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Abstract
Objective—Particle adhesion in vivo is dependent on microcirculation environment which
features unique anatomical (bifurcations, tortuosity, cross-sectional changes) and physiological
(complex hemodynamics) characteristics. The mechanisms behind these complex phenomena are
not well understood. In this study, we used a recently developed in vitro model of microvascular
networks, called Synthetic Microvascular Network, for characterizing particle adhesion patterns in
the microcirculation.

Methods—Synthetic microvascular networks were fabricated using soft lithography processes
followed by particle adhesion studies using avidin and biotin-conjugated microspheres. Particle
adhesion patterns were subsequently analyzed using CFD based modeling.

Results—Experimental and modeling studies highlighted the complex and heterogeneous fluid
flow patterns encountered by particles in microvascular networks resulting in significantly higher
propensity of adhesion (>1.5X) near bifurcations compared to the branches of the microvascular
networks.

Conclusion—Bifurcations are the focal points of particle adhesion in microvascular networks.
Changing flow patterns and morphology near bifurcations are the primary factors controlling the
preferential adhesion of functionalized particles in microvascular networks. Synthetic
microvascular networks provide an in vitro framework for understanding particle adhesion.
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INTRODUCTION
Particle (e.g. cell, drug carrier) adhesion to tissue (e.g. vascular endothelium) depends
critically upon the geometric features of the vasculature at the site of adhesion and the
associated local hemodynamic factors such as wall shear rate, dynamic pressure, and
residence time. Understanding the complex interplay between these factors is critical to
delivery of particulate carriers to the target site. However, the mechanisms responsible for
the non-uniform distribution of adhering particles in microvascular networks are not clear in
part because of a lack of appropriate in vitro models of microcirculation.
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Traditionally, idealized in vitro flow chambers have been used to study particle adhesion [2,
16, 2]. These flow chambers have the benefit of readily characterized constant wall shear
rate which can be used directly in the interpretation of experimental results, especially the
generation of a shear adhesion map for the particles. Although these flow chambers have
been used for over a decade for studying cellular and particle behavior [3,4, 7, 19, 25, 30,
31, 33], they have important short comings, most notably lack of correspondence with in
vivo geometry (bifurcations, etc.), unrealistic scale/aspect ratios (microvasculature vs. large
vessels), need for large reagent volumes, and inability to differentiate between adhesion
patterns in healthy vs. diseased vasculature [6].

In recent years, several microfluidic devices mimicking microvessels have been developed
[5,15 24, 27]. However, most of these devices feature linear channels or at best comprise of
repetitive patterns of fixed angle bifurcations which do not accurately represent the complex
topology observed in the microvasculature. Furthermore, although the findings from these
devices provide important information on shear-dependent adhesion, detailed shear adhesion
patterns cannot be obtained owing to the simplified constructs.

To overcome these limitations, we have recently developed a methodology for studying
particle adhesion in a realistic in vitro model of the microvascular environment [20].
Vascular fluidic networks, obtained from digitization of in vivo microvascular topology,
were prototyped using soft-lithography techniques [1] to obtain in vitro representation of
microvascular networks (termed Synthetic Microvascular Networks or SMNs).
Computational Fluid Dynamics (CFD) analyses of fluid flow and particle transport in the
SMNs were used to provide detailed information on wall shear rates and particle fluxes in
the entire network. The advantages of the SMNs over parallel plate flow chambers were also
experimentally demonstrated for particle adhesion studies.

Microvascular networks commonly have a number of different diverging (a parent branch
splitting into two daughter branches) and converging (two branches joining) bifurcations,
which are the primary sites for binding of cells (platelets, leukocytes, etc.) under
pathological conditions [28]. However, to our knowledge, the mechanisms for this
preferential adhesion of particles near bifurcations have not been studied before. In a recent
study [29], we showed that the adhesion patterns of leukocytes in vivo and particles in vitro
using SMN at bifurcations are not due to the presence of endothelial cells and/or presence of
various adhesion molecules. In this study, we used our novel SMN in conjunction with CFD
modeling to investigate the effects of fluid dynamics and vascular geometry on particle
adhesion patterns in microcirculation. One of the major aims of the current study was to
investigate whether the non-uniformities in wall shear rates were responsible for this
preferential adhesion of particles at the bifurcations. Particle adhesion profiles at the
bifurcations were characterized and compared to particle adhesion in the branches of SMNs.
Computational Fluid Dynamics (CFD) based simulations were used to estimate wall shear
forces and their relationship to the observed adhesion patterns between bifurcation and
branches.

MATERIALS AND METHODS
Digitization and Fabrication of SMN

Microvascular networks were digitized using the methods developed before [20]. Briefly, a
microvascular network was randomly selected from a database of images of cremaster
muscle of hamsters (Syrian Golden) collected according to the ANET system developed
previously [18, 22, 23]. The images were traced and digitized using the software package
Arc-Info (ESRI) into AutoCAD-MAP format. Flow directions in these networks as observed
in vivo served as guidelines for defining inlet and outlet ports in the digitized network. The
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networks used in these studies comprised of 100 μm width and depth in the channels.
Layouts of the digitized network images were printed at high resolution on Mylar mask,
which was then used to pattern a positive resist (AZ P4620, Clariant, Somerville, NJ) spun
on top of a silicon wafer to create the masters for fabrication. The networks used in these
studies comprised of channels of rectangular cross-section with 100 μm width and 100 μm
depth. The channel depth was verified measured using a Dektakprofilometer (Veeco,
Woodbury, NY) and was found to be within 3%.

Sylgard 184 PDMS was prepared according to manufacturer’s instructions (Dow Corning,
Midland, MI) and poured over the developed masters. The polymer was then degassed and
allowed to cure overnight in an oven at 65°C to create complementary microchannels in
PDMS. Through holes, defining the inlets and outlets, were cored using a 1.5mm punch
(Ted Pella Inc., Redding, CA). Following plasma treatment (PDC-001, Ithaca, NY) for 30
seconds, the PDMS networks were bonded to a pre-cleaned 1×3 inches glass slide.
Tygonmicrobore tubing (0.06 inch OD and 0.02 inch ID) connected to 30 gauge stainless
steel needle served as the connecting port to the syringe mounted on a syringe pump (PHD
2000, Harvard Apparatus, MA).

Coating of SMN with Avidin
The inlet of the SMN chip was connected via tygonmicrobore tubing to a 1 mL syringe
mounted on a syringe pump. An 8-port perfusion manifold (MPP-8, Harvard Apparatus
MA) was connected to the outlets of the microvascular chip using microbore tubing. The
inlet of the perfusion manifold was connected to a 1 mL syringe via the microbore tubing. A
lab stand was used to clamp the 1 mL syringe in the vertical position above the chip with a
removable clamp (Qosina, Edgewood, NY) on the tubing. Avidin (Invitrogen, Carlsbad,
CA) at a concentration of 20 μg/ml was withdrawn into the vertical mounted syringe. To
remove air from the manifold, each line was allowed to form a droplet before inserting into
the network. This was repeated with all of the outlet tubings until there was no air left in the
lines. The syringe pump was then set to refill at 1 μl/min for 10 minutes to allow perfusion
of the SMN. At the end of the flow time, the device was wrapped in para film and stored at
4°C in a humidified dish overnight.

SMN Adhesion Assay
The coated SMN device was allowed to come to room temperature (~10 minutes). The
device was submerged in a 100mm petri dish filled with PBS to remove the tubing to ensure
no air bubbles entered the device. New tubing was then connected to the 8-port perfusion
manifold and primed with PBS (via a syringe) until all the tubes were filled with PBS. The
tubing from the manifold was inserted into the outlets of the network. The syringe filled
with PBS was removed from the manifold and the tubing was then inserted into a small dish
of PBS to maintain constant pressure. The entire setup was placed on a motorized stage
(LEP Ltd, Hawthorne, NY) mounted on an inverted epi-fluorescence microscope (TE 2000,
Nikon Instruments Inc., Melville, NY).

A solution of 2 μm biotinylated particles at a concentration of 5×105/mL was prepared in
PBS and loaded into a 1 ml syringe. A second 1 mL syringe primed with PBS was
connected to a 3-way valve (Upchurch Scientific, Oak Harbor, WA). One port served as a
waste port and the second port of the valve was connected to one of the split arm of 1/16
inch Y-connector (Cole Parmer, Vernon Hills, IL). The second split arm of the connector
was connected to a 1 ml syringe loaded with biotinylated particles. The single arm of the Y-
connector was joined to a small piece of 1/16 inch PEEK tubing via compliant platinum-
cured silicone Masterflex® tubing, Cole Parmer, Vernon Hills, IL). The connected syringes
were then placed on a programmable syringe pump (PHD 200, Harvard Apparatus, MA) and

Prabhakarpandian et al. Page 3

Microcirculation. Author manuscript; available in PMC 2012 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



flow was set at 10 μl/min. The Y-connector was initially primed with PBS followed by the
biotinylated particles by switching the 3-way valve connected to PBS to go to the waste
port. The flow was gradually reduced to a rate of 2.5 μl/min (corresponding wall shear rates
at this flow rate were calculated using the CFD model) and the PEEK tubing was inserted
into the inlet of the network. The network inlet port was then monitored under the
microscope. At the first sign of entry of particles into the network, a timer was started and
the particles flow was continued for 3 minutes. At the end of 3 minutes, PBS from the 3-way
valve was turned on to flow via the Y-connector into the inlet port and the flow from the
particle syringe was stopped. PBS flush of particles was continued for about 3 minutes to
wash off particles. At the end of the PBS wash, a scan of the entire SMN was performed
using the automated stage at 4X objective. A cooled CCD camera, RetigaExi (Qimaging,
Surrey, BC, Canada) was used for acquiring images. The entire process was automated
using the NIKON Elements software (NIKON, Melville, NY)

Measurement of Particle Adhesion in SMN
The acquired images were post-processed using NIKON Elements software. A circular AOI
of 200 μm diameter was created at each of the bifurcation in the SMN. This AOI of 200 μm
is twice the diameter of the vessel, a common methodology based on the principal that it
takes 2X diameter from a bifurcation for parabolic profile to be reestablished in a vessel [9].
The automated object count tool of the NIKON Elements software was used to count the
number of particles in each of the bifurcation AOI. The particle counts were transferred to
MS Excel for data analysis. Similarly, a particle count of the entire SMN using the
automated object count was also performed.

CFD Modeling
A general-purpose Computational Fluid Dynamics (CFD) code, CFD-ACE+ [12], based on
the Finite Volume Method (FVM) was used to discretize and solve the governing equations.
A computational mesh for the microvascular network was created by importing network
layouts in DXF format into CFD-GEOM, the grid generation module of CFD-ACE+.
Computational models of the network with rectangular cross-section similar to the
experimental channels were utilized. A three-dimensional hybrid mesh comprising of
hexahedral and prismatic elements was created for subsequent simulation and analysis.
Modules of fluid flow and particle transport (point particle and finite inertia model) and a
customized, shear-rate-based, stochastic adhesion model were used. This adhesion model
[20] captures the inherently probabilistic nature of particle/cell adhesion process. Briefly, in
this model, the probability of particle adhesion is given by P= exp (−G/Gc) where P is the
probability of particle adhesion; G is the local shear rate at the wall and Gc is the critical
shear rate at the wall. Critical shear rate was defined as the rate required to remove adhered
particles from an adhesive surface. Model parameters were used similar to our previous
study [20]. During analysis, mesh refinement studies were performed to establish grid
independence and the final results were obtained with a computational domain consisting of
approximately 110,000 nodes. The wall mesh size was 5–10X times compared to the
diameter of the particle used in the studies.

Statistical Analysis
Unless otherwise noted, data are presented as mean ± Standard Deviation (SD). Analysis of
variance was used to determine significant differences between the experimental, simulated
and theoretical results. All values of P < 0.05 were considered statistically significant.
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RESULTS
Adhesion of Functionalized Particles to Synthetic Microvascular Networks

Figure 1 shows the first synthetic microvascular network (SMN1) used in the study which
has one inlet and 7 outlets. At the inlet flow rate of 2.5 μl/min (t=0 min) it took
approximately 30 seconds for the particles to be distributed uniformly in all the branches of
the network. After 3 minutes of particle injection (t = 3 min) followed by 3 minutes of PBS
injection (t = 6 min) into the inlet of the SMN, no particles were observed in the inlet branch
indicating that the inlet branch was flushed of any particles. Hence, 6 minutes after the start
of each experiment was taken as the time-point for imaging particle adhesion. Figure 2a
shows the particle adhesion patterns at 6 minutes in the network and Figure 2b shows the
post-processed images with the area of interest (AOI) of 200 μm at the individual
bifurcations.

Estimation of Shear Values Using CFD
Figure 3 shows the computation domain used in the CFD simulation of particle adhesion in
the same network (SMN1). Figure 4a shows a sample image of the flow rate distribution and
Figure 4b shows the calculated wall shear rate values in the network. As a result of the
progressive and complex flow splits and joining, the shear rate in the network is highly
heterogeneous (range 0–400 s−1), and markedly decreases downstream. Figure 4c illustrates
the corresponding map of particle adhesion based on simulation, which was found to be
minimal in high shear regions (e.g. near the inlet channels where shear rate >300 s−1), and
maximal in low shear regions indicating that fluidic shear strongly influences particle
adhesion in these microvascular networks. We then plotted the average wall shear rate for
the branches and the bifurcations (Figure 4d) which showed that the average wall shear rate
in branches was not significantly different from that in bifurcations.

Comparing Experimental and Simulated Particle Adhesion Patterns
A common approach for understanding preferential particle deposition at respiratory airway
bifurcations is the deposition enhancement factor [32]. This approach states that if the
particle adhesion patterns near bifurcations are similar to other parts of the network, then the
deposition enhancement factor should be unity. To elucidate the impact of bifurcations on
particle adhesion patterns in a microvascular network environment, a bifurcation adhesion
ratio (BAR), similar to the deposition enhancement factor was defined, using the following
equation:

If particles do not exhibit any preferential adhesion near the bifurcations, the expected BAR
should be approximately equal to the ratio of the area of the bifurcation to the area of the
entire microvascular network. BAR values were calculated from both CFD simulations and
experiments. The computational domain used for the CFD simulation was used to calculate
total surface area of the 200 μm bifurcation AOIs as well as the entire network. The surface
area occupied by bifurcations was calculated to be 1.6×10−6 m2 and the surface area of the
entire microvascular network was calculated to be 7.7×10−6m2. Figure 5a shows that the
number of particles per unit area at the bifurcations is significantly higher than the number
of particles per unit area of the branches.

However, as seen from Figure 5b, both experimental (BAR value of 49%) and simulation
results (BAR value of 67%)showed significantly higher particle adhesion in bifurcations
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compared to the expected value (BAR value of 24%). In order to test if this result was
reproducible, we used a second microvascular network (SMN2, shown in Figure 6) to test
the preferential adhesion patterns of particles at bifurcations. Again, as shown in Figure 7,
both experimental (BAR value of 36%) and simulation (BAR value of 52%) findings
indicate a significantly higher particle adhesion index compared to the expected value
(21%).

To elucidate this particle adhesion patterns, we looked at detailed fluid velocity vectors in
the microvascular network. Figure 8 shows complex velocity vectors in different regions of
SMN1 exhibiting flow disturbances and complex flow patterns near the bifurcations for both
low and high shear regions of the SMN. These complex and heterogeneous flow patterns
present primarily due to the developing flow following flow split at the bifurcations in these
networks can be attributed to the higher adhesion at the bifurcations. Similar observations
have been reported in studies using lung airway models for both turbulent and laminar flows
[13,32], where adhesion of micro particles at bifurcations is significant higher due to the
impaction with the walls of vessels. Our results showing higher adhesion at the bifurcations
suggest that these flow disturbances at the bifurcations cause the micro particles to impact
the walls leading to higher adhesion compared to branches of the network.

Since networks are comprised of multiple bifurcations, we investigated further if a construct
comprised of only a single bifurcation would provide similar preferential particle adhesion
patterns. Hence, a bifurcating microfluidic device with 100 μm width and 50 μm depth in
the parent branch and daughter channels with 50 μm width and 50 μm depth with a
bifurcation angle of 30° was fabricated for testing (Figure 9). This simplified construct,
termed Idealized Microvascular Network (IMN), can be considered as basic unit of a
microvascular network.

Adhesion of biotinylated particles to the IMN was characterized as before except that the
shear rates in the parent branch were varied from 240 sec−1 to 15 sec−1. Each shear rate was
held constant for 3 minutes and adhesion patterns (particles bound per unit area) at two
AOIs were measured: (a) A circular AOI of 200 μm which is twice the width of the channel
and sufficiently larger than the area of fluid disturbance expected from CFD simulations
(data not shown), and (b) a rectangular AOI of 200 μm (length) × 100 μm (width of channel)
in the middle of the strait section of the inlet channel. As shown in Figure 10, and consistent
with results obtained in SMNs, functionalize particles preferentially adhere near bifurcations
in comparison with the branches even in this simple bifurcation.

DISCUSSION
We recently developed a methodology for studying particle and cell adhesion in vitro in
synthetic microvascular networks using a combination of microfluidics and CFD based
simulations [20, 21]. In this study, we characterized spatial adhesion patterns of
functionalized model drug carriers to test the hypothesis that that shear forces are the
primary controllers of preferential particle adhesion in bifurcating regions in microvascular
networks. Both experimental results with SMNs and CFD simulation studies highlight the
fact that particles tend to preferentially adhere in bifurcations compared to branches of the
microvascular networks. Particle adhesion patterns in the microvascular networks are highly
non-uniform and significantly higher (>1.5) concentration of adhered particles was observed
at bifurcations compared to the branches of the network. The complex and heterogeneous
flow patterns in SMN observed using CFD modeling showed higher particle adhesion in low
shear regions and minimal adhesion in high shear regions. These results are in agreement
with linear flow chambers indicating an inverse relationship between levels of shear and
particle adhesion [10]. However, our findings that even when wall shear rates are similar in
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bifurcations and branches particles still adhere predominantly in bifurcations suggest that
particle adhesion experiments performed using linear flow chambers might significantly
underestimate particle adhesion in vivo and not be representative of adhesion patterns in
microvascular networks. The results obtained with the simple bifurcating IMN also validate
the hypothesis that particle adhesion patterns in microvascular networks are localized near
bifurcations.

These findings also support the hypothesis that the geometrical features and changing flow
conditions in bifurcations are responsible for the preferential adhesion of functionalized
particles near bifurcations. Previously, we have 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 leukocytes near bifurcations [29]. Other studies
have shown that particle adhesion decreases with the particle size according to the
relationship d−1.7 where “d” is the diameter of the particle [4]. In addition, studies using
lung airway models have shown that microparticles adhere at bifurcations with significantly
higher propensity for both turbulent and laminar flow regimes [32] due to flow disturbances
at the bifurcations. Hence, the higher adhesion of particles at the bifurcation observed in
SMN is also likely the result of these altered flow patterns, which in turn lead to higher
impaction at the walls of the bifurcations in the SMN.

Even though a simplified bifurcating channel can provide some information on preferential
adhesion of particles in bifurcations, studying adhesion in complete microvascular networks
such as SMN provides a more complete understanding of the dynamics of particle adhesion
in the microcirculation. For example, differences in adhesion ratios in different size vessels
and different angles of bifurcation can only be characterized in vitro in a fluidic device such
as the one used in our study. Further studies are required to understand the effects of vessel
tortuosity and cross-sectional changes on particle adhesion in different parts of the network.
In addition, since most of the drug delivery vehicles are in the nanometer range, a size
dependent study should be performed to determine if the preferential adhesion of
functionalized particles near bifurcations is size dependent. This will be of particular
relevance for nano particles, where different phenomenon such as Brownian diffusion, not
seen with microparticles, may influence particle transport and adhesion patterns. SMNs can
also be used to study the complex nature of cell adhesion assays, such as leukocyte-
endothelial interactions, tumor-endothelial interactions and nano particle adhesion to cells in
vitro which can be then validated in vivo.

CONCLUSIONS
The current study, in agreement with our previous in vivo studies, indicates that bifurcations
are the focal points of cell and particle adhesion in microvascular networks. Results from
experimental and simulation studies presented here indicate that changing flow patterns near
bifurcations are the primary factors controlling the preferential adhesion of functionalized
particles and leukocytes to bifurcation regions in microvascular networks. Synthetic
microvascular networks, coupled with CFD simulations, can be used as an effective in vitro
tool to characterize cell/particle adhesion in conditions mimicking the in vivo
microcirculatory environment.
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Figure 1.
First synthetic microvascular network (SMN1) used in the particle adhesion study
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Figure 2.
A. Raw Image of SMN1 with adhered biotinylated particles 6 minutes post injection.
B. Post-processed images with highlighted AOIs in the bifurcations of SMN1.
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Figure 3.
A typical computational mesh of the microvascular networks (~110,000 computational cells)
used in the CFD simulation.
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Figure 4.
CFD Simulation results in the SMN1.
A. Distribution of velocity magnitude (equivalent to the flow rate) ranging from 0 to 2mm/s
B. Distribution of wall shear rate at the top surface of the vessel ranging from 0 to 60 sec−1

C. Sample results of particle adhesion patterns
D. Average wall shear rate comparison between branches and bifurcations indicating no
significant differences
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Figure 5.
Particle adhesion in SMN1.
A. Adhesion per unit surface area for branches vs. bifurcations. Particles adhered in
significantly larger numbers at bifurcations compared to branches of SMN. Experimental
results are averaged from three runs with error bars representing standard deviation.
B. Comparison of adhesion patterns. Expected values are based on theoretical calculations
assuming no effect of bifurcations on the adhesion. Simulation values are based on CFD
results. Experimental results are averaged from three runs with error bar representing
standard deviation. Percentage of particles adhered in bifurcations for both experimental
(49%) and simulation (67%) was significantly higher than the expected (24%) values.
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Figure 6.
Second synthetic microvascular network (SMN2) used in the particle adhesion study
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Figure 7.
Particle adhesions in SMN2. Expected values are based on theoretical calculations assuming
no effect of bifurcations on the adhesion. Simulation values are based on CFD results.
Experimental results are averaged from three runs with error bar representing standard
deviation. Percentage of particles adhered in bifurcations for both experimental (36%) and
simulation (52%) was significantly higher than the expected (21%) values.
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Figure 8.
Fluid velocity vectors in different sections of SMN1. The vectors are colored by velocity
magnitude ranging from 0 to 2mm/s. Complex and heterogeneous fluidic patterns are
present in the entire network near the bifurcations, for both the high (Figure A) and low flow
rate (Figure B) regions.
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Figure 9.
Panel A, Schematic of the idealized microvascular network (IMN).
Panel B, Image of fluorescent particle adhesion in IMN. The flow is from left to right in the
figure.
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Figure 10.
Adhesion patterns in bifurcation and linear section of IMN. Particles adhere in significantly
larger numbers in bifurcations than linear sections at all shear rates. Experimental results are
averaged from three runs with error bars representing standard deviation.
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