcating SMN with an angle of 120° there is
significant difference in the level of adhesion between 7 um particles and neutrophils at all
shear conditions. The adhesion of particles and neutrophils is higher (~ 2 times) than in the

bifurcation angle of 30°. *p< 0.05; **p< 0.01.
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