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Abstract
Cell-fluid and cell-cell interactions are critical components of many physiological and
pathological conditions in the microvasculature. Similarly, particle-cell interactions play an
important role in targeted delivery of therapeutics to tissue. Development of in vitro fluidic
devices to mimic these microcirculatory processes has been a critical step forward in our
understanding of the inflammatory process, development of nano-particulate drug carriers, and
developing realistic in vitro models of the microvasculature and its surrounding tissue. However,
widely used parallel plate flow based devices and assays have a number of important limitations
for studying the physiological conditions in vivo. In addition, these devices are resource hungry
and time consuming for performing various assays. Recently developed, more realistic,
microfluidic based devices have been able to overcome many of these limitations. In this review,
an overview of the fluidic devices and their use in studying the effects of shear forces on cell-cell
and cell-particle interactions is presented. In addition, use of mathematical models and
Computational Fluid Dynamics (CFD) based models for interpreting the complex flow patterns in
the microvasculature are highlighted. Finally, the potential of 3D microfluidic devices and
imaging for better representing in vivo conditions under which cell-cell and cell-particle
interactions take place are discussed.

1. Introduction
Microvascular networks are generally defined as a series of interconnected arterioles (10–
100 µm), capillaries (2–10 µm), and venules (20–100 µm) which work as a functional unit
and are often the key sites for many of the cell-cell and particle-cell interactions during
physiological and/or pathological processes (Granger et al., 2010; Totani and Evangelista,
2010). These cell-cell interactions include the leukocyte adhesion cascade (Ley et al., 2007),
which includes leukocyte rolling, adhesion to the endothelium and subsequent migration
into the tissue, platelet adhesion (Jackson et al., 2009), and tumor cell adhesion (Zigler et al.,
2010). Recent advances in targeted drug delivery to the microvasculature often involves
encapsulating drugs in delivery vehicles ranging from microparticles (Kendall et al., 2009),
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to nanoparticles (Petrelli et al., 2010), liposomes (Zhai et al., 2010; Scott et al., 2009; Patillo
et al., 2009) and virus (Mateu 2011) based delivery systems. With the advent of
biodegradable particles (Kumari et al., 2010), and novel methodologies such as particle
shape modification (Doshi et al., 2010; Champion et al., 2009) and the use of empty red
blood cells (Muzykantov 2010) for drug delivery, a robust in vitro platform for assessing
drug delivery is desired. Successful delivery of these particles to the target tissue, as well as
interaction of blood cells with the endothelium, depends significantly upon their interaction
with and subsequent firm adhesion to the vascular endothelium. This process is primarily
dependent on three major components: (a) the biological make-up of the ligands on cells/
particles and their corresponding receptors on the endothelium, (b) associated local
hemodynamic factors such as wall shear rate and residence time which are often dependent
on the geometric features of the local microvasculature, and (c) the differential
biodistribution of cells/particles between normal and the diseased tissue.

Significant progress has been made since the early 1990’s in our understanding of the
biological receptors and their corresponding ligands using a combination of cell staining
techniques. Pioneering work in the field of cell adhesion as summarized in Bevilacqua, 1993
and Carlos et al., 1994 resulted in the discovery of adhesion molecules such as E-Selectin
and ICAM-1 which are key players influencing leukocyte adhesion to the endothelium.
Traditionally in vitro studies of cell-cell and particle-cell interactions in the microcirculation
involves static assays in which particles are incubated on protein matrices or adherent cells
in tissue culture dishes. Following a specified incubation time and number of washes, the
number of adherent particles is quantified. This procedure is still commonly used for
characterizing particle adhesion (Butler et al., 2009; Humphries 2009; Paprocka et al., 2008;
Peramo et al., 2008) and has provided significant insight into the biochemical processes
responsible for mediating the adhesion phenomena. However, a key component lacking in
these static assays is the physiological fluid flow and its relationship to particle adhesion.

To address the lack of physiological fluid flow during particle adhesion studies, in-vitro
flow chambers were developed. A common feature of these flow chambers is a transparent
apparatus and perfusion of a suspension of particles at low Reynolds numbers to match wall
shear rates observed in blood vessels in-vivo. The vessel wall is modeled by either coating
biomolecules or growing cells on the lower plate of the flow chamber (Luscinskas et al.,
1994). Particles are then perfused at desired range of flow rates to quantify the number of
adhering particles under various shear rates. These devices have been predominantly used to
study leukocyte-endothelial cell interactions (Prabhakarpandian et al., 2001; Crutchfield et
al., 2000; Patel 1999; Goetz et al., 1994; Cozens-Roberts et al., 1990; Lawrence et al., 1987)
and tumor-endothelial cell interactions (Alves et al., 2008, Burdick et al., 2001, Aigner et
al., 1998; Tözeren et al., 1995). In the early 2000’s, several research groups began using
parallel plate flow chambers to develop targeted drug delivery systems consisting of micro/
nanoparticle formulations coated with ligands to corresponding receptors on the endothelial
cells (Sakhalkar et al., 2003; Blackwell et al., 2001; Dickerson et al., 2001; Kiani et al.,
2002). However, use of parallel plate flow chambers to study and validate these drug
carriers is rather expensive and time consuming. Parallel plate flow chambers often require
large volumes of reagents due to their large size and can usually model one set of flow rates
per experiment. In addition, these systems often do not accurately model geometrical
features (e.g., bifurcations, stenoses) and flow conditions (e.g., converging or diverging
flows at bifurcations) that are present in vivo.

Creation of fluidic devices which accurately reproduce in vivo features and analysis of the
complex flow patterns in these devices require synergistic development of two exciting
technologies of the 21st century. First, microfabrication techniques (Anderson et al., 2000)
such as soft-lithography, laser etching, and hot embossing have resulted in the development
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of microfluidic devices that can better reproduce micrometer features of microvasculature
(van der Meer et al., 2010; Barber & Emerson 2010). Second, development of
Computational Fluid Dynamic (CFD)-based modeling provides an ideal methodology for
understanding and analyzing the complex flow patterns in these devices. The main goal of
this review is to present an overview of the fluidic devices for analyzing cell-cell and
particle-cell interactions and the methodologies that are used to analyze findings from these
devices.

2. Cell-Cell and Particle-Cell Adhesion
Cell-cell and particle-cell interaction is a key step for ensuring proper cell-cell
communication and targeted delivery of drug particles (Kang et al., 2011). Of all the cell-
cell interactions, leukocyte adhesion to the vascular endothelium is the most fundamental
and best understood process. The movement of leukocytes from within the vasculature to the
extravascular space involves a well orchestrated set of adhesion events (Kansas 1996;
Springer 1994; Luscinskas and Gimbrone, 1996) and is mediated, in part, by adhesive bonds
which form between glycoproteins (ligands) present on the leukocytes and cognate
glycoproteins (receptors) present on the endothelium. A key paradigm in this adhesion
cascade is that certain endothelial cell adhesion molecules are inducible. That is, they are
expressed at a low level, if at all, on endothelium within normal tissue, but are dramatically
upregulated in response to appropriate biochemical stimuli (e.g. cytokines such as IL-1β).
Thus, in response to various stimuli, the endothelium becomes activated and increases its
expression of receptors (adhesion molecules) that bind ligands on the leukocytes.
Leukocytes attach to the endothelium, for the most part via the selectins, and begin to
translate along the vessel wall (roll) at a velocity which is significantly lower than
leukocytes in the free stream (Springer 1994). As the leukocytes roll they become activated
in response to chemokines (Springer 1994; Ebnet and Vestweber, 1999). The activation
involves a number of changes to the leukocytes including an alteration in the density of the
integrins (Diamond and Springer, 1994; Newton et al., 1994) on the leukocyte surface as
well as an increase in the “stickiness” (a conformational change) of the integrins for their
cognate endothelial cell adhesion molecules (e.g. ICAM-1). Figure 1a shows a schematic of
this cascade and Figure 1b shows the biophysical forces that guide this interaction. When the
adhesive bond strength is smaller than the shear forces, leukocytes tend to roll. However,
once the bond forces overtake the shear forces, the leukocytes adhere firmly via the integrins
and proceed to migrate between adjacent endothelial cells into the extravascular space. A
similar process also accounts for platelet adhesion where the interaction of circulating
platelets with the vessel wall involves a process of rolling and firm adhesion, leading to
thrombus formation.

Several investigators have developed mathematical models to understand the complex cell
adhesion cascade. These include the pioneering work of Hammer & Lauffenburger, 1989,
1987 who developed an analytical expression for the shear rate and adhesive force
relationship in flow chambers. Their work was further developed into a probabilistic model
by Cozens-Roberts et al., 1990 which calculated the probability of the number of bonds
between a cell ligand and the surface receptor at a given time resulting in the concept of
critical shear rate dependent adhesion model. In addition, this probability based model
allowed for transient and continuous study of the attachment and detachment phenomenon.
Hammer and Apte, 1992 extended the probability based model by inclusion of the adhesion
modulating parameter known as “the fractional spring slippage”, which relates the strain of a
bond directly to the rate of bond rupture. They also validated this model by comparing the
analysis with the experimental neutrophil adhesive behavior on selectin-coated surfaces in in
a parallel plate flow chamber.
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Although several models have been developed to study the biochemical process of receptor-
ligand interaction (Goetz et al., 1994; Simon and Goldsmith 2002) and the hemodynamic
impact on adhesion (Chapman and Cokelet, 1996, 1997), the seminal work of Chang et al.,
2000, which developed the concept of the “Adhesive Dynamics” methodology, resulted in a
global map of the biophysical properties of the adhesion molecules involved in cell-cell
interactions. This model also accounted for on/off rates for the receptor-ligand bonds, bond
elasticity and the bond lengths. This model was subsequently modified by Bhatia et al., 2003
to incorporate two receptor-ligand interactions comprising of the selectin and integrin
components. It was further validated by comparing the predicted rolling velocities of
leukocytes with experimental data obtained from parallel plate flow chambers.

3. Flow Chambers
Since the introduction of parallel plate flow chambers by Lawrence et al., 1987 there has
been a plethora of changes (Jones et al., 1996) to these systems in attempts to make them
more representative of the in vivo conditions and easier to use. However, there is currently
only one commercially available parallel plate flow chamber system by Glycotech
(Gaithersburg, Maryland, USA). This device normally utilizes a 35mm petri dish for cell
culture or receptor coating. Following coating of desired substrate or cell culture, a gasket
with a flow path is assembled on top of the dish followed by the device. The entire set-up is
held under vacuum during the course of the experiment. Different shear rates in the flow
path of the flow chamber are generated by withdrawing the fluid (containing cells or
particles) using a syringe pump (Figure 2). The shear rate (γ) in these flow chambers is a
function of volumetric flow rate (Q) set by the syringe pump, and channel dimensions
(height (h) and width (w)) of the flow chamber and is given by γ= 6Q/h2w

Usually, the number of particles adhered at various shear rates is measured and a shear vs.
adhesion plot is generated to determine the effects of shear rate on cell adhesion. These
devices however are reagent hungry due to their meso-scale dimensions with the smallest
variant having a 0.25cm width and 0.013 cm height. In addition, multiple experimental runs
at different shear rates are required for generating the shear vs. adhesion plots. There have
been several attempts to develop alternate devices predominantly driven by the need for
characterizing the effects of multiple shear rates on cell adhesion during the same
experiment. These include a variable height flow chamber (Xiao and Truskey, 1996), a
variable width flow chamber (Usami et al., 1993) and a flow chamber with radial steps to
create recirculation zones (Chiu et al., 1998) and investigation of multiple shear rates
(Cozen-Roberts et al., 1990). In addition, a flow chamber with pulsatile flow (Ruel et al.,
1995) and devices with side view (Cao et al., 1998 and Leyton-Mange et al., 2006) for
monitoring adhesion were developed. A modification of the Glycotech flow chamber with a
recirculation loop to minimize reagent usage was developed by Brown and Larson, 2001.
However, none of these improved flow chambers have been commercialized due to the (a)
cumbersome fabrication procedures, (b) need for extensive cleaning before experiments, and
(c) reagent-hungry experiments.

4. Microfluidic Devices
A number of investigators have taken advantage of advances in the field of MEMS-based
microfluidic systems to develop micro-scale flow chambers that more accurately reproduce
the in vivo conditions and require significantly lower resources compared to parallel plate
flow chambers. An added benefit of these microfluidic devices is the ability to easily control
the dimensions including the height and width of the fluidic channels which typically range
from few micrometers to 100s of micrometers, thereby reducing reagents used by up to three
orders of magnitude (ml to ul). Although, microfluidic devices can be fabricated from a
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wide array of materials such as metal, glass, polymers, poly-dimethylsiloxane (PDMS) is the
most widely used material for fabrication of microfluidic devices. This material is especially
useful for fabricating microfluidic devices for biological studies (Sia and Whitesides 2003)
because of its gas permeability, optical transparency, biocompatibility and the ability to be
coated with a wide variety of proteins. A process known as soft-lithography is commonly
used to fabricate many of these microfluidic devices (Figure 3).

One of the first studies to use microfluidics based flow chamber for cell adhesion assays
(Brevig et al., 2003) investigated the interaction of leukocytes under shear flow conditions
on cultured endothelial cells. Using a microfluidic chip fabricated from polymethyl
methacrylate with dimensions of 5000 (length) × 5000 (width) × 40 (height) µm, this group
showed that compared to static assays, firm adhesion of leukocytes on endothelial cells was
found to be dependent on cytokine-mediated activation. This was due to the fact that basal
levels of CD18 allowed adhesion of leukocytes on non-activated endothelial cells whereas
adhesion under flow required cytokine activated expression of CD54, CD62E, CD18,
MCP-1 and MIP-1α. Continuing along the adhesion based phenomena, Murthy et al., 2004
developed a microfluidic device for separation of a sub-population of neutrophils using
antibody based adhesion under fluidic conditions. This device was fabricated at the
microscale level using the variable width concept developed by Usami et al., 1993 with a
constant height of 57µm, inlet width of 5mm and the chamber length of 50mm. Nalayanda
et al., 2007 showed that cell adhesion and rolling under physiological flow conditions can be
readily controlled by patterning surfaces of microfluidic flow chambers (linear channels
ranging from 50–100 µm) with adhesion molecules. Agrawal et al., 2008 used a microfluidic
device with six parallel channels for demonstrating chemotaxis on leukocytes from a drop of
whole blood (<10 µL) under the influence of different chemokines. Use of microfluidic
devices for studying leukocyte interactions with red blood cells was demonstrated by Jain
and Munn, 2009 showing that leukocytes preferentially marginate downstream of sudden
expansions with red blood cell aggregation enhancing the process. Finally, in a recent study,
Kotz et al., 2010 used microfluidic based devices for a clinical assay in which neutrophils
isolated directly from whole blood were processed on chip for mRNA and protein
extractions for genomic and proteomic studies.

Similar to leukocyte interaction assays, microfluidic devices have also been used for platelet
adhesion studies. Tran et al., 2005, studied agonist-induced calcium response in single
human platelets using a microfluidic device for identification of signaling pathways. Shen et
al., 2008 identified the range of shear rates that limit initiation of coagulation pathways
using a combination of surface areas treated with tissue factor protein and native platelets.
Neeves et al., 2008 used a microfluidic device comprising of thirteen parallel channels (80
µm (height) × 100 µm (width)) on a collagen coated surface for studying the effects of
signaling molecules on the platelet adhesion. Karunarathne et al., 2009 studied platelet
interactions with endothelial cells using an array of linear microfluidic channels (100 µm
(depth), 200 µm (width)) which resulted in identification of the dual nature of extracellular
ATP as agonist and antagonist of P2X1 receptor (an ATP-gated cation channel). A novel
methodology based on localized strain rate micro-gradients in microfluidic devices for
measuring platelet function and aggregation was demonstrated by Tovar-Lopez et al., 2010.
Results from this assay especially highlight the usefulness of microfluidic devices for
understanding the hemodynamic and platelet mechano-transduction mechanisms during
platelet aggregation.

Although microfluidic based devices have been used widely for cell based assays, there have
been only a limited number of studies using synthetic particles in microfluidic flow
chambers. For example, the first such study to our knowledge was by Farokhzad et al., 2005
where they showed that specificity of targeted aptamers can be investigated by using
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particles conjugated to aptamers that recognize the transmembrane prostate specific
membrane antigen (PSMA). This concept of testing drug particle adhesion was modified by
Fillafer et al., 2009 using an acoustically-driven microfluidic device for adhesion of targeted
vs. non targeted protein coated microparticles to epithelial cells. While static incubation
assays showed little difference in adhesion, fluidic results showed that the non-targeted
particles did not bind. These results re-emphasize the need for studying adhesion processes
under physiological flow conditions.

Taking advantage of this development in the field of microfluidic devices, several
companies are now developing adhesion assays based on microfluidic devices. Notable
among these are devices from Ibidi (Germany) and Cellix (Ireland) which allow for the
culture of cells and studies of their interactions with cells and/or particles in a microfluidic
setting (Figure 4). However, neither of these devices have a high throughput (>24 assays)
version that can accelerate the testing and screening process. In this context, a high-
throughput device has been developed by Fluxion Biosciences (Conant et al., 2009) for cell
assays (Figure 4) by integrating microfluidic constructs with well plates. In spite of all the
advancements for performing a wide range of assays, as mentioned before, all of these
devices still use idealized channels to model microvessels and do not reproduce the vascular
networks as observed in vivo. Nevertheless, they are easy to fabricate and allow the use of
simple mathematical formulas for prediction of flow parameters.

5. In Vivo Mimetic Microfluidic Devices
Although though microfluidic devices reduce the reagent consumption significantly, they
still fall short of matching even the simplest in vivo features such as bifurcations which are
the often the focal points of adhesion of platelets and leukocytes under normal and
pathological conditions (Prabhakarpandian et al., 2011; Tousi et al., 2010). Furthermore,
reproductions of complex geometries of the microvasculature, e.g. diameter variability along
the vessel length or stenoses, are often needed to study various microcirculatory flow
conditions. Microfluidic devices mimicking simple in vivo characteristics were developed to
improve upon the first generation of linear channel microfluidic devices. In vivo mimetic
devices can be fabricated as either having idealized geometries (e.g. semi-circular or circular
channels in linear chambers) or having more realistic and complex geometries observed in
vivo. Before the advent of PDMS based microfluidic devices, Cokelet et al., 1993 fabricated
the first set of microfluidic devices containing bifurcations using photolithography on glass
slides. Their methods of creating approximating circular channels, as well as repeating
constructs of diverging bifurcations, allowed for blood flow studies in these complex
systems. In a second study, Frame et al., 1995 created semi-circular channels on glass in the
range of 20–50 µm and were able to successfully culture endothelial cells in these channels.

During the last few years, microfluidic devices incorporating bifurcations and other
physiologically realistic geometries (e.g. stenosis) have been developed using PDMS. These
devices have been used to study leukocyte adhesion (Rouleau et al., 2010; Schaff et al.,
2007) and platelet adhesion (Tovar-Lopez et al., 2009; Runyon et al., 2004). Simple
bifurcating microfluidic devices are now being marketed for cell adhesion assays by
commercial entities Cellix Ltd. and Ibidi LLC. To address the need for the development of
new methods that can rapidly create channels that mimic the in vivo features of
microvascular networks, Borenstein et al., 2010 utilized two semi-circular idealized
bifurcating patterns on polystyrene to create circular channels. They also demonstrated
successful culture of endothelial cells in the fabricated device. Two other studies
(Abdelgawad et al., 2010; Fiddes et al., 2010) developed alternative methodologies for
creating circular channels. Both of these studies utilized the concept of polymerization of the
liquid silicone oligomers with gas streams to convert rectangular cross-sections into circular
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sections (Figure 5). Unlike the study by Borenstein et al., 2010, where the smallest channel
diameter was 400µm, channels as small as 5µm were fabricated using the polymerization
methods (Abdelgawad et al., 2010; Fiddes et al., 2010). In addition, endothelial cells were
successfully cultured in these devices highlighting the circular patterns of cells.

Research for deciphering the optimal shapes of drug particles (Yoo et al., 2010; Champion
et al., 2007) is gaining momentum due to recent findings indicating that shape of the drug
particle is critical for drug particle uptake (Muro et al., 2008). Recently, Doshi et al., 2010
showed that a simple bifurcating microfluidic flow chambers can be used to differentiate
between the adhesive characteristics of differently shaped drug carrying particles. This study
showed that while static assays and linear channels of a microfluidic flow chamber could not
resolve the difference between the adhesion patterns of various shaped particles, the
bifurcating section (Figure 6) of the microfluidic flow chamber was able to select the best
particle shape for optimal adhesion.

However, microfluidic devices discussed thus far are still idealized constructs that faithfully
reproduce the overall size of the microvasculature but do not account for either the true
interconnectedness or variations found in the in-vivo microvascular networks. To address
this limitation, we have recently developed a novel methodology for accurately reproducing
microvascular networks digitized from in vivo images of rodent vasculature onto a
microfluidic chip (Figure 7). This “Synthetic Microvascular Network” (SMN) is reproduced
from a Geographic Information System (GIS) based mapping of microvascular networks
obtained by intra-vital microscopy (Nyguen et al., 2000; Roth et al., 1999). We have shown
that this microvascular network based microfluidic device can be cultured with cells and
used to study adhesion profiles of functionalized particles (Prabhakarpandian et al., 2011;
Rosano et al., 2009; Prabhakarpandian, et al., 2008) in conditions mimicking physiological
flow. For example, adhesion of anti-ICAM-1 coated particles on TNF-α activated
endothelial cells was found to be 79% and 161% more compared to control IgG coated
particles at 4 hour and 24 hour post activation, respectively. We also demonstrated that
SMN can predict the adhesion patterns of cells in vivo (Tousi et al., 2010) and showed that
bifurcations are the focal points of particle adhesion in microvascular networks
(Prabhakarpandian et al., 2011). Cells and microspheres preferentially adhered at
significantly higher numbers (>1.5X) near bifurcations and were localized within 1–2
diameters of the bifurcation. This fundamental understanding of the complex cellparticle
adhesion would not have been possible without these microvascular network based
microfluidic devices.

Flow conditions in interconnected microvascular networks in vivo cannot be accurately
described by simple mathematical formulas. Therefore, more sophisticated analytical tools
are required for analysis of results from microfluidic devices as they become more realistic,
approaching that of the in vivo networks as in the case of SMN described above.
Computational Fluid Dynamics (CFD) based modeling provides a powerful tool for
describing and predicting fluid flow patterns in microvascular networks. Although numerical
analysis of flows dates to the 1800’s, it was only in the early 1980s that CFD modeling
became prominent for design and analysis of complex fluid flow and transport systems.
These models were subsequently expanded to heat transfer, particle motion and, more
recently, to studies of biochemical interactions with multi-physics modules
(Prabhakarpandian et al., 2011, 2008; Wang et al., 2009). CFD models have also provided
guidance on flow fields for various microfluidic device studies ranging from simple
bifurcating structures to complex geometrical structures. For example, CFD modeling of the
effects of diverse constructs on cell adhesion has shown that curved channels result in more
uniform cell adhesion at bifurcations compared to sharp turn channels (Green et al., 2009).
In addition, we have shown that the experimentally observed perfusion profiles (Figure 8)
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and adhesion of functionalized particles in SMN in vitro can be successfully predicted by
CFD simulations (Prabhakarpandian et al., 2011, 2008). The adhesion patterns obtained
from SMN in combination with the fluidic shear predictions from CFD models can be
subsequently used to generate shear adhesion maps (Prabhakarpandian et al., 2008).

All of the microfluidic devices discussed so far in this review are two dimensional in nature
in that all vessels are located on the same plane and only a single cell type can be cultured in
these channels. To address these limitations, Lim et al., 2006 used direct write laser
technology to create channels that varied in depth at regular intervals (Figure 9). However,
even this device did not accurately reproduce the in vivo 3D environment where vessels
often cross each other at different planes and the vascular system contains multiple cell
types including endothelial cells, fibroblasts, and smooth-muscle cells. Despite all the
limitations of these microfluidic devices, they have achieved significant reductions in the
reagent consumption while more accurately modeling the in vivo conditions. Table 1 shows
summary of how different configurations of the fluidic chambers compare for the reagent
consumptions for a typical adhesion experiment.

6. 3D Microfluidic Devices
Recently, 3D microfluidic devices have been created using PDMS constructs (Zhang et al.,
2010) by stacking of individual layers. In addition, 3D scaffolds created using
microfabrication techniques and growth matrix gels such as collagen and matrigel (Peltola et
al., 2008; Andersson & van den Berg, 2004) have been used to culture multi-layers of cells
in these devices (Shin et al., 2004). However, these devices work well only for simplified
network geometries because of the difficulties in aligning the different layers of the cells.
Recently Hoganson et al., 2010 utilized micromachining procedures and PDMS (Figure 10)
to create an idealized in vitro model of lung microvascular system. Even though this device
was not based on a realistic microvascular network, it did provide an in vitro model for
studying the effects of large changes in shear rates, vessel diameter relationships between
parent and daughter vessels, branching angles, vessel length and aspect ratio of vessels. This
device also utilized a thin gas exchange membrane made up of silicone and an adjacent
alveolar chamber for oxygen flow mimicking in vivo conditions. This type of geometry,
where a tissue compartment is adjacent to a vascular compartment, closely resembles
conditions in many organs of the body. This approach can be used to, for example, model
tumor parenchyma and the vasculature that supplies it, cardiac myocytes nourished by the
capillaries, and the tight junctions of the blood-brain barrier. Hence, true 3D in vitro models
of microvasculature need to account not only for the interconnectedness of the vascular
supply but also for the co-culture of tissue and vascular cells for realistic interaction studies.

7. Imaging Tools
Real time imaging is a critical requirement for understanding the physiological cell-cell and
cell-particle interactions. While routinely used imaging methods such as phase contrast
microscopy and fluorescence microscopy are better suited for 2D models, methods such as
confocal microscopy, multiphoton microscopy and optical coherence tomography enable
imaging of 3D models (Graf and Boppart 2010). A detailed review of current methods of
imaging microfluidic devices and their advantages and disadvantages are beyond the scope
of this paper. However, these techniques with emphasis on 3D imaging have been
summarized elsewhere (Smith et al., 2010). Recently, Hearnden et al., 2011 showed that
diffusion of nanoparticle can be tracked in a 3D tissue construct using confocal laser
scanning microscopy and Rey et al., 2009 used optical coherence tomography to track real-
time cell migration. However, both these studies were conducted on static cell culture
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models and their application for tracking cells and particles in fluidic 3D environments is
not clear.

CONCLUSIONS
Meso-scale parallel plate flow chambers have been used for more than 2 decades for particle
adhesion studies. These devices have been instrumental in our efforts to better understand
the role of shear forces in the microvasculature but have significant limitations due to the
fact that they have nonrealistic morphologies and often require large volumes of reagents.
During the past decade microfabrication techniques have been used to develop a number of
microfluidic devices to address these limitations. Recently more realistic microfluidic
devices that better mimic the in vivo conditions have been developed. However, these
devices are still two dimensional in nature and lack many of the geometrical and cellular
features of microvascular networks. Development of simplified 3D devices respresent a
significant advancement in our efforts to produce in vitro models of microvasculature and
the tissue that surrounds it. Recent advancements in microfabrication technology and
incorporation of various tissue engineering principles herald the emergence of a true 3D
mimic of the microvascular system in the near future.

Creation of true 3D microvascular networks based on in vivo images would require novel
developments in microfabrication and tissue engineering such as the use of sterero-
lithography and degradable polymers for creation of 3D microfluidic devices. However, a
critical component still lacking is the ability for real-time imaging of 3D microvascular
networks and their surrounding tissues. Current microvascular imaging technologies only
allow stacking of successive 2D images to create a 3D stack, but this process usually limits
our understanding of particle-particle and cell-particle interactions. The simultaneous
development of 3D microvascular imaging techniques along with capabilities for real-time
observation of cell-cell and particle-cell interactions will lead the way for the development
of microfluidic devices that can truly mimic in vivo conditions for investigative studies.
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Figure 1.
Particle Adhesion Process

A. Schematic of the leukocyte adhesion process. Leukocytes roll on the endothelium
followed by adhesion, spreading and subsequent migration into the tissue space

B. Example of a common biophysical process during cell Cells/particles adhere when
the adhesive forces are equal or greater than the hydrodynamic forces acting on the
cell. Although the illustration shows the hydrodynamic force parallel to the surface,
the realized force may have a new orientation following rolling the adhesive forces
formed between the ligand and receptors will not necessarily be normal to the
surface at all times during the adhesion process.
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Figure 2.
Schematic of the Glycotech Flow Chamber for studying cellular interaction.
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Figure 3.
Fabrication Process of PDMS devices by soft-lithography: (a) Spin-coating of photoresist
(PR); (b) UV photolithography of the PR; (c) Development of the PR; (d) PDMS casting
over developed PR, followed by PDMS curing; and (e) PDMS bonding to a cap (microscope
slides, coverslip, glass, etc.)
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Figure 4.
Idealized Microfluidic Devices currently on the Market

A. µ-Slide (Ibidi LLC) for adhesion assays

B. Fluxion Biosciences Well plate based high-throughput assay for adhesion assays

(Reproduced with permission from Ibidi LLC and Fluxion Biosciences)
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Figure 5.
(a) Schematic of the circular channels fabrication process. (b and c) Picture of a 100 µm ×
100µm microchannel before and after treatment. (d) Picture of 100 µm × 100µm channel
after coating it three times with liquid PDMS [Abdelgawad et al., 2010]-Reproduced by
permission of The Royal Society of Chemistry, http://dx.doi.org/10.1039/c0lc00093k
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Figure 6.
Particle adhesion profiles at the bifurcation and linear sections of a microfluidic device. (a)
adhesion patterns of spherical particles (b) adhesion patterns of elliptical particles. Reprinted
from J Control Release. Sep 1;146 (2), Doshi et al., Flow and adhesion of drug carriers in
blood vessels depend on their shape: a study using model synthetic microvascular networks.
196–200 2010 with permission from Elsevier.
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Figure 7.
Synthetic Microvascular Network (SMN) based microfluidic chip (a). Image of
microvascular network in-vivo perfused with fluorescent rhodamine (b). Digitized
AutoCAD image of microvascular network in panel “a” (c). Microfluidic chip perfused with
fluorescent dye, (d). Microfluidic chip with perfused fluorescent particles. Intensity of the
fluorescent images in panels a, c, and d have been digitally enhanced to better highlight the
microvessels/microchannels.
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Figure 8.
Transient perfusion studies comparing experimental and simulation results in SMN. (panels
A–C) experiments and (panels D–F) CFD simulation. The scale for simulation is an
arbitrary unit with blue (no perfusion; 0) and magenta (complete perfusion; 1). Experimental
and simulation results show very good comparison with each other. (With kind permission
from Springer Science+Business Media:Biomed Microdevices, Synthetic microvascular
networks for quantitative analysis of particle adhesion, Aug 10(4), 2008, 585–95,
Prabhakarpandian et al., Figure 4)
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Figure 9.
(Top panel) Eight level multi-width multi-level microvasculature network with
microchannels fabricated by one-step laser direct write. (Bottom panel) Image showing the
difference in intensity levels corresponding to different channel depths [Lim et al., 2003]-
Reproduced by permission of The Royal Society of Chemistry,
http://dx.doi.org/10.1039/B308452C
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Figure 10.
Design of lung vascular network with physiologic blood flow. (a) Top view of high density
vascular network design, (b) isometric view of SolidWorks rendering of mold demonstrating
variable depths and 1 : 1 aspect ratios of all channels, (c) SEM of smallest channels of
device, (d) SEM of transition between large inlet channel and branch channel demonstrating
precise 3D fillets achieved with micro machined mold. Scale bar in (a, c, d) =1 cm. (e)
Isometric cross-sectional view SEM of the device showing the three components of the
device; alveolar chamber, gas exchange membrane and vascular network. Scale bar (e) =
100µm [Hoganson et al., 2011]-Reproduced by permission of The Royal Society of
Chemistry, http://dx.doi.org/10.1039/C0LC00158A
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Table 1

Comparison of Reagent Consumption for a Typical Adhesion Experiment

Adhesion Platform Reagent Volume (µL) # of Cells/Particles
per experiment

Dead Volume (µL)

Parallel Plate Flow Chamber (Glycotech) 50–2000 5E+05 32.0

Microfluidic Flow Chamber (Doshi et al., 2010) 0.05 5E+02 3.0

SMN Flow Chamber (Prabhakarpandian et al., 2008) 1 5E+02 3.0

Note: Values for Glyoctech are for a typical assay with a shear rate of 60 sec−1, particle concentration of 1E6 particles/ml and duration of 3 min
for adhesion. Values for microfluidic and SMN flow chamber are for the same shear rate, particle concentration of 5E6 particles/ml, and duration
of 10 min for adhesion.
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