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ABSTRACT
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There is a clear need for testing targeted drug carrier systems in a more realistic
microenvironment where both biochemical interactions and shear forces are present. This
is critical both for understanding of the molecular mechanisms involved in this process
and during the drug discovery process. Current in vitro models of the leukocyte adhesion
cascade cannot be used for real-time studies of the entire leukocyte adhesion cascade
including rolling, adhesion and migration in a single assay. In this study, we have
developed and validated a novel bioinspired microfluidic device (bMFD) and used it to
test the hypothesis that blocking of specific steps in the adhesion/migration cascade
significantly affects other steps of the cascade. The bMFD consists of an endothelialized
microvascular network in communication with a tissue compartment via a 3 µm porous
barrier. Human neutrophils in bMFD preferentially adhered to activated human
endothelial cells near bifurcations with rolling and adhesion patterns in close agreement
with in vivo observations. Treating endothelial cells with monoclonal antibodies to Ei

selectin or ICAM-1 or treating neutrophils with wortmannin reduced rolling, adhesion,
and migration of neutrophils to 60%, 20% and 18% of their respective control values.
Antibody blocking of specific steps in the adhesion/migration cascade (e.g. mAb to Eselectin) significantly downregulated other steps of the cascade (e.g. migration). This
novel in vitro assay provides a realistic human cell based model for basic science studies,
identification of new treatment targets, selection of pathways to target validation, and
rapid screening of candidate agents.
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CHAPTER 1
LITERATURE REVIEW

Inflammation
Inflammation is a physiological response of the body to protect tissues from infection
(bacteria, virus, parasitic worms or other pathogens), injury or disease (cardiovascular,
immune, etc.). The primary role of the inflammatory response is to eliminate the
causative agent and to repair the surrounding tissue (Swirski & Nahrendorf, 2013).
Usually, this starts with the signaling cascade at the affected areas, followed by the
production and release of chemical agents. The evolving signals then recruit leukocytes
to the inflammation site, activating an acute inflammation process (Springer, 1994). This
process involves the initiation of the leukocyte adhesion cascade mediated by a series of
interactions between receptors and ligands on the endothelium and the leukocytes,
respectively. Specifically, circulating leukocytes tether and roll along the vessel wall by
establishing transient selectin-mediated interactions with endothelial cells. This initial
contact facilitates the binding of leukocyte integrins (beta2 and/or alpha4 integrins) to
their counter-receptors on the activated endothelium, which allows leukocytes to firmly
adhere to the endothelium and resist disruptive hemodynamic shear forces. Ultimately,
arrested leukocytes extravasate to inflamed tissues across endothelial cells (diapedesis or
transendothelial migration) via a multi-step process controlled by concurrent
chemoattractant-dependent signals, adhesive events and hemodynamic shear forces (Ley,
Laudanna, Cybulsky, & Nourshargh, 2007; Molteni, Fabbri, Bender, & Pardi, 2006). Due
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to the significance of the leukocyte-endothelium interactions in pathogenesis of disease
(Gimbrone & García-Cardeña, 2013) and drug delivery (Santini, Richards, Scheidt,
Cima, & Langer, 2000), amongst many others, several in vitro models have been
developed to study different aspects of the leukocyte adhesion cascade.

Vascular targeted drug delivery systems
The greatest obstacle to the successful application of many forms of drug therapy often
comes from side-effects. If drugs acted exclusively on their intended target to produce the
desired effect without at the same time often causing many unwanted effects on other
tissues, their effectiveness would be enhanced tremendously. In 1906, P. Ehrlich was the
first person to describe the need for a drug that could selectively target a specific site,
coining the phrase “the magic bullet”. It was only a dream at that time, and only in the
last 20 years science techniques have evolved in such a way that many laboratories could
start to transform that dream into reality. Successful application of drugs in biology and
medicine is hampered by a multitude of problems ranging from poor selectivity of drugs
for the target and their inability to permeate target areas to premature drug inactivation
and clearance from the body by the renal system, hepatic uptake and by the reticuloendothelial system (Moghimi & Szebeni, 2003).
To overcome these obstacles, drug carriers are being designed in order to: (1)
optimize drug pharmacokinetics, protect drugs against inactivation, and limit premature
activity en route to the target, (2) control drug release kinetics, (3) deliver drugs to target
cells, and (4) optimize their sub-cellular delivery (Simone, Ding, & Muzykantov, 2009).
2

The most used drug carrier systems include liposomes, polymeric micelles, microspheres,
conjugated proteins and nanoparticles.
Liposomes consist of an aqueous core entrapped by one or more bilayers
composed of natural or synthetic lipids, and are therefore biocompatible and
biodegradable. Avoiding aqueous regions of the body, liposomes can bind to the
membrane of cells and deliver their content inside the cells, such as drugs or contrast.
Depending on the formulation and design, liposomes can effectively control the
pharmacokinetics and biodistribution of the drug, and specific tissues can be avoided or
targeted (Wang et al., 2013).
Polymeric micelles can be described as a core-shell structure; with a hydrophilic
shell and a hydrophobic core. The hydrophobic core consists of a biodegradable polymer
that can be used to carry an insoluble drug. They are not toxic to cells and can be easily
secreted by the organism. Polymeric micelles are in the nano-size scale, typically in the
range of 10-100 nm. As for the liposomes, the surface of micelles can be conjugated with
a targeting moiety to target specific organs or tissues. Micelles have been widely utilized
for targeting anticancer drugs to tumors (Delhi, 2013).
Microspheres are small spherical particles, with a diameter typically ranging from
1 μm to 10 μm). They are typically made either from synthetic materials, such as
ceramics or polymers, or from natural biodegradable materials, such as albumin
(Morimoto & Fujimoto, 1985) and gelatin. They can carry drugs inside and reach the
targeted tissue from the bloodstream without being degraded by the liver or the stomach.
In fact, it is possible to coat specific ligands on the microspheres surface so that they
3

target specific tissue, such as cancer cells. Polystyrene microparticles, although not
biodegradable, can be used as model drug carriers (Burch, Shinde Patil, Camphausen,
Kiani, & Goetz, 2002). Proteins and ligands can be adsorbed onto polystyrene readily and
permanently, which makes polystyrene microspheres suitable for medical research and
biological laboratory experiments.
Conjugated proteins can target specific bodily tissue in the same way that
microspheres do. They are resistant to degradation by the body due to the presence of
single and multiple bonds (Franssen et al., 1992). Conjugated proteins also can function
as time-release delivery systems by varying the pH of their content or by using proteins
that have a known rate of dissociation (Hoffman & Stayton, 2007).
Nanoparticles are small molecules composed of biodegradable or nonbiodegradable materials. Their size falls in the nanometer range and therefore they
generally are not recognized by the immune system as being foreign particles. They can
carry drugs either inside of them or attached to their surface. They have a tendency to
accumulate in tumors, inflammatory and infectious sites via the enhanced permeability
and retention effect on the vasculature (Kingsley et al., 2006). Nanoparticles have been
widely used to deliver conventional drugs (e.g. antiviral drugs) (Lembo & Cavalli, 2010),
recombinant proteins, vaccines and more recently, nucleotides (Ahlin Grabnar & Kristl,
2011; Malam, J. Lim, & M. Seifalian, 2011; Nimesh, Gupta, & Chandra, 2011; Parveen
& Sahoo, 2011). Additionally, the surface of nanoparticles can be functionalized with
various ligands to target specific receptors on the surface of diseased cells (Huynh,
Roger, Lautram, Benoît, & Passirani, 2010; Jølck, Sun, Berg, & Andresen, 2011).
4

Leukocytes Adhesion Cascade
Drug carriers such as nano/micro particles may be conjugated with specific
surface moieties, such as antibodies or ligands to selectively deposit a high dose of
therapeutic drugs directly to the diseased tissue thus minimizing the adverse side effects
in healthy tissue. Endothelial cells (ECs) lining all blood vessels in the body represent an
attractive therapeutic target for achieving targeted delivery. Under diseased conditions
such as inflammation (Simone et al., 2009), proinflammatory cytokines presented in the
blood stream, such as tumor necrosis factor TNF-α and interleukin (IL)-1β, activate ECs,
which in turn upregulate a variety of cellular adhesion molecules such as selectins (L-, P-,
and E-selectin), vascular cell adhesion molecules-1 (VCAM-1), and intercellular
adhesion molecules (ICAMs) to attract leukocytes (Griffioen & Molema, 2000). The
selectin adhesion molecules facilitate the rolling and the initial leukocyte adhesion,
(Lawrence & Springer, 1991; Springer, 1994), while the intercellular adhesion molecules
facilitate the firm adhesion of the leukocytes to the endothelium (Ebnet & Vestweber,
1999) (Fig.1.1). After firm adhesion, leukocytes migrate to tissue due to the expression of
platelet endothelial cell adhesion molecule, PECAM-1, both on endothelial cell and
leukocytes. Intercellular adhesion molecules-1(ICAM-1) and VCAM-1 are also involved
in the extravasation process (Carlos & Harlan, 1994) (Fig. 1.1).

5

Figure 1.1: Neutrophil adhesion to activated endothelium. (Adapted from Bonder & Kubes, 2003).

Utilizing the phenomenon of upregulation of adhesion molecules of ECs in disease
conditions, functionalized drug carriers bearing mAbs to adhesion molecules have been
used to target drugs to ECs (Sakhalkar et al., 2003; Scott et al., 2009).
The leukocyte-endothelial interactions are highly regulated by the hemodynamic
environment characterized by a physiological range of shear stress between 1 to 5
dyn/cm2, typical of post-capillary venules (M. B. Kim & Sarelius, 2003). For these
reasons, effect of flow conditions on vascular drug delivery is being addressed both in
vitro by using flow chambers that allow the controlled modulation of shear stress and in
vivo by using intravital microscopy to monitor binding in a vessel of interest (Garnacho et
al., 2008; Kiani et al., 2002; Sakhalkar et al., 2003; Smith, Aranda-Espinoza, Haun, &
Hammer, 2007). Under shear flow conditions the contact area between the leukocytes and
the endothelium increases due to the shear-deformation that endothelial cells undergo
(Dong, Cao, Struble, & Lipowsky, 1999) and shear forces have been demonstrated to
6

control the integrin activation of cells by facilitating full chemokine-induced LFA-1
(Lymphocyte Function-associated Antigen-1) and VLA-4 (Very Late Antigen-4)
activation and support firm adhesion of cells (Woolf et al., 2007). Similarly, fluid shear
forces modulate cytoskeletal rearrangement (Helmke & Davies, 2002; Yap & Kamm,
2005), cell morphology (Walpola, Gotlieb, & Langille, 1993), and gene expression
(Braddock et al., 1998) of endothelial cells, thus supporting the leukocyte extravasation.
It has been shown that lymphocyte transmigration is promoted across cytokine-activated
Human Umbilical Vein Endothelial Cells (HUVEC) when shear forces are present
(Kitayama, Hidemura, Saito, & Nagawa, 2000).
These findings indicate how significantly both ligand-receptor biochemical
interactions and fluid dynamics promote leukocyte adhesion and transmigration.
Understanding the synergy of these dynamics would provide insight into the development
of new therapeutic approaches to resolve the inflammatory process.

7

Particle-cell shear adhesion assay
The complex microenvironment of post-capillary venules has been largely reproduced in
in vitro simplified systems capable to re-create the physiological flow conditions in
which the interactions between leukocytes and adhesion molecules occur (Sperandio,
Pickard, Unnikrishnan, Acton, & Ley, 2006).
Traditionally two different configurations have been used for in vitro rolling and
adhesion cellular assays under shear flow conditions: a parallel-plate flow chamber
(PPLC), (Brown & Larson, 2001; Lawson, Rose, & Wolf, 2010) (Fig. 1.2a) and a
capillary flow chamber with a cylindrical configuration (Berlin et al., 1995; Constantin et
al., 2000; Cooke, Usami, Perry, & Nash, 1993) (Fig. 1.2b). In both approaches different
particles (e.g. leukocytes, drug carriers) flow, roll and adhere on the chamber’s internal
surface, which can be coated with selected adhesion molecules or with an endothelial cell
monolayer (ECM) activated by a spectrum of cytokines or activating factors (Jutila,
Walcheck, Bargatze, & Palecanda, 2007).

Figure 1.2: Cell adhesion (a) in a parallel plate flow
chamber and (b) in a capillary system.
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Parallel plate flow chambers are one of the most commonly used devices for
studying the adhesion profiles of drug delivery systems consisting of micro or
nanoparticles coated with antibodies specific to receptors on the inflamed endothelium
under in vitro flow conditions (Haun & Hammer, 2008; Kiani et al., 2002; Luscinskas et
al., 1994; Sakhalkar et al., 2003; Zou et al., 2005). The PPLC is characterized by a
rectangular section, perpendicular to the flow direction, where the ratio λ between the
width a and the height b (the most used configuration consists of a = 1.00 cm, b = 0.010
in) guarantees a 2D laminar profile along the height direction. The wall shear stress in
this system can be calculated as:

where µ [Pa∙s] represents the viscosity of the fluid and Q the volume flow rate [m3/s].
PPFC offers a good control, versatility, visualization and re-usability, but has also several
limitations such as the use of large volumes and the capability of modeling only one set
of flow rates per experiments. In fact, in order to study the effects of shear on cell/particle
adhesion, multiple experiments need to be run at different shear rates. In addition, this
system does not accurately model geometrical features (e.g., bifurcations, stenoses) and
flow conditions (e.g., converging flows at bifurcations) that are present in vivo.
Capillary configuration has even been conceived as an in vitro replica of a
microvascular topology digressing into ex vivo experiments. It has been developed
harvesting a rat artery and cannulating it into a custom-made flow chamber to replicate
the in vivo microvascular topology (Michell, Andrews, Woollard, & Chin-Dusting,
2011), where leukocytes pass over the vessel surface at a defined shear flow condition. In
9

vitro tests have shown a significant higher leukocyte adhesion in the capillary
configuration than in the PPLC (Aird, 2007). Capillaries provide a geometrical
configuration similar to the physiologic system, which expose cells to different
mechanical and morphological properties (Girard & Springer, 1995). However, capillary
configuration devices have also several limitations, for instance they do not have a flat
surface and visualization may represent a challenge, they require laborious preparation
procedures and they do not represent an entire functionalized microvascular network.
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Particle permeation and leukocyte migration assay
Leukocyte transendothelial migration involves leukocyte rolling on the activated
endothelial monolayer, firm adhesion, extravasation, and a later step of migration through
the extracellular matrix along a concentration gradient of inflammatory molecules
(chemokines). To study the ability of cells to migrate towards a gradient of chemokines, a
number of microfluidic devices have been developed to generate reliable and controlled
chemokine gradients. The classical 2D chamber system, such as the Boyden chamber
(BOYDEN, 1962) (Fig. 1.3a), was originally designed to quantify shear-free chemokineinduced cell transmigration assays. To add controlled flow conditions to the Boyden
chamber, a transwell flow chamber was developed where a transmigration assay was set
up into a PPLC (Schreiber, Shinder, Cain, Alon, & Sackstein, 2007) (Fig. 1.3b). In
particular, an endothelial cell monolayer was cultured on a porous filter, set in a flow
chamber under physiological shear conditions, while chemokines were loaded in the
compartment below the membrane. A different approach consisted of co-culturing
endothelial cells on a porous membrane and stromal cells underneath the porous
membrane to induce the transmigration of leukocytes by the cross-talk of the cells
(Mcgettrick, Buckley, Rainger, & Nash, 2010) (Fig. 1.3c). Although the transfilter
diffusion creates a chemokine gradient, the environment is still very different from the
physiological situation and does not allow direct visualization of cell migration. In
addition, end point measurements are based on staining procedures, which are tedious
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and may lead to inaccurate assessment of cell migration.

Figure 1.3: Sketch of (a) Boyden Chamber, (b) Transwell flow chamber, which allows transmigration of
leukocytes through the monolayer of endothelial cell, and (c) co-cultured transwell flow chamber, wich allows
neutrophils to migrate from the endothelial cells cultured on top of the porous membrane towards the stromal
cells underneath the membrane. (Adapted from Bianchi, Molteni, Pardi, & Dubini, 2013).

Assays of leukocyte chemotaxis
Subsequent modifications to this technique include the under-agarose gradient set
up (Nelson, Quie, & Simmons, 1975), the micropipette set up (Xiao, Zhang, Murphy, &
Devreotes, 1997) that release chemoattractants over time to generate gradients, the Dunn
(Zicha, Dunn, & Brown, 1991) and the Zigmond chambers (Zigmond, 1977), in which
cells migrate on a glass cover slip that is inverted over a diffusion gradient between two
chambers separated by a bridge (Fig. 1.4).
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Figure 1.4: Zigmond Chamber. (a) The device consists of two etched
channels separated by a glass ridge. The metal tines are used to clamp an
inverted glass coverslip seeded with cells to the device (b) A cross section
schematic of the device shows cells on the inverted coverslip migrating in
response to the gradient established between the coverslip and the glass
ridge. (Adapted from Keenan & Folch, 2008).

More recent solutions consist of microfabricated PDMS channels where
neutrophils migrate downstream of a stable and precise chemokine gradients (Abhyankar
et al., 2008; Kanegasaki et al., 2003). The chemokine gradients are usually generated by
splitting and combining fluid streams (Li Jeon et al., 2002) or by switching concentration
gradients (Irimia et al., 2006). In recent years, several microfluidic devices have been
developed to allow real-time and high-resolution measurement of human leukocyte
chemotaxis in response to soluble mediators. For example, a simple microfluidic system
has been developed for studying cell migration in a time-dependent gradient environment
and describe the response of PI3K-inhibited neutrophil-like HL-60 cells to such a
gradient condition (Liu, Sai, Richmond, & Wikswo, 2008). A more sophisticated system
utilizes microfluidics to form competing gradients of different chemoattractants while
monitoring the resulting behavior of individual human neutrophils. Using this
microfluidic platform (Fig. 1.5), it was possible to investigate all pairwise combinations
of four chemoattractants to quantitatively analyze neutrophil chemotaxis and reveal a
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hierarchical preference of neutrophils among these chemoattractants (D. Kim & Haynes,
2012, 2013).

Figure 1.5: (a) Schematic of the device with different
chemoattractants and (b) an example result for the mixing process
modeled by COMSOL multiphysics. (Adapted from Kim & Haynes,
2012).

A novel approach for studying the migration of human neutrophils has been developed
using a non-planar, enclosed microenvironments of increasing complexity, in which the
cross-section of the channels is smaller than the human neutrophils. In this new model,
cells are mechanically confined and allowed to move only along the axis of the channels,
in which the cytoskeleton plays critical signaling roles (Ambravaneswaran, Wong,
Aranyosi, Toner, & Irimia, 2010). In a different system shear flow has been introduced in
a cell transmigration assay to maintain a constant concentration gradient, as imitating the
natural environment of cells. This device facilitate control of shear stress in time and
space, which is an important factor in regulating expression of cell adhesion proteins that
mediate the transmigration (Kwasny et al., 2011).
Also 3D models have been developed to examine cell migration in a more
realistic setting, reproducing the same mechanical properties of soft tissues around the
blood vessels using extracellular matrix components. Different extracellular matrix, such
14

as synthetic nanofiber scaffolds (Puramatrix from 3DM Inc.), collagens (Schmalstieg,
Rudloff, Hillman, & Anderson, 1986), or matrigel (Albini, 1998; Kleinman & Martin,
2005) are typically coated on the membrane filters to study cell migration. Interesting
results with gradient generation were obtained in the ‘ladder chamber’ (Saadi et al.,
2007), where leukocyte transmigration is transversally promoted in the direction of a
stable (IL8) gradient, generated across collagen type I by an external flow. However,
these 3D models lead to additional problems such as cell clumping; making it nearly
impossible to quantify the number of cells migrated. Problems such as difficulty in setup, and the influence of the stiffness of matrix on the migration process (Zaman et al.,
2006), also limit their application. A more complex system has also been developed to
investigate the in situ 3D inflammation response of neutrophils in vitro. With this novel
assay, a quantitatively comparison of N-formyl-methionyl-leucyl-phenylalanine (fMLP)
and human interleukin-8 (IL-8) on in vivo-like transmigration of neutrophils was
possible. This microfluidic design incorporates ECM, stabilized concentration gradients
of various inflammatory molecules, and co-culture of endothelial cells and neutrophils in
a narrow channel configuration that permits high-resolution and in situ imaging of the
inflammation (Han et al., 2012) (Fig. 1.6).
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Figure 1.6: (a) Schematic of the 3D inflammation-on-a-chip device. PDMS-based microchannels
were fabricated to position endothelial cell (EC) monolayer, ECM, growth media and
chemoattractants media side by side. BM: basement membrane (b) A cross-sectional image of the
device. Scale bar, 500 mm. (Adapted from Han et al., 2012).
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Bioinspired microfluidic devices
During the last few years, several microfluidic devices have been developed using PDMS
for mimicking the microvascular topology, including bifurcations and other
physiologically realistic geometries (e.g., stenosis). PDMS has a variety of advantages,
such as inexpensive, flexible, transparent and easily bonds to other materials (Sia &
Whitesides, 2003). Moreover, it is biocompatible due to its permeability to gases,
impermeability to water, and being nontoxic to cells. These in vivo mimetic microfluidic
devices have been used to study leukocyte adhesion (Rouleau, Rossi, & Leask, 2010;
Schaff et al., 2007) and platelet adhesion (Runyon, Johnson-Kerner, & Ismagilov, 2004;
Tovar-Lopez et al., 2010). Recently, Doshi et al. 2010 showed that a simple bifurcating
microfluidic flow chamber can be used to optimize the design parameters of drug
carrying particles to study the particle transport and adhesion dynamics. This study
showed that, regardless of size and shape, a significantly higher adhesion was observed at
the junction compared to the straight channel. Moreover, the bifurcating section of the
microfluidic flow chamber was able to select the best particle shape for optimal adhesion
over the traditionally used straight microchannels. However, none of the microfluidic
devices discussed thus far faithfully reproduce the complexity topology (e.g.
interconnectedness, variations) of in vivo microvascular networks, which have been
shown to operate as complete, functional units rather than a collection of single vessels
(Gaehtgens, 1992; Prabhakarpandian et al., 2008).
To overcome these limitations, our laboratory has recently developed a
methodology for studying particle adhesion in a realistic in vitro model of the
17

microvascular environment. In brief, our group has previously digitized and mapped
complete microvascular networks obtained from an in vivo microvasculature of rodents
using a modified Geographic Information System (GIS) (Roth & Kiani, 1999). Blood
vessels were traced, vectorized, and identified by topology (Fig. 1.7a and 1.7b).

Figure 1.7: Synthetic Microvascular Network (a) The vessels in the
network were digitized using the software Arc-Info. (b) The digitized
image was vectorized to obtain the image containing the connectivity
information on the network. Flow directions observed in vivo defined
the inlet/outlet ports of the network. (Adapted from Roth & Kiani,
1999).

The blood flow directions in these networks, as observed in vivo, were marked by
arrows and served as guidelines for defining inlet and outlet ports in the digitized
network. Microvascular networks mapped in Autodesk Map were then printed and used
as a photomask in UV-photolithography to generate a positive photoresist mold. Later,
PDMS was prepared and cast over the photoresist mold to create a synthetic
microvascular network (SMN). Finally, 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 (Fig. 1.8).
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Figure 1.8: Schematic of SMN. (Adapted from Prabhakarpandian
et al., 2008).

In these studies our group showed that this microvascular network based
microfluidic device can be celluarized and used to study adhesion profiles of
functionalized particles (Prabhakarpandian et al., 2008; Prabhakarpandian, Shen, Pant, &
Kiani, 2011; Rosano et al., 2009) in conditions mimicking physiological flow. We have
successfully seeded the endothelial cells in the device (Rosano et al., 2009). Cells grew as
monolayers and exhibited cobblestone morphology, elongated in the direction of fluid
flow (Fig. 1.9a), which are consistent with the typical of endothelial cells found in vivo
(Levesque & Nerem, 1985). Furthermore, adhesion of anti-ICAM-1 coated particles on
TNF-α activated endothelial cells (Fig. 1.9b) was found to be 79% and 161% higher
compared to control IgG coated particles at 4 h and 24 h post activation, respectively.
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(a)

(b)

Figure 1.9: (a) Image of Confluent Endothelial Cell Culture in the SMN after 4 days (b)
Adhesion molecule profile of endothelial cells lining the SMN. (Adapted from Rosano et al.,
2009).

SMN also was able to predict the adhesion patterns of cells in vivo (Tousi, Wang,
Pant, Kiani, & Prabhakarpandian, 2010), demonstrating 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. Finally the
work from our laboratory has shown that bifurcations are the focal points of particle
adhesion in microvascular networks (Prabhakarpandian, Wang, et al., 2011). In
particular, cells and microspheres preferentially adhered within 1-2 diameters of the
bifurcation at significantly higher numbers (1.5X higher). Fundamental understanding of
the complex cell-particle adhesion can not be possible without these microvascular
network based microfluidic devices consisting 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 (El-Ali, Sorger, & Jensen, 2006).

20

Summary
As stated above there is a clear need for testing targeted drug carrier systems and
leukocyte adhesion cascade in a more realistic microenvironment where both biochemical
interactions and shear forces are present. Since vascular targeted drug carriers
interactions with the inflamed endothelium follow the same steps of the leukocyte
adhesion cascade, thus far several microfluidic devices have been developed to study the
leukocyte adhesion/migration steps trying to imitate the natural environment of cells.
Although there are currently devices to study rolling, adhesion and migration, there is no
device that can provide an integrated representation of the leukocyte adhesion cascade,
and more critically, the ability to resolve the individual steps – rolling, adhesion, and
migration – in a single system. This is critical both for understanding of the molecular
mechanisms involved in this process and during the drug discovery process. For example,
drugs that affect migration may not have an impact on adhesion, and drugs that work on a
particular adhesion molecule in vitro may not necessarily stop migration in vivo.
Development of an integrated in vitro assay to study the effects of the drug on the
adhesion and migration behavior in a single assay will also provide a platform for rapid
testing of new anti-inflammatory therapeutics. Therefore, we propose to develop an
integrated microfluidic device for studying the entire leukocyte adhesion cascade in a
physiologically realistic environment, including circulation, rolling, adhesion and
migration of leukocytes. In addition, it can be readily used for drug particle adhesion and
permeation studies.
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CHAPTER 2
OBJECTIVES

Introduction
It is clear from the discussion in Chapter 1 that there is a need of a new platform with a
physiologically realistic microenvironment for rapid testing of new anti-inflammatory
therapeutics. Therefore, the overall objective of this study is to develop an integrated in
vitro assay able to characterize leukocyte interactions with the endothelium (rolling,
adhesion, and migration). Due to the significance of the leukocyte-endothelium
interactions in pathogenesis of disease and drug delivery, amongst many others, several
in vitro models have been developed to study different aspects of the leukocyte adhesion
cascade. However, the flow chambers used are oversimplified, lack the scale and
geometry of the microenvironment and do not provide real-time visualization of
leukocyte migration. Since there are no models that can characterize both adhesion and
migration in a single assay, the understanding of the adhesion cascade and the
development of anti-inflammation drugs have been hindered thus far. For example, a
drug that can stop migration in Boyden chambers may not influence rolling/adhesion in
the presence of flow and vice-versa. To overcome these limitations, we propose to
develop and demonstrate a novel bioinspired microfluidic device for characterization of
the entire leukocyte adhesion cascade. This device will resolve and facilitate direct
assessment of individual steps including rolling, firm arrest (adhesion), spreading and
extravasation of the leukocytes into the extra-vascular tissue space in a single system.
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Based on our groups previous studies, idealized microvascular networks will be first
evaluated for both drug particle and leukocyte adhesion followed by comparison with
conventional assays. Second, the novel microfluidic device to study the entire leukocyte
adhesion cascade will be designed, fabricated and tested extensively for detailed
characterization.

Specific Aims
The specific aims of this project are:
1. Aim 1: To characterize the adhesion profile of functionalized particles under
physiological flow conditions in an idealized Synthetic Microvascular Network
(SMN) comprising of a bifurcation and compare it with adhesion profiles
obtained by using a conventional parallel plate flow chamber.
2. Aim 2: To characterize the effects of bifurcation angle on adhesion of
functionalized particles and neutrophils to activated endothelium.
3. Aim 3: To develop a novel bioinspired microfluidic device (bMFD) that mimics
the leukocyte adhesion/migration cascade. A microfluidic system replicating in
vivo microcirculatory network morphologies, containing vascular channels and
a tissue compartment, connected with a 3μm tall barrier, will be used to
demonstrate real-time visualization of leukocyte interaction (rolling, adhesion)
with the endothelium and extravasation/migration into the tissue compartment
area.
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a. Demonstrate uniqueness and efficiency of bMFD using
blockers/suppressors of specific steps in the adhesion/migration
cascade. We will characterize the efficiency of bMFD by using
antibody blocking of specific steps in the adhesion/migration cascade.
b. Validate the bMFD using intravital microscopy in a mouse model. We
will collect real-time data on leukocyte rolling and adhesion in the
microvascular networks of mouse cremaster model and compare these
data with the in vitro data collected in the bMFD.
c. Test the hypothesis that blocking of specific steps in the
adhesion/migration cascade significantly affects other steps of the
cascade.

A discussion of Specific Aim 1 is presented in Chapter 3.
A discussion of Specific Aim 2 is presented in Chapter 4.
A discussion of Specific Aim 3 is presented in Chapter 5.

The long-term goal of this project is to develop an in vivo mimetic assay that has realistic
microvasculature geometry with physiological shear conditions and allows direct
observation and quantification of leukocytes rolling, adhesion and migration over time.
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CHAPTER 3
SPECIFIC AIM 1

Characterize the adhesion profile of functionalized particles under physiological flow
conditions in an idealized Synthetic Microvascular Network (SMN) comprising of a
bifurcation and compare it with adhesion profiles obtained in a conventional parallel plate
flow chamber.

NOTE: Most parts of this work have been published and are reproduced here by
permission.

Lamberti, G., Tang, Y., Prabhakarpandian, B., Wang, Y., Pant, K., Kiani, M. F., &
Wang, B. (2013). Adhesive interaction of functionalized particles and endothelium
in idealized microvascular networks. Microvascular Research, 89, 107–14.
doi:10.1016/j.mvr.2013.03.007
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APPROACH FOR SPECIFIC AIM 1
The overall goal of this aim is to characterize the adhesion profile of functionalized
particles in different geometries, such as linear channels and bifurcating channels, and
demonstrate that adhesive properties are dependent on the ratio of adhesion molecules on
the particles as well as geometric features of the in vitro systems.
Drug carriers such as nano/micro particles may be conjugated with specific
surface moieties, such as antibodies or ligands, to selectively deposit a high dose of
therapeutic drugs directly to the diseased tissue thus minimizing the adverse side effects
in healthy tissue (Sakhalkar et al., 2003; Scott et al., 2009). Recent studies have shown
that the use of two different types of targeting moieties on carrier’s surface can work
synergistically to enhance adhesion efficiency of drug carriers on activated ECs. Despite
the promising findings outlined in above studies, no systematic study on optimizing the
ratios of targeting moieties on functionalized particles under different wall shear stress
conditions on the activated endothelial cells have been reported. Moreover, vascular
networks consisting of straight and branched vessels with various parent and daughter
diameters, have been recently shown to enhance particles/cells adhesion near bifurcations
both in vitro and in vivo (Prabhakarpandian, Wang, et al., 2011; Rosano et al., 2009;
Tousi et al., 2010). There are currently no studies characterizing the adhesion of
functionalized particles in the complex fluidic patterns present in a vascular network. In
this context, a major task of this aim is to characterize the adhesion profile of
functionalized particles with different ratios of antibodies against ICAM-1 and E-selectin
under physiological flow conditions in idealized SMNs characterized by bifurcations.
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METHODS

Antibodies and Reagents
A mouse monoclonal anti-ICAM-1 (a-ICAM-1) antibody, a rabbit monoclonal anti-Eselectin (aE-selectin) antibody and fluorescent antibodies against aICAM-1 and aEselectin were purchased from Novus Biologicals. Human fibronectin was obtained from
BD Biosciences (San Jose, CA). Recombinant Human TNF-α was purchased from
BioVision (MountainView, CA). Protein A was purchased from Zymed (San Fransisco,
CA). Fluorescent 2 μm microspheres (red: excitation 543 nm, emission 612 nm; blue:
excitation 412 nm, emission 473 nm) were purchased from Duke Scientific (Palo Alto,
CA). Bovine Serum Albumin (BSA) was purchased from Sigma-Aldrich (St. Louis,
MO). Hanks' Balanced Salt Solution (HBSS) was obtained from Cellgro (Manassas, VA).
Trypsin/EDTA was purchased from Cell Biologicals (Chicago, IL). Human umbilical
vein endothelial cells (HUVECs), EBM cell media, and EGM SingleQuots media
supplements were purchased from Lonza (Allendale, NJ).

Generation of mAbs Coated Particles
Fluorescent polystyrene spherical particles (2 μm) were coated with protein A via passive
adsorption as described previously (Kiani et al., 2002). Briefly, 2 μm fluorescent
polystyrene particles were washed with a sodium bicarbonate buffer and coated with
protein A (300 μg/ml) (Fig. 3.1) via passive adsorption and incubated overnight at room
temperature. The particles were then washed and incubated in a blocking buffer (Hank's
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balanced saline solution supplemented with 1% bovine serum albumin) at room
temperature. The particles were counted and diluted in buffer (HBSS containing Ca2+,
Mg2+ and 1% BSA) to achieve a concentration of 107 particles/ml. Then, the particles
were incubated with different ratios of aICAM-1:aE-selectin to reach the surface ratios of
100:0, 70:30, 50:50, 30:70, and 0:100 (aICAM-1:aE-selectin). The total concentration of
mAb in the coating solution used to generate the particles was the same for all mAb ratios
and greater than that needed to saturate the particles (Kiani et al., 2002).

Figure 3.1: Ligand Coated Particles.
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Site Density Ratio Determination
E-selectin and ICAM-1 antibody site density ratios of functionalized particles were
obtained using calibration curves generated by measuring the intensity of fluorescence of
known concentrations of secondary antibodies against aICAM-1 and aE-selectin. The
calibration curve was obtained by coating 96 well plates with protein A (0.3 mg/ml in
each well) and incubating the plates at 4 °C overnight. Following protein incubation,
wells were washed and incubated in blocking buffer for 20 min at room temperature.
After the wells were incubated with different concentrations of mAbs (more than 0.3
μg/well) for 2 h and then washed with blocking buffer twice. Fluorescence intensity was
obtained using Nikon Software and a Nikon Eclipse TE200 inverted microscope
equipped with a fluorescence illumination system.

Human Umbilical Vein Endothelial Cells (HUVECs) culture
HUVECs were cultured in treated 75 cm2 polystyrene flasks. Cells were maintained using
endothelial cell basal medium (EBM) supplemented with EGM SingleQuots. The
cultured HUVECs were lifted from the flasks with trypsin and diluted to the desired
concentration using EBM medium supplemented with EGM SingleQuots.

Laminar Flow Assay in a Parallel Plate Flow Chamber
A parallel-plate flow chamber (flow width = 1.00 cm, thickness = 0.010 in; Glycotech,
Rockville, MD) was used in this study. HUVECs (passages 2-5) were transferred on 35
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mm dishes coated with Poly-D Lysine (BD Biosciences). Experiments were conducted
when cells reached 90% confluence. HUVECs were activated by 4 h treatment with
10U/ml of TNF-α. Particles (107/ml) with different ratios of mAb (100:0, 70:30, 50:50,
30:70, and 0:100 of aICAM-1:aE-selectin) were perfused at 0.5 dyn/cm2, 2 dyn/cm2, and
4 dyn/cm2 through the channel via a syringe pump (KD Scientific, Holliston, MA). Five
repetitions were used at each shear stress condition.

Fabrication of Bifurcating SMNs
SMNs with a bifurcation angle of 90° and depth of 100 μm were developed using
standard photolithography process (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 1 × 3 in. glass slide were plasma treated (200 mTorr, 18 W, 30 sec) 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.

Laminar Flow Assay in Bifurcating SMNs
Bifurcating SMNs consisting of one parent and two symmetric daughter channels were
used in this study. Prior to cell seeding, each bifurcation SMN was perfused with
fibronectin (100 μg/ml) for 20 min via a syringe pump (Harvard, PhD Ultra) and
followed by incubation at 37 °C for 30 min. The bifurcating SMNs were then seeded with
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cells through the inlet port via the syringe pump and cultured in an incubator.
Experiments were conducted when cells reached 90% confluence. HUVECs were
activated by 4 h with 10 U/ml of TNF-α. Particles (107/ml) with different ratios of mAb
(100:0, 70:30, 50:50, 30:70, and 0:100 of aICAM-1:aE-selectin) were perfused at 0.5
dyn/cm2, 2dyn/cm2, and 4 dyn/cm2 through the network. Three repetitions were used at
each shear stress condition.

CFD Modeling
A general-purpose Computational Fluid Dynamics (CFD) code, CFD-ACE+ (Jiang &
Przekwas, 1994), based on the Finite Volume Method (FVM) was used to discretize and
solve the governing equations. A computational mesh for the bifurcation SMNs was
created using CFD-GEOM, the grid generation module of CFD-ACE+. For the purposes
of this study, which used dilute aqueous buffers, an incompressible fluid following a
Newtonian viscosity model was assumed. Standard properties of water at room
temperature (density = 1000 kg/m3, and viscosity (mu) = 0.001 kg ∙ m−1 ∙ sec−1) were
assumed. It must be noted that these relationships can be readily modified in future
efforts to account for more realistic relationships as needed. As boundary conditions, inlet
flow rate was specified as set in the experiments and all outlets were set at atmospheric
pressure. The main purpose of the computational models is to facilitate analysis of the
experimental results by providing access and insight into experimentally inaccessible
variables such as branch level shear and perfusion throughout the network. To this end,
computational models of the network with rectangular cross-section were used as a first
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approximation. A three-dimensional mesh was created for subsequent simulation and
analysis. Mesh refinement studies were performed to establish grid independence and the
final computational domain consisted of approximately 40 K cells for the microfluidic
device and 60 K cells for the parallel plate flow chamber.

Data Analysis
The number of firmly bound particles in the area of interest was counted after 20 min of
flow. Prior to cell counting, buffer was perfused through the networks to remove nonadhered particles. Differences in the level of firm adhesion between particles with
different ratios of aICAM-1:aE-selectin at different shear stress values were examined
using two way ANOVA. Cell velocity videos were collected with a resolution of 640 ×
480 pixels using an Infinity 2–2C video camera (Lumenera, Ottawa, ON). We
constructed cumulative histograms of all particles average velocities from 10 sec of
videos recorded at 25 fps. The number of rolling particles was manually counted within a
field of view (depending on the in vitro flow assay used) and using a computer-tracking
program in Image Pro Plus 7.0. Kolmogorov-Smirnov Test (StatGraphics Plus,
Manugistics) was used to compare frequency distributions. In all instances, comparisons
with P values b 0.05 were considered statistically significant. Data are presented as mean
± standard deviation.
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RESULTS FOR SPECIFIC AIM 1
The dimensions of the different sections of the bifurcating SMNs used in this study are
shown in Fig. 3.2. At each bifurcation, an area of interest (AOI) with the length of 200
μm, twice the diameter of the vessel, was defined (Doshi et al., 2010).

Figure 3.2: The symmetric bifurcating SMN used for this study. The areas highlighted
in red, green, and blue correspond to the sections of the network used to quantify the
number of particles attached in the straight sections and the junction region
respectively.

As shown in Fig. 3.3, HUVECs were successfully seeded in the bifurcating SMN and
grew as monolayer exhibiting an elongated morphology in the direction of fluid flow.
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Figure 3.3: Phase image of endothelial cells cultured in the bifurcating SMN. The
red arrows indicate some of the cells that are elongated in the direction of the
flow.

The level of adhesion of functionalized particles was quantified in terms of the number of
particles attached per unit area of the network. In the bifurcating SMNs, the adhesion
patterns of particles were not significantly different between straight sections of inlet and
outlet AOIs (data not shown), and, we have therefore combined data from the inlet and
outlet AOIs, and refer to it as “straight sections”.
The level of adhesion of functionalized particles in the straight sections of
bifurcating SMNs was significantly different among the different antibody ratio groups as
shown in Fig. 3.4. In particular, at shear values of 0.5 and 2 dyn/cm2 particles with 50:50
of aICAM-1: aE-selectin ratio presented the highest level of adhesion (p< 0.05) as
compared to all other mAb ratios, see Fig. 3.4. However, at 4 dyn/cm2 adhesion levels of
50:50 particles changed significantly only as compared to 100:0 and 0:100 aICAM-1:aEselectin ratios (Fig. 3.4). Similarly, particles with 70:30 aICAM-1:aE-selectin ratio
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presented a significantly higher level of adhesion compared to 100:0, and 0:100 ratios at
all shear conditions. Nevertheless, consistent with in vivo and in vitro studies (Omolola
Eniola & Hammer, 2005; Smith et al., 2007), the adhesion level of all functionalized
particles significantly decreased (p< 0.05) with an increase in wall shear stress from 0.5
to 4 dyn/cm2.

Figure 3.4: In straight sections of bifurcating SMNs adhesion profile of 50:50 aICAM1: aE-selectin particles was significantly (two-way ANOVA, # p< 0.05) higher than
other ratios of mAb. Adhesion profile of particles bearing 70:30 ratio of aICAM-1:aEselectin was significantly (two-wayANOVA, *p< 0.05) higher than 100:0, 30:70, and
0:100 ratios.

We also examined the level of adhesion of functionalized particles with various
mAb ratios in junction regions of bifurcating SMNs to understand whether the
heterogeneous flow patterns generated at the bifurcations influenced the adhesion. As
shown in Fig. 3.5 and similar to observations in straight sections, in junction regions
particles with 50:50 aICAM1:aE-selectin ratio showed a higher (p< 0.001) adhesion as
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compared to all other mAb ratios at 0.5 dyn/cm2 wall shear stress. As wall shear stress
increased from 0.5 to 4 dyn/cm2, 50:50 particles showed a significantly higher level of
adhesion only as compared to 0:100, and 100:0 ratios. Contrary to straight sections, the
level of adhesion of functionalized particles in junction regions did not appear to decrease
with increasing wall shear stress (see Fig. 3.5). The number of adhered functionalized
particles significantly increased with shear in the case of 70:30 (from 0.5 to 4 dyn/cm2)
and in the case of 50:50 (from 2 to 4 dyn/cm2).

Figure 3.5: In junction regions of bifurcating SMNs adhesion profile functionalized
particles was independent of shear. Adhesion profile of 50:50 aICAM-1:aE-selectin
particles was significantly (two-way ANOVA, *p< 0.001) higher than other ratios of
mAb.

Furthermore, the number of adhered particles at junction regions was about 3-18 fold
higher (Fig. 3.6) than that in straight sections depending on the ratios of various mAbs
and shear stress conditions.
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Figure 3.6: The level of adhesion of functionalized particles is higher (3–18 fold) in
junction over straight regions of bifurcating SMNs.

We compared the results obtained in the bifurcating SMNs with those obtained in
a parallel plate flow chamber. Parallel plate flow chambers are commonly used for
studying the adhesion profiles of drug carriers to the inflamed endothelium under in vitro
flow conditions (Haun & Hammer, 2008; Kiani et al., 2002; Sang, Ham, Goetz,
Klibanov, & Lawrence, 2007). However, these linear flow chambers are an
oversimplification of flow in larger vessels while bifurcating SMNs represent a more
realistic in vitro model of flow in microvasculature. In addition, in the parallel plate flow
chamber, the length and width scales of the channel are completely different from the in
vivo microvasculature, while in case of bifurcating SMNs are more representative. We
therefore expect to find differences in the level of adhesion between bifurcating SMNs
and parallel plate flow chamber. In the parallel plate flow chamber, the number of firmly
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adhered particles was significantly higher for an aICAM-1:aE-selectin ratio of 70:30 as
compared to other ratios at 0.5 and 2 dyn/cm2 (see Fig. 3.7). No statistical difference in
adhesion values was observed between different functionalized particles at 4 dyn/cm2
(Simone et al., 2009).

Figure 3.7: In the parallel plate flow chamber adhesion profile of 70:30 aICAM-1:aEselectin particles was significantly (two-way ANOVA, *p< 0.05) higher than other ratios
of mAb at 0.5 and 2 dyn/cm2.

We examined the velocities of 50:50 particles in bifurcating SMNs and 70:30
particles in the parallel plate flow chamber; please note that 50:50 and 70:30 particles had
the highest levels of adhesion in bifurcating SMNs and parallel plate flow chamber,
respectively. As shown in Fig. 3.8, velocity of 50:50 particles in bifurcating SMNs (in
both straight sections and junction regions) was significantly lower than the velocity of
70:30 particles in the parallel plate flow chamber, suggesting that functionalized particles
have more rolling interactions in bifurcating SMNs than in parallel plate flow chamber;
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in recorded videos of the experiments we observed the particles exhibiting a non-constant
velocity that is a hallmark of rolling (data not shown). Similarly, at a wall shear stress of
0.5 dyn/cm2, the average velocities of single-antibody conjugated particles (100:0 and
0:100 ratios) showed significantly lower velocity in both straight sections and junction
regions of bifurcating SMN as compared to the same particles in the parallel plate flow
chamber (data not shown).

Figure 3.8: Cumulative histograms of particles' average velocities at shear stress of 0.5
dyn/cm2 were characterized in both bifurcating SMNs and parallel plate flow chamber.
The dash line represents 70:30 aICAM-1:aE-selectin particles in the parallel plate flow
chamber, and solid lines represent 50:50 aICAM-1:aE-selectin particles in the
bifurcating SMNs. Particles velocities in the SMNs were always significantly lower (p<
0.05) than that in the parallel plate flow chamber.

To assess the role of flow patterns in particle adhesion, we examined the spatial
pattern of shear in both bifurcating SMNs and parallel plate flow chamber systems using
CFD modeling. As shown from Fig. 3.9A, the flow equally splits from the parent channel
to the daughter channels creating low shear regions near the apex of the bifurcation.
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Furthermore, the shear rate in the bifurcating SMNs was moderate (range 0-0.25
dyn/cm2) in the parent channel, and markedly increased (range 0.4-0.5 dyn/cm2)
downstream in the daughter channels. On the other hand, and despite the matching wall
shear stress values in both systems, in the parallel plate flow chamber, the shear values
are uniform in the center of the channel (range 0.4-0.5 dyn/cm2), see Fig. 3.9B. Our CFD
modeling suggests that flow disturbances at the junctions may increase the interaction of
particles with the walls leading to higher adhesion compared with linear sections of the
channels.

Figure 3.9: Map of shear stress values in: A) bifurcating SMN; B) parallel plate
flow chamber. The values showed in the bar are in dyn/cm2.
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SUMMARY AND DISCUSSION OF SPECIFIC AIM 1
In this study we have used an idealized synthetic microvascular network comprising of a
bifurcating microfluidic channel to study the interaction of functionalized particles
bearing various ratios of aICAM-1 and aE-selectin antibodies on their surfaces with
activated HUVECs under shear flow conditions. We designed functionalized particles as
model drug carriers and hypothesized that their adhesion efficiency under shear flow
depends on cell-adhesion molecules ratio density and in vitro vascular geometry. To
estimate the influence of the in vitro geometries on particle adhesion we used bifurcating
SMNs and compared the results in a parallel plate flow chamber. All experiments were
carried out at 4 h of post-treatment with TNF-α, which corresponds to an increased
expression of both ICAM-1 and E-selectin adhesion molecules on endothelial cells
(Simone et al., 2009).
In both bifurcating SMNs and parallel plate flow chamber, the level of adhesion
of functionalized particles increased with the incorporation of both aICAM-1 and aEselectin on their surfaces, demonstrating synergy in adhesion between the two molecules.
The optimum ratio of 50:50 may be the result of a synergistic effect of two antibodies,
aICAM-1 and aE-selectin. The presence of aE-selectin enhances rolling interactions
while aICAM-1 enhances the firm adhesion of functionalized particles. This observation
is similar to what has been previously reported by Eniola et al. (2003) who studied the
adhesion efficiency of PLGA microspheres coated with aICAM-1 and a ligand for Pselectin to a substrate under flow (Omolola Eniola & Hammer, 2005). A similar study
with two different antibodies, aCAM and aELAM, also showed that adhesion of
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liposomes with multiple receptors was greater than that of single receptor targeted
liposomes under static conditions (Gunawan, Almeda, & Auguste, 2011). This suggests
that the probability of adhesion highly depends on the ratio of ligands on the particles to
receptors on activated endothelium (Cheng, Al Zaki, Hui, Muzykantov, & Tsourkas,
2012).
Quiescent endothelial cells normally express a low basal level of ICAM-1 which
increases 20-50 fold, reaching a peak at 24 h, after activation (Murciano et al., 2003). On
the other hand, E-selectin is not normally expressed on quiescent endothelial cells, but its
expression increases, reaching a peak at 4-6 h, after activation (Kessner, Krause, Rothe,
& Bendas, 2001). However, even at peak activation, E-selectin molecules are exposed on
endothelial cells at surface densities lower than ICAM-1 (Simone et al., 2009), which
may explain the higher adhesion level of functionalized particles bearing a higher ratio of
aICAM-1. We have used poly-D-lysine and fibronectin substrates for parallel plate flow
chamber and bifurcating SMN, respectively. Published studies have indicated that the
choice of substrates does not affect adhesive behavior of endothelial cell monolayers
under static or dynamic flow conditions or the expression of adhesion molecules
(Baranska, Jerczynska, Pawlowska, Koziolkiewicz, & Cierniewski, 2005; G. X. Wang et
al., 2006). Nevertheless, we are currently studying the impact of various substrates on the
expression level of different adhesion molecules (including selectins and integrins) in our
SMN systems.
Furthermore, increased shear stresses have been previously shown to cause a
reduction in the firm adhesion of a carrier to the endothelium due to a weak binding of
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affinity carriers decorated with the E-selectin molecules (Alon, Chen, Puri, Finger, &
Springer, 1997). Therefore, low-affinity E-selectin functionalized particles roll upon
endothelial cells (Sang et al., 2007) exhibiting higher velocities, whereas low velocities
are observed for firm adhesion molecules such as ICAM-1 functionalized particles, which
stabilize particle rolling, enhancing their firm arrest (Steeber, Campbell, Basit, Ley, &
Tedder, 1998). Our results show that both 50:50 and 70:30 ratios showed a higher level
of adhesion in bifurcating SMNs as compared to other ratios, while 70:30 ratio appeared
to have the highest adhesion profile in the parallel plate flow chamber. Since the velocity
of particles in bifurcating SMNs was significantly lower than in parallel plate flow
chamber, particles bearing a higher ratio of aE-selectin had more rolling interactions in
the bifurcating SMNs as compared to the parallel plate flow chamber. As a result,
particles in bifurcating SMNs bearing 50:50 ratio of aICAM-1:aE-selectin showed a
higher firm arrest rate than 70:30 ratio. Our findings are consistent with in vitro and in
vivo studies showing that rolling and binding fluxes of adhesive particles/cells decrease
with increasing shear stress (Eniola et al., 2003; Sumagin, Lamkin-Kennard, & Sarelius,
2009).
In bifurcating SMNs, the number of adherent particles at junctions was about 3-18
fold higher than in straight sections depending on the ratios of various mAbs and local
shear stress. The spatial patterns of adhesion of functionalized particles in bifurcating
SMNs and was a strong indication that variations in flow patterns in junction regions, and
not the presence of aICAM-1 or aE-selectin, are the primary determinants of particle
adhesion. In fact, our modeling and experimental studies indicated that the diverging flow
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at junctions allows particles to have larger adhesion propensity due to the presence of
flow fluctuations. These findings are also consistent with our previous in vitro and in vivo
studies indicating that the preferential adhesion of functionalized particles or leukocytes
near bifurcations (with a peak within 1-2 vessel diameters from the bifurcations)
correlates with changing hemodynamic conditions and not with the adhesion molecule
profile in these regions (Prabhakarpandian et al., 2008; Tousi et al., 2010).
Our findings may be limited by the use of rigid particles that are different from
blood cells in size and shape and we did not take into account cell deformability.
Furthermore, a relatively small change in the cross-sectional geometry of networks has
been shown to have a significant impact on the pattern of leukocyte traffic through a nonsymmetrical bifurcation (Yang et al., 2005).
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CHAPTER 4
SPECIFIC AIM 2

Characterize the effects of bifurcation angle on adhesion of functionalized particles and
neutrophils to activated endothelium.
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APPROACH FOR SPECIFIC AIM 2
The overall goal of this aim is to characterize the effects of the presence of bifurcations
and their corresponding angles in the microvasculature on functionalized particle and
compare the results with those obtained from neutrophil-endothelium adhesive
interactions.
In specific aim 2 we have shown that adhesive interactions of functionalized
particles with the endothelium are significantly affected by the changing flow patterns
and morphology near bifurcations and, as a result, a significantly higher adhesion was
observed at the junctions compared to the straight sections of the bifurcating SMNs.
Therefore, in order to characterize the efficiency of targeted drug carriers in vitro it is
important to consider the geometry of the microvasculature. In this aim we will consider
the distribution of different micron sized functionalized particles in bifurcating SMNs
characterized by different angles. Our hypothesis is that drug particle carrier adhesion,
regardless the size and type, is significantly affected by the presence of bifurcations and
their corresponding angle. A comparison of particle adhesion between different
bifurcation angles in the in vitro geometry will be also performed to examine the
preferential distribution of particles at vessel bifurcations. Finally, we will compare
functionalized particle adhesion patterns with neutrophil adhesion in cellularized
bifurcating channels containing different angles to examine whether the geometry
changes of the in vitro system used have the same effects on the neutrophils-endothelium
interactions.
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METHODS

Fabrication of Bifurcating SMNs
Bifurcating SMNs containing different bifurcation angles of 30˚, 60˚, 90˚, 120˚ (see the
schematics in Fig. 4.1) were fabricated using soft lithography processes (Lamberti et al.,
2013). 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 1×3in. glass slide were plasma
treated (200 mTorr, 18 W, 30 sec) 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 100 μm width and 100 μm depth
with bifurcation contained angles of 30˚, 60˚, 90˚, 120˚ respectively. The bifurcation is
symmetric about the parent channel.

Figure 4.1: Schematic of bifurcating SMNs with bifurcation angles of 30˚, 60˚, 90˚, 120˚.
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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 μg/ml mounted on a
programmable syringe pump (PHD 2000, Harvard Apparatus, Holliston, MA). Avidin
was introduced into the channel at a flow rate of 1 μL/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 then allowed to come to room temperature (~10 min) before the experiments.

Seeding of human umbilical endothelial cells into the bifurcating SMN
Using our established protocol (Rosano et al., 2009), the fabricated device were degassed
and then washed with sterile DI water for 10 min. The network was then incubated with
fibronectin (100 μg/ml) for 1 h. Human umbilical vein endothelial cells (HUVECs)
(Lonza, Walkersville, MD) were introduced and incubated at 37°C and 5% CO2. Media
was replaced every 24 h until the cells were confluent in the device. Confluent
endothelial cells were activated with 10ng/ml of TNF-α 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
(5*106 cells/ml). Neutrophils were labeled in suspension using CFDA SE probe
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(Molecular Probes, Carlsbad, CA) for 10 min at room temperature. The labeled
neutrophil solution was washed with HBSS and resuspended in pre-warmed endothelial
cell media containing 10 U/ml of TNF-α 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 µm and 7
µm diameter (Polysciences, Inc., Warrington, PA) and human neutrophils, prepared at a
concentration of 5x105/mL in PBS. A programmable syringe pump (PHD 200, Harvard
Apparatus, MA) was used to inject the particles and the flow was set for a shear rate of
240 1/sec. Every 3 minutes, the flow was half reduced reaching a final shear rate of 7.5
1/sec. 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). Particle/Neutrophil adhesion patterns were analyzed in both the
straight and junction sections using a 200 µm area as a region of interest (ROI) (Doshi et
al., 2010). Particles and neutrophils that did not move for 30 sec of the 3 minutes
acquisitions were considered adherent and counted using a 4X objective.

Statistical Analysis
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. linear sections. All values
of P < 0.05 were considered statistically significant.
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RESULTS FOR SPECIFIC AIM 2

Biotinylated particles were used to quantify the adhesion profile in different bifurcation
angles in bifurcating SMNs coated with avidin. Different sized particles and neutrophils
were flown through the bifurcating channels at different shear rates ranging from 240 to
7.5 1/sec, which are the typical physiological shears observed in the microcirculation
(Prabhakarpandian et al., 2008). Fluorescent images of straight sections and the junction
regions were taken at the end of a fixed time interval of 3 min (Fig. 4.2). The adhesion
propensity was quantified in terms of the number of particles and neutrophils attached per
unit area of the bifurcating SMNs.

Figure 4.2: Fluorescent image of straight section (yellow rectangular area) and
junction section (yellow circular area) of a bifurcating SMN with a bifurcation
angle of 60˚. Functionalized particles preferentially adhere in junction sections
rather than straight sections.

Adhesion of functionalized particles decreased when shear rate increased 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. 4.3 and 4.4).
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Figure 4.3: Adhesion of 2 µm functionalized particles to straight sections significantly increases
with decreasing shear values ranging from 240 to 7.5 1/sec.

Figure 4.4: Adhesion of 2 µm 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.
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These findings are in agreement with our results obtained in aim 2, demonstrating that
bifurcating geometries can be used to generate a shear adhesion map similar to traditional
parallel plate flow chambers. In addition, our results showed a significantly higher
particle adhesion (1.5 times higher or more) in junctions compared to straight sections.
Furthermore, we observed that particle adhesion to junctions increased with an increase
in the bifurcation contained angle (Fig. 4.4). In particular, at all shear values the
bifurcation angle of 120˚ presented the highest level of adhesion particles as compared to
the narrower bifurcation angles.

Comparison between binding of particles and neutrophils

In order to evaluate the effects of the geometry of the in vitro systems used for cell
adhesion assay, we examined neutrophil-endothelium adhesive interactions in bifurcating
SMNs containing different bifurcation angles. In particular, endothelial cells were seeded
in the bifurcating SMNs and then exposed to flow overnight. Endothelial cells were then
activated with TNF-α in the SMN, while human neutrophils were isolated and then
flowed on activated cells under the same conditions used for the functionalized particles.
We used SMNs with a bifurcation angle of 30˚ and 120˚; please note that the bifurcation
angle of 30˚ and 120˚ represent the narrowest and the widest angles studied, respectively.
Similar to our 2 μm and 7 μm particles results, adhesion level of neutrophils in the
bifurcation SMNs decreased with an increase of shear rate (p < 0.01) to both straight and
junction regions (Fig. 4.5 and 4.6).
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Figure 4.5: In the straight sections of the bifurcating SMN with an angle of 30˚ there is
significant difference in the level of adhesion between 2 µm and 7 µm particles and 2 µm
particles and neutrophils at low shear conditions. There is no significant difference in the
level of adhesion between 7 µm particles and neutrophils. *p< 0.05; **p< 0.01.
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Figure 4.6: In the straight sections of the bifurcating SMN with an angle of 120˚ there is
significant difference in the level of adhesion between 2 µm and 7 µm particles and 2 µm
particles and neutrophils at low shear conditions. There is no significant difference in the
level of adhesion between 7 µm particles and neutrophils. *p< 0.05; **p< 0.01.
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On the other hand, in the junction regions of both bifurcating SMNs (angle of 30˚
and 120˚) there was a significant difference in the level of adhesion between 7 μm
particles and neutrophils at all low shear conditions (p< 0.01) (Fig. 4.7 and 4.8). There
was also a significant difference between 7 μm particles and neutrophils at low shear
conditions (p< 0.01) in the bifurcation angle of 30˚. Furthermore, the adhesion of
particles and neutrophils in the larger bifurcation angle of 120˚ was higher (~ 2 times)
than in the 30˚ bifurcation angle.
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Figure 4.7: In the junction regions of the bifurcating SMN with an angle of 30˚ there is
significant difference in the level of adhesion between 7 µm particles and neutrophils at low
shear conditions. *p< 0.05; **p< 0.01.
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Figure 4.8: In the junction regions of the bifurcating SMN with an angle of 120˚ there is
significant difference in the level of adhesion between 7 µm 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.

Shear map in the bifurcating SMNs with different angles
To assess the role of flow patterns in particle/cell adhesion, we examined the spatial
pattern of shear in bifurcating SMNs using CFD modeling. As shown from Fig. 4.9, the
flow equally splits from the parent channel to the daughter channels creating low shear
regions near the apex of bifurcating SMNs with an angle of 30˚ and 120˚. Furthermore,
the shear rate in the bifurcating SMNs with an angle of 30˚ was low-moderate (range 2040 1/sec) at the apex of the bifurcation, and markedly increased (range 50-60 1/sec)
downstream in the daughter channels (Fig. 4.9A). On the other hand, and despite the
matching wall shear stress values in both systems, in the SMN with a bifurcation angle of
120˚ (Fig. 4.9B), the shear values were lower at the apex of the bifurcation (range 0-40
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1/sec). Our CFD modeling suggests that flow disturbances at the junctions create areas of
low flow shear, which increase with the increasing bifurcation angle and lead to a higher
interaction of particles with the walls.

Figure 4.9: Map of shear values in: A) bifurcating SMN with an angle of 30˚; B) bifurcating SMN with
an angle of 120˚. The values showed in the bar are in 1/sec.
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SUMMARY AND DISCUSSION OF SPEFICIC AIM 2
In this study we have used bifurcating SMNs with different bifurcation angles (30˚, 60˚,
90˚, 120˚) to study the adhesion patterns of cells/neutrophils under different flow
conditions. Biotinylated particles interacting with avidin coated channels were used for
all the bifurcation angles and under various shear conditions, while neutrophil-endothelial
interactions studies were carried using human neutrophils flowing on HUVECs pretreated with TNF-α for 4 h in SMNs with bifurcation angles of 30˚ and 120˚ under
various shear conditions.
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, Wang,
et al., 2011; Tousi et al., 2010). In this aim, we have validated the hypothesis that
particle/neutrophil adhesion patterns in microvascular networks are localized near
bifurcations due to the characteristic geometrical features and changing of flow
conditions. Similarly to our results in aim 2, the number of adherent particles/neutrophils
in junction regions is statistically higher than in straight sections depending on local shear
stress. Since neutrophil interactions with the endothelium showed the same enhanced
adhesive patterns of particles at junction regions, our findings in aim 3 validate the
hypothesis stated in aim 2 that the geometrical features of the in vitro system play an
important role in adhesion.
Additionally, we estimated the influence of the bifurcation angle on particle
adhesion by using bifurcating SMNs with various angles and then we compared the
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results with those obtained from neutrophil adhesion to endothelial cells in the same
bifurcating geometries. Our findings showed that both 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 in turn lead to higher areas of low flow shear, which lead to a higher interaction of
particles/neutrophils with the walls. 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 particles, it is interesting to note that as the
bifurcation angle increased, differences between particle adhesion and neutrophil
adhesion profiles become more pronounced.
The results obtained in this aim help to determine the adhesive properties of drug
carriers in the microvasculature. On choosing the right particle size range and the right
geometry, enhanced targeted binding of the drugs 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 contained angle.
Several computational studies have shown the important effects of the presence of
bifurcations on cell 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 & 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, and we believe that the presence of red blood cells can enhance this
phenomenon.
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Even though a simplified bifurcating channel can provide some information on
preferential adhesion of particles and neutrophils in bifurcations, studying adhesion in
complete microvascular networks comprising of different converging and diverging
bifurcation with different angles and of a tissue compartment area could provide a more
complete understanding of the dynamics of drug carrier particle adhesion in the
microcirculation. For example, differences in adhesion ratios in different size vessels can
only be characterized in a fluidic device characterized by vessel tortuosity and crosssectional changes.
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CHAPTER 5
SPECIFIC AIM 3

Develop a novel bioinspired microfluidic device (bMFD) that mimics the leukocyte
adhesion/migration cascade. A microfluidic system replicating in vivo microcirculatory
network morphologies, containing vascular channels and a tissue compartment,
connected with a 3μm tall barrier, will be used to demonstrate real-time visualization of
leukocyte interaction (rolling, adhesion) with the endothelium and
extravasation/migration into the tissue compartment.

a. Demonstrate uniqueness and efficiency of bMFD using blockers/suppressors
of specific steps in the adhesion/migration cascade. We will characterize the
efficiency of bMFD by using antibody blocking of specific steps in the
adhesion/migration cascade.

b. Validate the bMFD using intravital microscopy in a mouse model. We will
collect real-time data on leukocyte rolling and adhesion in the microvascular
networks of mouse cremaster model and compare these data with the in vitro
data collected in the bMFD.

c. Test the hypothesis that blocking of specific steps in the adhesion/migration
cascade significantly affects other steps of the cascade.
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APPROACH FOR SPECIFIC AIM 3
The overall goal of this aim is to develop and validate a novel bioinspired microfluidic
device (bMFD) and use it to test the hypothesis that blocking of specific steps in the
adhesion/migration cascade significantly affects other steps of the cascade.
Although there are devices available to study rolling, adhesion and migration
separately, there is no in vitro model that can study the entire leukocyte adhesion cascade
comprising of rolling, adhesion and migration simultaneously. Previously, our group has
developed a microfluidic device that reproduces the geometry of microvessels on a chip
(Prabhakarpandian et al., 2008; Rosano et al., 2009). In this aim, we will develop a novel
bioinspired microfluidic device that enables a single assay to capture the entire leukocyte
adhesion cascade in a synthetic microvascular network mimicking in vivo physiological
conditions. In particular, we will develop an in vivo mimetic assay that has realistic
microvasculature geometry with physiological shear conditions and allows direct
observation and quantification of leukocytes rolling, adhesion and migration over time.
The device will then be used to test the hypothesis that blockers/suppressors of specific
steps in the adhesion/migration cascade can affect other steps of the adhesion/migration
cascade. Finally, we will compare the in vitro results obtained from our device with in
vivo data from rodents for validation of the experimental observations.
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METHODS

In Vitro Experimental Procedures

Fabrication of bMFD
Previously, our group has developed a methodology for digitization and fabrication of
microfluidic devices based on in vivo microvascular networks (Rosano et al., 2009). A
modified Geographic Information System (GIS) approach was used to digitize the
microvascular networks. The largest tissue area from the network was selected and the
vascular wall adjacent to the area was modified in AutoCAD to include a 3 µm pore size,
the most common and optimum for studying leukocyte migration (Chen, 2005;
Entschladen et al., 2005; Yona, Hayhoe, & Avraham-Davidi, 2010). Briefly, the
fabrication of the microfluidic devices starts with lithographically patterning SU-8
photoresist on Si wafers. To achieve the multiple heights associated with the vascular
channels, barrier, and tissue compartment area, multiple layers of SU-8 are spin coated
and patterned. Microfabricated pillars (10 µm diameter) were used to fabricate the 3 µm
pores with a width of 100 µm connecting the vascular and tissue compartments. Once the
SU-8 microfluidic features are patterned, the 1:10 w/w ratio PDMS is poured over the
master and cured. Subsequently the cured PDMS is peeled from the SU-8 master,
followed by punching of inlet/outlet ports, and plasma bonded to an organically cleaned
glass slide. The schematic of the device used in this study is shown in Fig. 5.1.
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Figure 5.1: Schematic of the bMFD. The vascular channels (100 µm width; 100 µm height) are
separated from the tissue compartment by a 3 µm pore size and 100 µm wide barrier.

Testing of the bMFD
Fluorescent dye, fluorescein isothiocyanate (FITC) (Sigma, St. Louis, MO) at a
concentration of 100 µg/ml was injected into the vascular channels of the device to
evaluate the integrity of the fabricated 3 µm pore size barrier. As shown later in Fig.
5.2B, the vascular network and the tissue compartment are fluorescent with a dark bridge
between them and FITC perfused 3 µm pore size barrier, indicating an intact barrier
fluidically connecting the two compartments.
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Seeding of Human Umbilical Vein Endothelial Cells into the bMFD
Using our established protocol (Lamberti et al., 2013), the fabricated device was
degassed and then washed with sterile DI water. The device was then incubated with
fibronectin (100 μg/ml) for 1 h. Human umbilical vein endothelial cells (HUVEC)
(Lonza, Walkersville, MD) were introduced and incubated at 37°C and 5% CO2. Media
was replaced every 24 h until the cells were confluent in the device. As shown in Fig. 1E
and 1G endothelial cells were stained with Hoechst (1µg/ml; Invitrogen, Carlsbad, CA)
to show viability. Confluent endothelial cells were activated with 10 U/ml of TNF-α 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
(3*106 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 HBSS and resuspended in pre-warmed endothelial
cell media containing 10 U/ml of TNF-α and kept in the incubator for 10 min prior the
experiments.
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Physiological Shear Experiments
The tissue compartment of the device was filled with fMLP (1 µM) prior to the
experiments (Sigma, St. Louis, MO).The flow rate at the inlet was fixed at 1 µl/min using
a syringe pump (Harvard Apparatus, PhD Ultra) for injection of labeled neutrophils. The
neutrophils were kept at 37°C using a custom-made syringe warmer. Previously we have
developed a Computational Fluid Dynamics (CFD) based model to calculate various flow
parameters (e.g. shear stress, velocity, etc.) at different locations in the network
(Prabhakarpandian et al., 2008); this CFD model was used in the current study to
calculate flow parameters (shear rates less than 500 1/sec) in different channels of the
network. Video clips were recorded at 30 fps using a Rolera Bolt camera (QImaging,
Surrey, BC). After 10 min of flowing neutrophils into the device, PBS was flown through
the syringe from the inlet port for about 5 min to completely wash off unbound
neutrophils. A scan of the entire device was performed using the automated stage at 10X
objective on an epifluorescence microscope (Nikon Eclipse FN1, Melville, NY). The
acquired images and videos were post-processed using Nikon Elements software.

Blocking Experiments
As mentioned before, a novel feature of this device is the ability to study the entire
leukocyte adhesion cascade in a single assay. The two primary classes of adhesion
molecules involved in the adhesion cascade are selectins (responsible for rolling) and
integrins/immunoglobulins (responsible for adhesion). In order to demonstrate that our
device can accurately mimic the entire leukocyte adhesion cascade, we inhibited the role
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of E-selectin and ICAM-1, which are key molecules from the selectin and
integrin/immunoglobulin families, respectively, on HUVECs. We introduced mAb (antiEselectin or anti-ICAM-1) into the vascular channels of the bMFD at a concentration of
20 µg/ml and incubated at 37°C for 30 min prior to the experiments. We also used
wortmannin, a fungal metabolite, which has been shown to inhibit fMLP dependent
leukocyte migration (Liu et al., 2008). Wortmannin (50 nM) was mixed with neutrophils
and incubated for 30 min at 37°C prior to injection into the bMFD.

Data Analysis
The number of adherent, rolling and migrating neutrophils was quantified in the bMFD
using NIKON Elements software. Any neutrophil traveling at a velocity below the
critical velocity was considered a rolling cell. Critical velocity was estimated from a cell
velocity flowing in the centerline (vcc) as vcrit = vcc ∙ ԑ ∙ (2 - ԑ), where ԑ is the cell to vessel
diameter ratio (Ley & Gaehtgens, 1991). Any cell that did not move for 30 sec was also
considered adherent. The distance of each of the adhered neutrophils to the nearest
bifurcation was measured for each branch of bMFD. The distance of adhered neutrophils
to the nearest bifurcation was normalized by dividing it to the diameter of the channel:

Normali ed Distance =

Distance to the nearest bifurcation
Diameter of the channel
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In Vivo Experimental Procedures
All in vivo protocols were approved by the Institutional Animal Care and Use Committee
of Temple University. Male C57BL mice (6–8 weeks of age) were purchased from
Jackson Laboratories (Bar Harbor, ME). The open cremaster muscle preparation surgical
procedure used in this study has been described before (Tousi et al., 2010). Briefly, mice
were treated with TNF-α (500 ng/animal) by testicular injection 4 h before surgery. An
initial tracheotomy was performed on each mouse to facilitate breathing throughout the
experiment. After, the mouse cremaster muscle was cut, flattened, and pinned on a
surgery board, and a fluorescent dye, rhodamine 6G (0.4 mg/kg body weight; Sigma, St.
Louis, MO), was injected through the cannulated right jugular vein to label the
leukocytes.

Data Analysis
A Nikon Eclipse FN1 fluorescent microscope was used to obtain the images of labeled
leukocytes. The images were taken under 10X magnification with a digital camera
(Nikon CoolSnap-EZ Monochrome, Tucson, AZ) and controlled by the NIS-Elements
AR 3.0 imaging software (Melville, NY). As described above, any leukocyte traveling at
a velocity below the critical velocity was considered a rolling cell. Leukocytes that were
immobilized for a minimum of 30 sec were identified as firmly adhered leukocytes on the
vessel wall. The distance to the nearest bifurcation for each adhering leukocytes was then
measured in each network. As described above, the spatial distribution of leukocyte
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adhesion was measured in terms of the distance to the nearest bifurcation divided by
vessel diameter.
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RESULTS FOR SPECIFIC AIM 3

Device Characterization
We have successfully fabricated a bioinspired microfluidic chip reproducing a
microvascular network connected to a tissue compartment for studying the entire
leukocyte adhesion cascade. This novel microfluidic device is reproduced from a
Geographic Information System (GIS) based mapping of microvascular networks
obtained by intravital microscopy of rodent vasculature (Nguyen, Gaber, Sontag, &
Kiani, 2000; Roth, Sontag, & Kiani, 1999). We have already shown that the simple
synthetic microvascular network device (SMN) can be cultured with endothelial cells and
used to study adhesion profiles of functionalized particles in conditions mimicking
physiological flow (Prabhakarpandian et al., 2008; Rosano et al., 2009). In the current
study, we have further developed our novel microfluidic device to include vascular
networks in communication with a tissue compartment filled with chemoattractant
(fMLP) via a 3 µm porous barrier (Fig. 5.1).
Fig. 5.2A shows an image of the fabricated device and Fig. 5.2B shows the FITC
perfused device indicating the fully functional barrier and the vascular and tissue
compartments. Endothelial cells were successfully grown to confluence in the bMFD and
oriented in the direction of flow (Fig. 5.2C and 5.2D). The viability of these endothelial
cells was verified by staining with the Hoechst dye (Fig. 5.2E and 5.2F).
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Figure 5.2: (A) Fabricated bMFD with a 3 µm pore size barrier.
(B) FITC dye perfused bMFD. (C) Confluent culture of endothelial
cells in bMFD show an elongated shape in the direction of the flow.
(D) Endothelial cells in bMFD are viable as indicated by Hoechst
staining. (E-F) Magnified images of endothelial cells in phase
contrast and fluorescence (Scale bar is 500 µm). Dark shadows in
panels B and D, as well as the bright fluorescent spot in panel C,
are from the tubes connecting the tissue compartment to the
syringe pump.

Due to the complex nature of flow in the synthetic network, the shear rate at
different locations of the network cannot be calculated using a simple mathematical
formula. However, we have developed a database of shear based analysis for varying
inlet flow conditions in these devices (Prabhakarpandian et al., 2008). We used these
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simulation flow profiles for analyzing the varying shear at different locations of the
network and studying how it affects the neutrophil rolling adhesion and migration
processes. At the flow rates used in this study, shear rates in the bMFD vessels ranged
from 0-280 1/sec.

Rolling Step of the Neutrophil-Endothelial Interaction
Neutrophils displayed rolling behavior on a monolayer of activated endothelial cells in
the bMFD similar to those observed in vivo. Time lapse images of neutrophil rolling,
adhesion and migration in the bMFD (Fig. 5.3) shows adhesive patterns seen in vivo.

Figure 5.3: Migration of neutrophils (labeled with fluorescent dye) into the tissue
compartment of bMFD after 120 min of continuous flow. Solid arrows in the top right panels
show a rolling neutrophil (panels 1 and 2) which becomes adherent (panel 3); dotted arrows in
the top right panels show firmly adherent neutrophils. Bottom right panels show a neutrophil
migrating from a vascular channel through the barrier into the tissue compartment over time.

As shown in Fig. 5.4, rolling velocities of neutrophils measured in bMFD are in
the same range of the rolling velocities of leukocytes measured in vivo. Our findings
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indicate that the average rolling velocity of neutrophils in bMFD (45.2 ±1.7 µm/sec,
mean ± SEM) was similar to the average rolling velocity of leukocytes in vivo (48.0 ±1.3
µm/sec) and that there was no statistically significant difference between the in vivo and
in vitro groups (P = 0.758; Man-Whitney Rank Sum Test).

Figure 5.4: Box and whisker plots summarizing leukocytes rolling velocity
measured in vivo in a mouse cremaster muscle model (N=5) and rolling neutrophils
velocity in vitro in the bMFD (N=3). The horizontal line within the box indicates the
median, boundaries of the box indicate the 25th and 75th percentile, and the
whiskers indicate the highest and lowest values of the results. The “+” marked in
the box indicates the mean. Rolling velocity of neutrophils measured in vitro in the
bMFD was not significantly different from leukocytes rolling velocity in vivo
(p=0.758; Mann-Whitney Rank Sum Test).

Adhesion Step of the Neutrophil-Endothelial Interaction
Previously, we have shown that both functionalized particles in vitro and leukocytes in
vivo preferentially adhere near bifurcations (Tousi et al., 2010). As shown in Fig. 5.5,
neutrophils in bMFD also preferentially adhered within 1-2 diameters from the nearest
72

bifurcation and the number of adhered neutrophils decreased with an increasing distance
from the nearest bifurcation. As shown further in Fig. 5.5, the spatial pattern of neutrophil
adhesion in bMFD was very similar to leukocyte adhesion patterns in vivo.

Figure 5.5: Distribution of the number of adhered leukocytes and neutrophils as a function of
distance from the nearest bifurcation in vivo in mouse cremaster muscle model and in vitro in
bMFD, respectively. Both histograms are skewed to the left indicating that leukocytes and
neutrophils preferentially adhere near bifurcations with the peak occurring at one vessel or
channel diameter from the nearest bifurcation. (mean ± SEM; N=3).

Furthermore, consistent with previous studies (Lamberti et al., 2013; Omolola
Eniola & Hammer, 2005; Smith et al., 2007), neutrophil adhesion was found to be
minimal in high shear regions (shear rate> 120 1/sec), and maximal in low shear regions
of bMFD indicating that fluidic shear strongly influences cell adhesion in these
microvascular networks (Fig. 5.6).
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Figure 5.6: The number of adhering neutrophils in various channels of bMFD decreases
significantly with shear stress in that channel. (mean ± SEM, N=3) (**P <0.01, ANOVA).

Migration Step of the Neutrophil-Endothelial Interaction
Movement of neutrophils from the vascular to the tissue compartment was monitored
every 3 min for 2 h while focusing on the area of highest adhesion of neutrophils
surrounding the tissue compartment area. Our findings indicate that neutrophil migration
in the bMFD exponentially increased with time. In particular, 5% of adhered neutrophils
started to migrate into the chemoattractant-filled tissue compartment after 10 min,
reaching 50% after 120 min (Fig. 5.7).
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Figure 5.7: Adhered neutrophils migrate into the tissue compartment filled with fMLP over
time. This migration exponentially increases with time, reaching 50% of adhering neutrophils
having migrated into the tissue compartment after 120 min but is significantly blocked by
treatment of neutrophils with wortmannin. The control experiments were performed filling
the tissue compartment with media. (mean ± SEM; N=3). (* P<0.05, ** P<0.01, ANOVA).

In control experiments, where the tissue compartment was filled with cell culture
media, the percentage of migrated neutrophils was significantly lower than the case
where the tissue compartment was filled with fMLP (Fig. 5.8). Furthermore, during these
experiments, we observed higher cell migration at a location in the network where the
shear rate was in the range of 30-60 1/sec.
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Figure 5.8: Monoclonal antibodies against E-selectin (aE-selectin), ICAM-1(aICAM-1), and
PI3K (wortmannin) significantly reduced the number of rolling, adhering, and migrating
neutrophils in bMFD. The numbers represent the percentage of activity after treating cells
with the respective blockers in comparison to their corresponding control values. (mean ±
SEM; N=3).

Blocking Individual Steps of the Neutrophil-Endothelial Interaction
To further validate the system, we tested the hypothesis that blocking of specific steps in
the adhesion/migration cascade significantly affects other steps of the cascade. Treatment
of activated HUVECs with the E-selectin antibody not only significantly reduced the
number of rolling neutrophils to ~ 60% (p<0.05) of its control value but also reduced
adherent neutrophils to 40% (p=0.024) and migrated neutrophils to less than 10%
(p<0.001) of their respective control values (Fig. 5.8). Similarly, treatment with ICAM-1
antibody not only reduced adhesion to 20% (p=0.007) of its control value but also
reduced rolling to 80% (p<0.05) and migration to less than 10% (p<0.001) of their
respective control values (Fig. 5.8). On the other hand, treating neutrophils with
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wortmannin significantly decreased the number of migrating neutrophils at time points of
30 min (p=0.009), 60 min (p<0.001) and 120 min (p<0.001) (Fig. 5.7), but did not result
in any significant changes in rolling and adhesion of neutrophils (Fig. 5.8).
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SUMMARY AND DISCUSSION OF SPECIFIC AIM 3
We have successfully developed and validated a microfluidic device based on the images
from in vivo rodent microvascular networks, for characterizing the leukocyte adhesion
cascade. This device provides a morphologically realistic environment and physiological
flow conditions similar to in vivo microvascular networks and can be used to
simultaneously study all the steps (rolling, adhesion and migration) of leukocyte adhesion
cascade in a single system. We characterized this device by culturing a confluent
monolayer of endothelial cells and activating them with cytokines (TNF-α) to study the
interactions of neutrophils with inflamed endothelium. We validated this system by
comparing our findings with an in vivo mouse model using intravital microscopy.
Consistent with other reports (Sperandio et al., 2006), our in vivo findings indicate
that leukocyte rolling velocity in inflamed cremaster muscle venules (diameter 40-110
µm) ranged from 2 to 120 µm/sec, with blood flow velocities ranging from 0.5 to 1
mm/sec. Neutrophil rolling velocity in the bMFD was not significantly different from
those measured in vivo. An advantage of our system is that it allows for detailed
investigation of the effects of shear forces on leukocyte-endothelial interactions.
Leukocyte adhesion results from the balance between molecular adhesive forces
and disruptive hemodynamic forces exerted by flowing blood (Pickard & Ley, 2009). We
(Lamberti et al., 2013) and others (Tan, Shah, Thomas, Ou-Yang, & Liu, 2013) have
previously shown that the presence of flow fluctuations in microvascular networks favors
particle adhesion at junctions. Our findings in the current study indicate that neutrophil
adhesion patterns in our in vitro bMFD predict the trends observed in vivo. Specifically,
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neutrophils preferentially adhere near bifurcations, supporting the hypothesis that the
hemodynamics forces present in vivo can be replicated in an in vitro system characterized
by the same geometric and fluidic features (Prabhakarpandian, Wang, et al., 2011; Tousi
et al., 2010). To our knowledge, this is the first study where neutrophil-endothelial
adhesion patterns in an in vitro microvascular network match the adhesion patterns of
leukocytes observed in vivo. Furthermore, these findings illustrate an important
advantage of bMFD in that characterizing the spatial pattern of particle/leukocyte
adhesion to endothelium near bifurcations, for example, is not possible with traditional
fluidic devices such as parallel plate flow chambers.
In order to further validate the device, we blocked individual steps of the
leukocyte adhesion cascade using specific inhibitors of rolling, adhesion, and migration.
Our results indicate that rolling and adhesion of neutrophils in bMFD can be significantly
reduced when endothelial cells are treated with antibodies against selectins or integrins.
These findings are consistent with previous findings from our laboratory (Yuan et al.,
2005) and others (Panés, Anderson, Miyasaka, & Granger, 1995) on the effects of mAb
against selectins or integrins on rolling and adherent leukocyte in rat mesenteric or brain
venules. In agreement with other studies (Furie, Tancinco, & Smith, 1991; Muller, Weigl,
Deng, & Phillips, 1993) which have shown that treatment of endothelial cells with mAbs
against selectins or integrins also significantly reduces transendothelial migration of
leukocytes, migration of neutrophils into the tissue compartment of bMFD was
significantly reduced in the presence of antibodies to E-selectin or ICAM-1. One may
hypothesize that the effects of antibody blocking on migration may simply be due to the
79

lower number of adhered neutrophils in the proximity of the tissue compartment.
However, in our study ~50% of adhered neutrophils migrated into the tissue compartment
in the control experiments while only ~20% of adhered cells migrated into the tissue
compartment with anti-ICAM-1treated endothelial cells. Thus, further studies are
required to determine what other factors may be involved in this process. Consistent with
other reports in the literature (Liu et al., 2008; Thelen, Uguccioni, & Bösiger, 1995),
wortmannin significantly reduced migration of neutrophils into the tissue compartment,
suggesting that the migration behavior of neutrophils may be the most responsive step for
therapeutics.
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CHAPTER 6
SUMMARY AND FUTURE WORK

In vitro fluidic models have become an important tool in our attempt to understand the
inflammatory process and develop therapies to treat many conditions. Although there are
currently devices available to study rolling, adhesion (e.g. parallel plate flow chambers)
and migration (e.g. Boyden chamber) separately, there is no in vitro model that can study
the entire leukocyte adhesion cascade in a physiologically realistic environment,
including circulation, rolling, adhesion and migration of leukocytes simultaneously.

Our study in this project indicates that the adhesion of functionalized particles is
significantly affected by both the chemical composition of their surfaces and the
geometry of the in vitro system. However, in the bifurcation regions, adhesive
interactions of functionalized particles with endothelium were significantly higher than
the straight sections and independent of shear stress. Our results also show that drug
particle carrier adhesion as well as neutrophil adhesion is affected by the presence of
bifurcations and their corresponding angles. These results support the hypothesis that the
geometrical features and changing flow conditions create low shear regions, which in
turn lead to higher impaction of functionalized particles at the walls of the bifurcations in
SMNs, are mainly responsible for the preferential adhesion of functionalized particles
and neutrophils near bifurcations.
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Hence, in vivo mimetic fluidic system such as bifurcating SMNs provide a better
approximation of the in vivo microvasculature as compared to many traditionally used
straight channels, e.g. parallel plate flow chamber. These observations are also consistent
with our previous in vivo and in vitro findings that flow fluctuations and complex flow
patterns are responsible for preferential adhesion of leukocytes and functionalized
particles near bifurcations (Prabhakarpandian et al., 2008, 2011; Tousi et al., 2010).
These findings have important implications for better understanding the mechanisms
behind inflammatory pathologies and for optimizing the design of carriers for targeted
drug delivery.

Therefore, it is clear that there is a need for an integrated in vitro assay that can
provide a platform for rapid testing of new anti-inflammatory therapeutics. Therefore, in
this project we develop a novel bioinspired microfluidic device that enables a single
assay to capture the entire leukocyte adhesion cascade in a synthetic microvascular
network mimicking in vivo physiological conditions. This in vivo mimetic assay has
realistic microvasculature geometry with physiological shear conditions and allows direct
observation and quantification of leukocytes rolling, adhesion and migration over
time. This realistic fluidic model allows for in vitro reconstitution of the microvascular
environment using human cells and thus allows for screening of therapeutics on human
cells. We have validated this novel device against in vivo data and used it to test the
hypothesis that antibody blocking of specific steps in the adhesion/migration cascade
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(e.g. mAb to E-selectin) significantly downregulates other steps of the cascade (e.g.
migration).
The multi-step leukocyte adhesion cascade is a dynamic phenomenon and its
understanding often requires real-time monitoring of the entire process. Our novel
microfluidic device allows for the multi-step analysis of the complex leukocyte adhesion
and migration and integrates many aspects of leukocyte-endothelial interaction in a single
assay. This assay can mimic physiological conditions and enables real-time monitoring of
cell migration through endothelial cell junctions, which is generally considered the
dominant route by which leukocytes penetrate the endothelial cell barrier under
physiological flow conditions (Yadav, Larbi, Young, & Nourshargh, 2003). bMFD can
also be used to study the influence of various compounds that simulate the extracellular
matrix through which directional neutrophil migration can be accomplished. For
example, multiple tissue compartment areas can be filled with different chemoattractant
solutions and concentrations to understand in a realistic environment the balance of
hydrodynamic shear forces, rolling, adhesion and subsequent migration. Similarly, the
role of various inflammatory molecules and blockers may be studied in real-time for
elucidation of their mechanisms and development of next generation of antiinflammatory therapeutics.
Our experiments in bMFD were performed with neutrophils suspended in cell
culture medium and were designed to study the effects of shear stress on adhesion
between the neutrophils and endothelial cells. However we did not accurately reproduced
the in vivo blood rheology, in which the presence of erythrocytes enhance neutrophil
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rolling and arrest in vivo by displacing them from the bulk flow toward the wall. Future
works may be performed by including blood cells, especially red blood cells, in the
neutrophil suspension and study the overall efficiency of neutrophil capture by increasing
the frequency of collision as neutrophils interact with the endothelium. Facilitation of
neutrophil adhesion by red blood cells may offer additional insight into the early
signaling proceeding atherosclerosis.

This novel microfluidic device has a number of advantages including flow and
morphologically realistic environment, ability to model adhesion and migration in the
same system, quantitative real-time visualization, reduced reagents and use of disposable
chips. This system can be further developed for high throughput analysis. The system
developed in this project provides a novel and versatile tool to study the pathogenesis of
disease, drug discovery, and drug delivery, among many other applications. Similarly, the
role of various inflammatory molecules and blockers may be studied in real-time for
elucidation of their mechanisms and development of next generation of antiinflammatory therapeutics.
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