
 

 

  

SYNTHETIC MICROVASCULAR NETWORKS 

FOR PARTICLE ADHESION ASSAYS 
 
 

 

 

 

A Dissertation  

Submitted  

to the Temple University Graduate Board 

 

 

 

 

 

In Partial Fulfillment 

of the Requirements for the Degree of 

Doctor of Philosophy 

 

 

 

 

 

By 

Balabhaskar Prabhakarpandian 

May, 2012 

 

 

 

Examining Committee Members: 

 

Dr. Mohammad F. Kiani, Advisory Chair, Mechanical Engineering, Temple University 

Dr. Shriram Pillapakkam, Examining Chair, Mechanical Engineering, Temple University 

Dr. Bin Wang, Mechanical Engineering, Temple University 

Dr. Li Bai, Electrical Engineering, Temple University 

Dr. Mohan Achary, Radiation Oncology, Temple University 

Dr. Kapil Pant, External Member, Biomedical Technology, CFD Research Corporation 



 ii 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

© 

Copyright 

2012 

 

by 

 

Balabhaskar Prabhakarpandian 

 

All Rights Reserved 

   

 

  



 iii 

ABSTRACT 
 

SYNTHETIC MICROVASCULAR NETWORKS 

FOR PARTICLE ADHESION ASSAYS 

 

Balabhaskar Prabhakarpandian 

Doctor of Philosophy 

Temple University, 2012 

Doctoral Advisory Committee Chair: Mohammad F. Kiani, Ph.D., FAHA 

 

 

Particle adhesion to the vasculature depends critically upon particle/cell properties (size, 

receptors), scale/geometric features of vasculature (diameter, bifurcation, etc.) and local 

hemodynamic factors (stress, torque, etc.)  Current investigations using in vitro parallel-

plate flow chambers suffer from several limitations including (a) idealized constructs, (b) 

lack of critical morphological features (bifurcations, network), (c) inability to distinguish 

between healthy vs. diseased vasculature, (d) large volumes and (e) non-disposability.  

To overcome these limitations, microvascular networks, obtained from digitization of in 

vivo topology were prototyped using soft-lithography techniques to generate Synthetic 

Microvascular Networks (SMN).  CFD-ACE+, a finite volume based Computational 

Fluid Dynamics (CFD) software, was used to develop a computational model of the 

digitized networks.  Dye perfusion patterns predicted by the simulations matched well 

with experimental observations indicating presence of well perfused as well as stagnant 

regions.  Studies using functionalized microparticles showed non-uniform particle 

adhesion, with preferential adhesion at a distance of 2 vessel diameters or less from the 
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nearest bifurcation which was validated with in vivo data.  Bifurcation adhesion ratio 

(BAR) was found to be significantly higher for experiments (49% and 36%) and 

simulations (67% and 52%) compared to expected values of 24% and 21%.  A single 

experimental run in SMN generated the entire shear adhesion map highlighting the 

benefits of the SMN assay.  Green Fluorescent Protein (GFP) gene delivery studies with a 

nanopolymeric based gene delivery system showed preferential GFP expression in the 

vicinity of bends and bifurcation of the microvascular networks.  The developed SMN 

based microfluidic device will have critical applications both in basic research, where it 

can be used to characterize and develop next generation delivery vehicles, and in drug 

discovery, where it can be used to study the efficacy of the drug in these realistic 

microvascular networks. 
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CHAPTER 1 

LITERATURE REVIEW 

NOTE: Parts of this work have been published and is reproduced here by 

permission:  

 

Prabhakarpandian, B., Shen, MC., Pant, K., Kiani, MF. Microfluidic devices for 

modeling cell-cell and particle-cell interactions in the microvasculature. 

Microvasc. Res. 2011, 82(3):210-20. 

 

 

Microvascular Networks 

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 involve encapsulating drugs in delivery vehicles ranging from 

microparticles (Kendall et al., 2009), to nanoparticles (Petrelli et al., 2010), liposomes 

(Zhai et al., 2010; Scott et al., 2009; Patillo et al., 2009) and viral (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., 2011; Champion et 
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al., 2009) and the use of empty red blood cells (Muzykantov 2010) for drug delivery, a 

better understanding of the cell-particle interactions is required.  Successful delivery of 

these particles to the target tissue 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 rates and residence time, which are often 

dependent on the local geometric features of the microvasculature, and (c) the differential 

biodistribution of cells/particles in normal and the diseased tissue. 

 

Cell-Cell and Particle-Cell Adhesion 

Cell-cell and particle-cell interaction leading to firm adhesion is the most important step 

for ensuring proper cell-cell communication and targeted delivery of drug particles.  Of 

all the cell-cell interactions, leukocyte adhesion to the vascular endothelium is the 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 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 
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expression of receptors (adhesion molecules) that bind ligands on the leukocytes.  

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.  The pioneering work of 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.  

 

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., 1997) 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 

1.1a shows a schematic of this classical interaction and Figure 1.1b shows the biophysical 

forces that govern 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. 
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A 

B 

Figure 1.1.  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-cell and cell-particle 

interactions.  Cells/particles adhere when the adhesive forces are equal or greater 

than the hydrodynamic forces acting on the cell. 

 

 

Traditionally, in vitro studies of cell-cell and particle-cell interactions in the 

microcirculation involve 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 (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.  
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Flow Chambers 

To address the lack of physiological fluid flow during particle adhesion studies, in vitro 

flow chambers were developed.  A common element of these flow chambers is a 

transparent apparatus perfused at low Reynolds numbers to match wall shear rates 

observed in blood vessels in vivo.  The vessel wall is modeled by either coating of 

biomolecules or growth of cells on the lower plate of the flow chamber (Luscinskas et al., 

1994).  Particles are then flowed in 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 (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 (Zou et al., 2005; 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 flows at bifurcations) that are present in vivo.  
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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 render 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 35 mm 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 (Figure1.2).   

 

The shear rate () in these flow chambers is defined as 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 

 

 = 6Q ⁄ h
2
w            (1.1) 

 



7 

 

 
Figure 1.2.  Schematic of the Glycotech flow chamber for studying cell 

 and particle interactions. 

 

 

 

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 have large reagent requirements due to their meso-scale 

dimensions with the smallest variant having a 0.25 cm 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 

designs 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 
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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).  In 

addition, a flow chamber with pulsatile flow (Ruel et al., 1995) and devices with side 

view (Cao et al., 1998; 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) 

requirements of large volumes of reagents.  Furthermore, these systems do not accurately 

model geometrical features (e.g., bifurcations, stenoses) and flow conditions (e.g., 

converging flows at bifurcations) that are present in vivo.  

 

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.  The dimensions of these microfluidic devices including the 

height and width of the fluidic channels typically range from few micrometers to 100s of 

micrometers, thereby reducing reagents use by up to three orders of magnitude (ml to µl).  

Although, microfluidic devices can be fabricated from a wide array of materials such as 

metal, glass, plastics or a combination of polymers, poly-dimethylsiloxane (PDMS) is 

one of the most widely used material for fabrication of microfluidic devices.  This 

material is especially useful for fabricating microfluidic devices using soft-lithography 
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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 

biological and chemical moieties.   

 

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 (PMMA) with dimensions of 5000 μm (length) × 5000 μm 

(width) × 40 μm (height), this group showed that compared to static assays, cell-cell 

adhesion was found to be dependent on cytokine-mediated activation of cells.  

Subsequently, Murthy et al. (2004) developed a microfluidic device for separation of sub-

population of neutrophils using antibodies 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 57 µm, inlet width of 5 mm and the 

chamber length of 50 mm.  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. 
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(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 both P2X1 agonist and 

antagonist.  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 aggregations.  

 

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 
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chambers.  For example, one of the first such studies was by Farokhzad et al. (2005) 

where they showed that specificity of targeted aptamers can be investigated by using 

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 highlight the need for studying 

adhesion processes under physiological fluid flow conditions.    

 

Taking advantage of this rapid leap in the field of microfluidic devices, several 

companies are now developing adhesion assays based on microfluidic devices.  Notable 

among these are devices from Ibidi, LLC (Germany) and Cellix, Ltd. (Ireland), which 

allow for the culture of cells and studies of their interactions with cells and/or particles in 

a microfluidic setting (Figure 1.3).  

 

A B 

Figure 1.3.  Commercially available idealized microfluidic devices. 

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

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

1.4) 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.  

 

In Vivo Mimetic Microfluidic Devices 

Even 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 (Sumagin et al., 2009).  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 

cross-sections in linear channels) 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 circular channels, as well as 
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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 with diameter 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 sections (Figure 5).  Unlike the study by Borenstein et al. 

(2010), where the smallest channel diameter was 400 µm, channels as small as 5 µm 

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.  
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Research for deciphering the optimal shapes of drug particles (Yoo et al., 2011) is 

gaining momentum due to recent findings indicating that particle shape is critical for drug 

particle uptake (Muro et al., 2008).  Recently, Doshi et al. (2010) showed that a simple 

bifurcating microfluidic flow chamber 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 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.   
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SUMMARY 

Particle (cell, drug carrier) adhesion to tissue (vascular endothelium) depends critically 

upon the geometric features of the vasculature at the treatment site and the associated 

local hemodynamic factors such as wall shear stress, dynamic pressure, and residence 

time.  This is poorly understood and can often determine the success or failure of 

different interventional therapies.  Traditionally, idealized, in vitro flow chambers have 

been used to understand particle adhesion.  While having provided valuable insights these 

simple devices have severe shortcomings, most notably lack of correspondence with in 

vivo geometry (bifurcations etc.), scale/aspect ratios (microvasculature vs. large vessel 

models), large reagent volumes (restrictive amount of leukocytes, enzymes required for 

assays), inadequacy in studying adhesion event differences between healthy and diseased 

vasculature.  Although recent microfluidic based devices have overcome the scale/aspect 

ratios of the microvasculature in addition to use of large volumes, they are still 

inadequate in studying adhesion event differences between healthy and diseased 

vasculature.  Development of more complex in vitro flow chambers has also been 

stymied by the requirement of advanced mathematics/software for analysis, in 

comparison with simple formulae used in conjunction with the present products.  Thus, 

there is a clear need for a new in vitro platform with improved quantitative and predictive 

capabilities for selection of drug delivery candidates. 
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CHAPTER 2 

OBJECTIVES 

Introduction 

It is clear from the discussion in Chapter 1 that the field will be advanced significantly by 

the development of a new flow chamber that truly imitates microvascular dimensions and 

geometry.  However, flow conditions in interconnected microvascular networks in vivo 

cannot be accurately described by simple mathematical formulae.  Similarly, 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.  Creation 

of these fluidic devices which accurately reproduce in vivo features and analysis of the 

complex flow patterns require synergistic development of two exciting technologies of 

the 21
st
 century.  First, microfabrication techniques (Anderson et al., 2000) such as soft-

lithography, laser etching, and hot embossing as discussed before have resulted in the 

development of microfluidic devices that can better reproduce micrometer features of 

microvasculature (van der Meer et al., 2009; Barber & Emerson 2010).  Second, 

development of Computational Fluid Dynamics (CFD)-based modeling provides an ideal 

methodology for understanding and analyzing the complex flow patterns in these devices.   
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Hypothesis 

In this study, a novel platform/technique and a new paradigm for cell/drug-particle 

adhesion research will be developed.  We hypothesize that these microvascular devices 

will be able to better predict adhesion patterns similar to in vivo conditions. 

 

Specific Aims 

The specific aims of this study are:   

1. Aim 1:  Design and fabricate a microfluidic device with morphology based on 

images of in vivo microcirculatory networks for  

a. Normal microvascular network  

b. Diseased (radiation treated) microvascular network 

2. Aim 2:  Develop CFD models of the fabricated device to predict fluidic shear 

patterns and analyze particle adhesion 

3. Aim 3:  Perform functionalized particle adhesion studies on the microfluidic 

device.  Specifically, analyze the adhesion patterns and validate using in vivo data 

from the literature. 

4. Aim 4:  Use the microfluidic device to demonstrate adhesion and uptake of Green 

fluorescent protein (GFP) gene encoding nanopolymeric particles on normal 

(endothelial) and tumor cells in  

a. Normal microvascular network  

b. Diseased (radiation treated) microvascular network 
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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. 

A discussion of Specific Aim 4 is presented in Chapter 6. 

 

The long-term goal of this project is to develop and demonstrate an anatomically realistic 

microfluidic device and assay for adhesion based screening.  
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CHAPTER 3 

SPECIFIC AIM 1 

Design and fabricate a microfluidic device with morphology based on images of in vivo 

microcirculatory networks for  

a. Normal microvascular network  

b. Diseased (radiation treated) microvascular network  

 

NOTE: Parts of this work have been published and is reproduced here by 

permission.  

 

Prabhakarpandian, B., Shen, MC., Pant, K., Kiani, MF. Microfluidic devices for 

modeling cell-cell and particle-cell interactions in the microvasculature. 

Microvasc. Res. 2011, 82(3):210-20. 

 

Prabhakarpandian, B., Pant, K., Scott, RC., Patillo, CB., Irimia, D., Kiani, MF., 

Sundaram, S. Synthetic microvascular networks for quantitative analysis of 

particle adhesion. Biomed. Microdevices. 2008, 10(4):585-95 
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APPROACH FOR SPECIFIC AIM 1 

The overall goal of this aim is to fabricate the microfluidic device using digitized 

microvascular networks from normal and diseased (radiation treated) rodents.  

 

Digitized microvascular networks are obtained from a database of rodent vasculature.  

The digitized images are imported into AutoCAD and modified to develop the mask 

layout of the networks.  The masks are subsequently used to create a negative mold 

(master) of the microfluidic device.  The developed master is used for fabrication of the 

microfluidic device using soft-lithography.  The fabricated device is subsequently tested 

for fluidic integrity using fluorescent dyes.   
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METHODS 

 

Digitization of Microvascular Networks 

Microvascular networks were obtained from a database of images of cremaster muscle of 

hamsters (Syrian Golden) collected according to the ANET system developed previously 

(Roth and Kiani, 1999; Roth et al., 1999 and Nguyen et al., 2000).  Figure 3.1 shows an 

outline of the process starting from the in vivo image to the digitized networks.  Flow 

directions in these networks as observed in vivo served as guidelines for defining inlet 

and outlet ports in the digitized network.  

 

 

 
Figure 3.1.  Microvascular network digitization process. 
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For the purpose of this study, one normal and one diseased (30 day irradiated) 

vasculature was selected.  Figure 3.2 shows these networks with the numbers in purple 

indicating vessel number and the numbers in red indicating the bifurcation number in the 

microvascular networks.  

 

 

 

A B 

Figure 3.2.  Digitized microvascular network from the ANET database. 

A.  Normal microvasculature. B.  Diseased (30 day irradiated) microvasculature. 
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The digitized images of the cremaster muscle yielded networks with average size of 10 

μm.  As our ultimate objective is to study adhesion in the human microvasculature (<100 

μm) and in view of the challenges associated with access to complete vasculature of in 

vivo networks from humans, the vessel diameters were scaled using the following 

procedure.  First, the entire network area was linearly scaled up by a factor of 10 to 

eliminate self-intersecting vessels.  Then, the individual vessels were created by scaling 

the in vivo diameters by a factor 2.5, 5 and 10 to yield diameters of 25, 50 and 100 µm.  

Layouts of the digitized network images were rendered in AutoCAD LT (AutoDesk, San 

Rafael, CA) as shown In Figure 3.3. 

 

 

A       B  

Figure 3.3.  AutoCAD layout of the digitized microvascular networks for fabrication. 

A.  Normal microvasculature. B.  Diseased (30 day irradiated) microvasculature. 
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Fabrication of Microvascular Networks 

Most microfabrication processes are limited to creating channels with uniform depth and 

rectangular cross-section.  However, in a recent study, Borenstein et al. (2010) 

demonstrated a methodology which utilized two semi-circular idealized bifurcation 

patterns on polystyrene to create circular channels.  While, in principle this method can 

be used to create fully circular microvascular networks, doing so within the desired 

tolerance (1–2 μm) over a wide network area is challenging and requires sophisticated 

aligning equipment.  Given the limited availability of these equipments and the fact that 

over 99% of the microfabricated channels are still rectangular, we decided to fabricate 

rectangular channels with a depth of 100 µm and width of 25, 50 and 100 µm. 

 

The AutoCAD designs were printed at high resolution on Mylar film (CADArt, Poway, 

CA).  The Mylar film was then used as a mask for ultra-violet (UV) light for patterning 

the desired thickness of positive resist (AZ P4620, Clariant, Somerville, NJ) spun on top 

of a silicon wafer.  An adhesion promoter (Hexamethyldisilazane, HMDS, Sigma-

Aldrich, St. Louis, MO) was used to enhance the strength of bonding of the photoresist 

on the silicon wafer.  The depth of the channels was measured using a Dektak 

profilometer (Veeco, Woodbury, NY).  Sylgard 184 Polydimethylsiloxane (PDMS) was 

prepared according to manufacturer’s (Dow Corning, Midland, MI) instructions and cast 

over the photoresist mold to create complementary microchannels in PDMS resulting in 

development of the Synthetic Microvascular Networks (SMN).  Through holes, defining 

the inlets and outlets, were punched using a beveled 25-gauge needle.  The bonding 

surfaces of the fabricated device and a pre-cleaned 1×3 in. glass slide (Fisher Scientific, 
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Pittsburgh, PA) were treated with oxygen (Harrick Scientific, Ithaca, NY) for 30 seconds.  

A good seal between the device and glass was achieved by heating the assembly at 75°C 

for 10 min on a hotplate.  Tygon mcrobore tubing (Saint-Gobain, Valley Forge, PA) with 

an outside diameter of 0.03 in. and inner diameter of 0.01 in. connected to 30 gauge 

stainless steel needle which served as the interfacing port. 

 

 

 
Figure 3.4.  Fabrication process of SMN 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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SMN Testing 

The inlet port of the fabricated SMN was connected to a syringe mounted on a 

programmable syringe pump (PHD 2000, Harvard Apparatus, Holliston, MA) and placed 

on an inverted motorized stage (LEP Ltd, Hawthorne, NY) controlled by a computer.  

The networks were primed with ultrapure water and kept filled with water until the 

experiments.  Fluorescein isothiocyanate (FITC) (Sigma Aldrich, St. Louis, MO) was 

injected into the inlet port of the water-primed microvascular network at varying flow 

rates (0.05-5 µl/min).  The entire device was then scanned at 4X magnification using the 

automated stage.  An epi-fluorescence microscope (Ti-U, Nikon Instruments Inc., 

Melville, NY) was used to capture images of the FITC perfused device using a cooled 

CCD camera (Coolsnap HQ2, Roper Scientific, Tucson, AZ).  The obtained images were 

post-processed using NIKON ELEMENTS (Nikon Instruments Inc., Melville, NY)). 
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RESULTS FOR SPECIFIC AIM 1 

Synthetic Microvascular Networks 

The fabricated synthetic microvascular network bonded to microscope glass side is 

shown in Figure 3.5.  The Tygon tubes sticking out of the device connect to the 

inlet/outlet ports of the device to establish flow rates similar to those conditions observed 

in vivo.  

 

 
Figure 3.5.  Fabricated Synthetic Microvascular Networks (SMNs). 

 

Figure 3.6A-B shows the image of the microvascular network in the device for the 

normal and diseased networks with the circular ports serving as tubing connections.  

Figure 3.6C-D shows images of the FITC perfused networks indicating intact fabricated 

channels for both the normal and diseased networks.  In order to verify that the 

fabrication process resulted in uniform rectangular channels, images of the networks were 

obtained using scanning electron microscope (SEM).  Figure 3.7 shows SEM images of 

the fabricated device highlighting the rectangular channels. 
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A  B 

 C  D 

Figure 3.6.  Fluidic testing of Synthetic Microvascular Networks 

Bright field images: A.  Normal microvasculature B.  Diseased microvasculature 

FITC perfused images: C.  Normal microvasculature D.  Diseased microvasculature 

No leaks indicate a fully functional SMN device 
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Figure 3.7.  SEM images of Synthetic Microvascular Networks  
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SUMMARY OF SPECIFIC AIM 1 

We have developed a methodology for image-derived, anatomically realistic synthetic 

microvascular networks (SMN) that could be fabricated and used to generate novel 

insights into the cell/particle interactions.  A normal microvascular network and a 30 day 

irradiated microvascular network were digitized using ANET methodology.  The 

networks were digitized and fabricated using soft-lithography to yield different widths 

(25, 50, and 100 µm) and 100 µm depths based synthetic microvascular networks.  The 

devices were bonded to high quality microscope slides to enable high quality optical 

imaging.  FITC dye perfusion indicated a fully functional device.  The next step in this 

study is to develop CFD models of the fabricated microvascular network to predict 

fluidic shear in the network to facilitate particle adhesion analysis and the generation of 

shear adhesion maps.   
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CHAPTER 4 

SPECIFIC AIM 2 

Develop CFD models of the fabricated device to predict fluidic shear patterns and 

particle adhesion analysis.  

NOTE: Parts of this work have been published and is reproduced here by 

permission.  

 

Prabhakarpandian, B., Wang, Y., Rea-Ramsey, A., Sundaram, S., Kiani, MF.,  

Pant, K. Bifurcations: focal points of particle adhesion in microvascular networks 

Microcirculation. 2011, 18(5):380-9 

 

Prabhakarpandian, B., Pant, K., Scott, RC., Patillo, CB., Irimia, D., Kiani, MF., 

Sundaram, S. Synthetic microvascular networks for quantitative analysis of 

particle adhesion. Biomed Microdevices. 2008 , 10(4):585-95 
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APPROACH FOR SPECIFIC AIM 2 

The overall goal of this aim is to develop computational fluid dynamic (CFD) models of 

the fabricated Synthetic Microvascular Networks (SMN).  

 

The mathematical models are described first followed by the CFD software used for the 

simulations.  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.  Flow and shear rate variations across the 

microvasculature network are calculated followed by particle flux and adhesion analysis.  

Inputs to the adhesion model were obtained using a parallel plate based flow chamber 

experiments.  
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METHODS  

Fluid Flow Models 

 

Steady fluid flow is described by the conservation of fluid mass and momentum (Naviér-

Stokes) equations (White, 1991):  
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where u, c, P and g are the fluid velocity, density, pressure and gravity respectively.  

Fluid shear stress (ij) is expressed in terms of the velocity profile using constitutive 

relations.  For the purposes of this study, which used dilute aqueous buffers, an 

incompressible fluid following a Newtonian viscosity model was assumed, i.e., 
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Standard properties of water at room temperature (c=1000 kg/m
3
, and c=0.001 

kg·m
−1

·s
−1

) were assumed.  It must be noted that these relationships can be readily 

modified in future efforts to account for more realistic blood shear-viscosity relationships 

as needed.  As boundary conditions, inlet flow rate was specified as set in the 

experiments and all outlets were set at atmospheric pressure.  
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Dye Transport Models 

Unsteady dye perfusion was modeled by solving a convective-diffusive transport 

equation for a passive scalar: 
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where Ci, and Di are the dye concentration and diffusivity respectively.  For the dye, 

diffusivity value of 5x10
-10

 m
2 

sec
-1

 for FITC was used from the literature (Galambos, 

1998).   

 

Particle Transport Models 

Particle motion was tracked in a Lagrangian (following the particle) framework (Maxey 

& Riley, 1983): 
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where v is the inertial relaxation time of the particle and g is the body force.  The particle 

inertial relaxation time is calculated according to: 
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where d is the particle material density,  is the fluid kinematic viscosity, and dp is the 

diameter of the particle. 

 

Particle Adhesion Models 

Several investigators have developed mathematical models to understand the complex 

cell adhesion dynamics.  These include the pioneering work of Dembo et al. (1988) and 

Hammer & Lauffenburger (1987, 1989) 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 

experiments on neutrophil adhesion on selectin-coated surfaces in a parallel plate flow 

chamber. 

 

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 
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hemodynamic impact on adhesion (Chapman and Cokelet, 1996, 1997), the seminal work 

in this area is that by Chang et al. (2000), which described the concept of the “Adhesive 

Dynamics” methodology.  This model 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.  

 

However, all the above mentioned models cannot be used to analyze hundreds and 

thousands of particles as will be in the case of the CFD simulations.  Hence, a stochastic 

adhesion model was used to capture the inherently probabilistic nature of particle/cell 

adhesion process.  In this model, the probability of particle adhesion is given by: 

 

  exp -P G Gc  (4.6) 

 

where G is the local shear rate and Gc is the critical shear rate.  The probability of 

adhesion resulting from a particle-wall interaction (or event) was computed and 

compared against a uniform random number.  If the event led to adhesion, the particle 

location was arrested at the point of intersection.  If the event did not result in adhesion, 

the particle was reflected at the wall by treating the boundary as a rigid body with infinite 

mass and inertia. 
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The critical shear rate is a function of particle size, as well as minimum and maximum 

bond length to represent the biochemical system.  The functional form for the critical 

shear rate is taken to be:  
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where K is a constant for a given receptor-ligand pair, H and h are the maximum and 

minimum bond length respectively and dp is the particle diameter.  This functional form 

of the critical shear rate (Hammer and Lauffenburger, 1987) has been experimentally 

substantiated (Tees and Goetz, 2003).  Model parameters viz., K, H and h, were 

determined from in vitro flow chamber experiments as described next.  

 

Model Parameter Estimation 

We performed parallel plate flow chamber experiments to extract the parameters needed 

for particle adhesion modeling.  We used the widely known biological model system 

comprising of avidin-biotin to characterize the model parameters.  Biotin coated particles 

are also subsequently used in the experimental studies.   

 

Avidin (Invitrogen, Carlsbad, CA) at a concentration of 20 µg/ml was coated using a 5 

mm flexiPERM gaskets (Greiner Bioone, Monroe, NC) mounted at the center of 35 mm 

tissue culture dishes.  The inner region of the ring was outlined on the reverse side of the 

tissue culture dishes.  Avidin (50 μl) or HBSS (negative control) was placed inside the 

rings.  The dishes were incubated at 4°C overnight in a humidified chamber, washed, and 
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the entire dish flooded with 1% BSA in HBSS and incubated for 30 minutes prior to 

experiments.  A Glycotech flow chamber was assembled and placed on the microscope 

similar to the methods used in Prabhakarpandian et al. 2001.  The flow chamber was 

rinsed with buffer (HBSS, 1% BSA), and the flow of the biotin coated 2 μm 

microspheres (1×106 particles/ml in HBSS, 1% BSA) was initiated at a shear rate of 240 

sec
-1

.  The experiment was performed for 3 minutes and the number of adhering particles 

was counted.  Any particle which did not move for 30 seconds was considered adherent.  

The shear rate was subsequently decreased to 120 sec
-1

 and data collected for 3 minutes.  

This process was repeated for shear rates of 90, 60, 30, 15 and 7.5 sec
-1

 respectively.  The 

data of adhered particles vs. shear rates was fitted using the MS Excel to yield the values 

of K for the avidin-biotin system. 

 

Solution Methodology 

A computational mesh for the microvascular network was created by importing network 

layouts in DXF format into CFD-GEOM, the grid generation module of CFD-ACE+.  

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.  A three-

dimensional hybrid mesh comprising of hexahedral and prismatic elements was created 

for subsequent simulation and analysis.  The computational domain consisted of 

approximately 85,000 and 90,000 nodes for the normal and diseased SMN.  Mesh 

refinement studies were also conducted using twice the grid density.  Figure 4.1 shows 

the computational domains created for the normal and diseased SMN.  Flow rates 
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corresponding to low, medium and high physiological shear conditions were evaluated.  

The transient perfusion profile was monitored to track the flow path in the SMNs. 

 

 

 A 

 B 

Figure 4.1  Computational domain of SMN. 

A.  Normal microvasculature.  B.  Diseased (30 day irradiated) microvasculature. 
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RESULTS FOR SPECIFIC AIM 2  

Flow and Shear Variation in SMN 

CFD models allow prediction of shear rate variation across the microvascular networks.  

This ability is critical to understand particle adhesion patterns.  Although bifurcations are 

the most common form of vascular branching observed in microvascular networks, 

trifurcation and multi-branching junctions also occur.  For the purpose of this study, all of 

the branching is referred to as bifurcations.  Figure 4.2 shows typical flow profiles 

obtained using the normal and diseased SMN.  As observed, both the networks have 

progressive flow splits downstream of each bifurcation.  

 

 
Figure 4.2.  Flow rate variation across SMN 

A.  Normal microvasculature.  B. Diseased (30 day irradiated) microvasculature. 
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Figure 4.3 shows the shear rate variation across the networks  indicating heterogeneous 

shear rates from the inlet to the multiple outlets.  Some of the branches and bifurcations 

have shear of less than 10 sec
-1

 indicating the possibility of stagnant zones.  

 

 
Figure 4.3.  Wall shear rate variation across SMN. 

A.  Normal microvasculature.  B.  Diseased (30 day irradiated) microvasculature. 

 

 

In order to understand these variations in the flow and shear rates, we performed detailed 

analysis of each of the branches and bifurcations present in SMN.  To facilitate the 

analysis, we labeled each individual branch and bifurcation with a unique numeric 

identifier.  Figure 4.4 shows the schematic of the normal and diseased SMN first for the 

branches followed by the bifurcations.  As seen from the images, the normal SMN has 38 

branches whereas the diseased SMN has 35 branches.  Similarly, both of the SMNs have 

17 bifurcations.  
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A  B 

C D 

Figure 4.4.  Schematic of SMN with branch and bifurcation numbers 

A and C.  Normal.  B and D.  Diseased microvasculature. 
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Mesh Refinement Analysis 

In order to see if the computational meshes were appropriate in resolving the shear rate 

differences in each of the bifurcations and branches of the network, we plotted the shear 

rate obtained from the 2X higher density mesh together with the results obtained from the 

domain used in the studies.  Figure 4.5 shows the shear rate comparison for normal SMN 

and Figure 4.6 shows the comparison for diseased SMN. As seen from the plots, the shear 

rates in all the branches and the bifurcations agree very well (less than 5% difference) for 

the two different grid densities providing validation that the computational domain has 

appropriate grid resolution for the desired simulation results.  Hence, for all subsequent 

simulations, the lower grid density based computational domain was used for both the 

normal and diseased SMN.  

 

Shear Rate in Branches and Bifurcation of SMN  

Figure 4.7 shows detailed analysis of the shear rate at each of the branches and the 

bifurcations for the inlet shear rate of low (60 sec
-1

), moderate (120 sec
-1

) and high (240 

sec
-1

) shear conditions representing the diverse ranges in the normal vasculature.  A key 

point to be noted is that the shear values are found to increase linearly with increase in 

the inlet shear rate conditions.  Figure 4.8 shows the plot of shear rate variation at the 

branches and bifurcation for the diseased SMN.  Similar to the case of the normal SMN, 

shear values are found to increase linearly with increase in the inlet shear rate conditions. 

In addition, shear conditions vary randomly in the branches and bifurcations in both the 

normal and diseased SMN.  
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A 

B 

Figure 4.5.  Computational domain refinement by comparing shear rates in normal SMN 

A.  Branches.  B.  Bifurcations 
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A 

B 

Figure 4.6.  Computational domain refinement by comparing shear rates in                                        

diseased SMN. A.  Branches.  B.  Bifurcations 
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 A 

 B 

Figure 4.7.  Wall shear rate variation across normal SMN 

A.  Branches.  B  Bifurcations 
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 A 

 B 

Figure 4.8.  Wall shear rate variation across diseased SMN 

A.  Branches.  B.  Bifurcations. 
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FITC Perfusion in SMN  

Figure 4.9 shows the time lapse simulation analysis of the perfusion path of FITC dye in 

normal SMN and Figure 4.10 in diseased SMN. As seen, both the networks have a 

pattern for perfusion with some branches perfusing rapidly compared to others.  This is 

probably due to the fluidic resistance and the flow rate variation across different branches 

of the networks.  

 

 
Figure 4.9.  Perfusion path of FITC dye in normal SMN. 

The scale for simulation is normalized unit with 

blue (no perfusion; 0) and magenta (complete perfusion; 1). 
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Figure 4.10.  Perfusion path of FITC dye in diseased SMN. 

The scale for simulation is normalized unit with 

blue (no perfusion; 0) and magenta (complete perfusion; 1). 

 

 

Estimated Model Parameters 

Figure 4.11a shows the results of the parallel plate flow chamber experiments to 

determine the particle adhesion model parameters.  The adhered particles are observed as 

intact circles while the flowing particles are seen as streaks.  Figure 4.11b shows that the 

flow chamber data follows the inverse relationship for particle adhesion.  The extracted 

model was found to fit very well with the experimental curve yielding the parameter 

values of K=2.97E+02 s
−1

; H=250 nm and h=10 nm. 
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 A 

 B 

Figure 4.11.  Extraction of model parameters.                                              

A.  Experimental Image of particles in flow chamber.                                 

B.  Cuve fitting for extraction of parameter values. 

 

 

Particle Transport and Adhesion 

The extracted values from the model were used for subsequent particle perfusion and 

adhesion simulations as shown in Figure 4.12.  The particle distribution is nonlinear with 

some branches receiving more particles compared to other branches.  In addition, particle 

adhesion was found to be minimal in high shear regions (e.g., near the inlet channels 

where shear rate >200 s
-1

), and maximal in low shear regions indicating that fluidic shear 

strongly influences particle adhesion in microvascular networks. 
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A 

 
B 

C D 

Figure 4.12.  Perfusion of 2 µm particle and their adhesion patterns 

A-B.  Normal SMN.  C-D.  Diseased SMN 
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In order to investigate if the flow splits and particle splits at the bifurcations are 

correlated, the flow mass summary was analyzed at selected locations in the network, 

making sure that these are away from the outlet.  These flow ratios were then compared 

with the particle split ratios to determine if the particle flux followed the flow flux.  The 

locations of the branches in the networks where these analyses were conducted are 

provided in Figure 4.13 represented by the green color coded areas labeled A, B and C 

respectively.  Figure 4.14 shows plot of the flow split vs. particle split for these locations.    

 

 

 
A 

 
B 

Figure 4.13.  Selected areas for of network for comparison of particle vs. flow split 

using CFD model.  A.  Normal SMN.  B.  Diseased SMN. 
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 A 

 B 
Figure 4.14.  Flow vs. particle split 

A.  Normal SMN.  B.  Diseased SMN. 
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As seen from Figure 4.14, flows vs. particle split at bifurcations do not always 

correspond.  In fact, there are some bifurcations where flow split is significantly different 

from particle split.  In addition, there are some locations where particles rarely reach even 

though flow conditions are present. In order to evaluate the effect of these conditions on 

different size particles, we then plotted the adhesion patterns of the 1, 2 and 5 µm 

particles.  Figure 4.15 shows the adhesion patters and Figure 4.16 and Figure 4.17 shows 

the detailed adhesion analysis in the normal and diseased networks respectively.  

 

 
A 

  
B 

Figure 4.15.  Adhesion of different size particles. 

A.  Normal SMN.  B.  Diseased SMN 

1 µm 

2 µm 

5 µm 
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 A 

  B 

Figure 4.16.  Adhesion of different size particles in normal SMN. 

A.  Adhesion in branches.  B.  Adhesion in bifurcations. 
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 A 

 B 

Figure 4.17.  Adhesion of differents size particles in diseased SMN. 

A.  Adhesion in branches. B.  Adhesion in bifurcations. 
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The adhesion patterns in the branches suggest that typically 1 µm particle adhered in 

larger numbers followed by 2 µm particles and then 5 µm particles.  However, there are 

certain locations in both branches and the bifurcations where this trend does not hold.  

This can be attributed to the presence of more particles of the corresponding sizes due to 

the uneven flow and particle splits shown before.  Smaller particles (with smaller inertia) 

follow fluid streamlines and are perfused more uniformly in the network whereas larger 

particles deviate considerably from the streamlines and are preferentially distributed.  In 

addition, the larger particles have more wall interactions resulting in more adhered 

particles.  Detailed analysis of the plots suggests that certain areas of the normal networks 

have higher adhesion (branch 1, 10, 28 and 37) while certain areas have negligible or 

zero adhesion (branch 2, 4, 6, 7).  This pattern of high and low adhesion is also seen in 

the diseased networks.  This adhesion behavior can be readily understood by looking at 

the flow distribution in the networks.  As seen from Figure 4.2, the branches with the 

higher adhesion typically have higher flow rates resulting in higher particle fluxes while 

branches with low or zero adhesion have low flow rates.  Analysis of the bifurcation plot 

yields that most of the adhesion is focused on the bifurcations which perfuse earlier 

compared to the later perfused bifurcations.  In addition, the bifurcations downstream of 

the inlet have minimal adhesion even though the branches have adhesion.  This is 

probably due to the fact that the branches in the normal network are long and linear 

instead of being short and tortuous as in the case of the diseased network.  This 

hypothesis is further corroborated by examining the plots of the diseased SMN where 

almost all the bifurcations and branches have adhesion.  Thus, depending on the 

morphology of networks, the adhesion patterns are different.   
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SUMMARY OF SPECIFIC AIM 2  

Shear patterns in vivo are complex and cannot be determined by a simple mathematical 

equation.  However, CFD modeling provides a methodology to estimate the shear rates in 

these microvascular networks.  

 

The digitized normal and diseased networks were imported into a CFD model (CFD-

ACE+) to model the fluidic and particle adhesion patterns.  Flow and shear analysis 

showed that flow and shear rates vary significantly in the entire networks indicating the 

fact that these complex flow profiles cannot be reproduced by parallel plate flow 

chambers or linear microfluidic channels.  Dye perfusion studies indicated the presence 

of well perfused as well as stagnant regions in a given network.  Particle flux analysis 

indicated that flow and particle splits may not correlate in the networks, which may result 

in differential adhesion patterns.  Difference in particle adhesion profiles for different 

sizes was also found to be dependent on the morphology of the networks.  

 

These studies highlight the spatial heterogeneity of the microvascular networks and the 

need to sufficiently represent and account for the complex morphology of the 

microvasculature while studying cell-particle interactions.  
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CHAPTER 5 

SPECIFIC AIM 3 

Perform functionalized particle adhesion studies on the microfluidic device.  Specifically, 

analyze the adhesion patterns and validate using in vivo data from the literature. 

 

NOTE: Parts of this work have been published and is reproduced here with 

permission:  

 

Prabhakarpandian, B., Wang, Y., Rea-Ramsey, A., Sundaram, S., Kiani, MF.,  

Pant, K. Bifurcations: focal points of particle adhesion in microvascular networks. 

Microcirculation. 2011, 18(5):380-9 

 

Tousi, N., Wang, B., Pant, K., Kiani, MF., Prabhakarpandian, B. Preferential 

adhesion of leukocytes near bifurcations is endothelium independent. Microvasc. 

Res. 2010, 80(3):384-8. 
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APPROACH FOR SPECIFIC AIM 3 

The overall approach will be to validate the particle adhesion patterns in SMN with in 

vivo adhesion patterns. 

 

A key feature of all microvascular networks is the presence of bifurcations which is also 

present in larger vascular networks.  Even though these large vessels have been 

extensively studied in different pathological conditions involving leukocyte recruitments 

such as atherosclerosis (Richter et al., 2004; Cicha et al., 2009; Cunningham and Gotlieb, 

2005), studies in the microvasculature regime are lacking.  These regions of the 

vasculature also exhibit complex fluidic patterns and deviate from the normal laminar 

flow observed in the microvasculature leading to other inflammatory responses (Jerome 

and Lewis1984).  Several reports have indicated that leukocytes preferentially adhere 

near bifurcations in microvascular networks (Sumagin et al., 2009, Sharma et al., 2010) 

but this phenomenon and its underlying mechanisms have not been systematically studied 

in part due to lack of in vitro devices that model the microvasculature.  In this context, a 

major task of this aim is to determine if particle adhesion patterns are focused around 

bifurcations and whether shear forces play a role in guiding these adhesion patterns.  

 

Normal and diseased SMN were coated with avidin.  Subsequently, adhesion patterns of 

2 µm biotin coated particles were investigated.  CFD analysis provides information on 

the fluidic shear conditions to generate a shear adhesion map similar to flow chambers.  

Finally, adhesion pattern was validated by comparison with data obtained from cremaster 

muscle in vivo. 
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METHODS 

 

Coating of SMN with Avidin 

The inlet of the SMN was connected via Tygon microbore tubing to a 1 ml syringe 

mounted on a syringe pump.  An 8-port perfusion manifold (MPP-8, Harvard Apparatus, 

Holliston, MA) was connected to the outlets of the SMN using microbore tubing.  The 

inlet of the perfusion manifold was connected to another 1 ml syringe via the microbore 

tubing.  A lab stand was used to clamp the syringe in the vertical position above the SMN 

with a removable clamp (Qosina, Edgewood, NY) on the tubing.  Avidin (Invitrogen, 

Carlsbad, CA) at a concentration of 20 µg/ml was withdrawn into the vertical mounted 

syringe.  To remove air from the manifold, each line was allowed to form a droplet before 

inserting into the network.  This was repeated with all of the outlet tubings until there was 

no air left in the lines.  The syringe pump was then set to refill at 1 µl/min for 10 minutes 

to allow perfusion of the SMN.  At the end of the flow time, the device was wrapped in 

parafilm and stored at 4°C in a humidified dish overnight.  

 

 

SMN Adhesion Assay 

The coated SMN device was allowed to come to room temperature (~10 minutes).  The 

device was submerged in a 100 mm petri dish filled with PBS to remove the tubings to 

ensure no air bubbles entered the device.  New tubing was then connected to the 8-port 

perfusion manifold and primed with PBS (via a syringe) until all the tubes were filled 

with PBS.  The tubing from the manifold was inserted into the outlets of the network.  
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The syringe filled with PBS was removed from the manifold and the tubing was then 

inserted into a small dish of PBS to maintain constant pressure.  The entire setup was 

placed on a motorized stage (LEP Ltd, Hawthorne, NY) mounted on an inverted epi-

fluorescence microscope (TE 2000, Nikon Instruments Inc., Melville, NY).  

 

A solution of 2 µm biotinylated particles at a concentration of 510
5
/ml was prepared in 

PBS and loaded into a 1 ml syringe.  A second 1 ml syringe primed with PBS was 

connected to a 3-way valve (Upchurch Scientific, Oak Harbor, WA).  One port served as 

a waste port and the second port of the valve was connected to one of the split arm of 

1/16 inch Y-connector (Cole Parmer, Vernon Hills, IL).  The second split arm of the 

connector was connected to a 1 ml syringe loaded with biotinylated particles.  The single 

arm of the Y-connector was joined to a small piece of 1/16 inch PEEK tubing via 

compliant platinum-cured silicone Masterflex® tubing, Coleparmer, Vernon Hills, IL).  

The connected syringes were then placed on a programmable syringe pump (PHD 200, 

Harvard Apparatus, MA) and flow was set at 10 µl/min.  The Y-connector was initially 

primed with PBS followed by the biotinylated particles by switching the 3-way valve 

connected to PBS to go to the waste port.  The flow was gradually reduced to a flow rate 

of 2.5 µl/min and the PEEK tubing was inserted into the inlet of the network.  The 

network inlet port was then monitored under the microscope.  At the first sign of entry of 

particles into the network, a timer was started and the particles flow was continued for 3 

minutes.  At the end of 3 minutes, PBS from the 3-way valve was turned on to flow via 

the Y-connector into the inlet port and the flow from the particle syringe was stopped.  

PBS flush of particles was continued for 3 minutes to wash off particles.  At the end of 
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the PBS wash, a scan of the entire SMN was performed using the automated stage at 4X 

objective.  A cooled CCD camera, Retiga Exi (Qimaging, Surrey, BC, Canada) was used 

for acquiring images.  The entire process was automated using the NIKON Elements 

software (NIKON, Melville, NY) 

 

 

Measurement of Particle Adhesion in SMN 

The acquired images were post-processed using NIKON Elements software.  A circular 

AOI of 200 µm diameter was created at each of the bifurcations in the SMN.  This AOI 

of 200 µm is twice the diameter of the vessel, a common methodology based on the 

principle that it takes 2X diameter from a bifurcation for parabolic profile to be 

reestablished in a vessel (Lew and Fung, 1970).  The automated object count tool of the 

NIKON Elements software was used to count the number of particles in each of the 

bifurcation AOI.  The particle counts were transferred to MS Excel for data analysis.  

Similarly, a particle count of the entire SMN was also performed.  

 

 

Generation of Shear Adhesion Map using SMN 

The shear-adhesion diagram refers to a plot of the number of adhered particles, as a 

function of shear rate using a parallel plate flow chamber.  An equivalent procedure is not 

possible in SMN as particle perfusion rates vary non-uniformly in the various arms and 

must be individually corrected for, in order to yield the true dependence on shear.  Using 

a global number based on input particle concentrations is likely to be misleading.  While 
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the experimentally measured number of particles entering a particular vessel segment is 

an obvious choice, it is difficult to measure.  However, the CFD model data provides an 

alternative avenue for correcting particle adhesion data with particle perfusion to each 

individual branch.  In our procedure, the simulation results were used to determine the 

number of particles in each branch based on the inlet particle concentrations.  The 

particle concentration in each branch of the experimental SMN was then determined by 

normalizing the particles from the simulations.  

 

Using this methodology, the fraction of adhered particles was calculated by taking the 

experimentally observed number of firmly adhered particles in the 200 µm AOI of the 

bifurcations and dividing by the particle fluxes in each of the branches upstream of the 

bifurcation i.e.  

 

           
                                          

                                          
                              

 

 

Since we know the shear rate at each of the branch and bifurcation location of the 

networks from the CFD models, the % adhesion particles bound at each of the shear rates 

can be determined and plotted to yield the shear adhesion map.  
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Validation of Adhesion Patterns in SMN 

In vivo data on adhesion patterns was obtained using leukocyte adhesion patterns on 

TNF-alpha activated microvasculature from a cremaster muscle (Tousi et al., 2010).  In 

our study, the SMN has a 100 µm dimensions.  However, in vivo there is a range of 

diameters from 10-100 µm for the microvasculature.  Hence, in order to mimic those 

dimensions, we recreated the SMN in 50 and 25 µm dimensions.  Particle adhesion 

experiments were repeated as before with AOI of 100 and 50 µm respectively using 

avidin coated SMN and biotin coated particles.  We then compared the adhesion trends of 

the particles and cells by plotting the number of adhered cells/particles as a function of 

distance from the bifurcation of the microvasculature network.  
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RESULTS FOR SPECIFIC AIM 3  

At the flow rate of 2.5 l/min (~shear rate of 240 sec
-1

), it took approximately 30 seconds 

for the particles to be distributed uniformly in all the branches of the network.  At the end 

of 3 minutes of PBS buffer introduction into the SMN past the injection of particles, no 

particles were observed in the inlet branch indicating that the inlet arm was flushed of 

any particles.  Hence, 6 minutes (3 minutes of particle flow followed by 3 minutes of 

PBS buffer) was taken as the time point to start recording the adhered particles.  Figure 

5.1a shows the particle adhesion patterns at 6 minutes in network and Figure 5.1b shows 

the post-processed images with the AOI of 200 m at the individual bifurcations.  

 

 
Figure 5.1.  Particle adhesion patterns in SMN. 

A. Raw Image with adhered biotinylated particles. 

B.  Post-processed images with highlighted AOIs in the bifurcations. 
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Comparing Experimental and Simulated Particle Adhesion Patterns 

A common approach for understanding preferential particle deposition at respiratory 

airway bifurcations is the deposition enhancement factor (Zhang et al., 2005).  This 

approach states that if the particle adhesion patterns near bifurcations are similar to other 

parts of the network, then the deposition enhancement factor should be unity.  To 

elucidate the impact of bifurcations on particle adhesion patterns in a microvascular 

network environment, a bifurcation adhesion ratio (BAR), similar to the deposition 

enhancement factor was defined, using the following equation: 

 

    
                                             

                                             
                                  

 

If particles do not exhibit any preferential adhesion near the bifurcations, the expected 

BAR should be equal to the ratio of the area of the bifurcation to the area of the entire 

microvascular network.  BAR values were calculated from both CFD simulations and 

experiments.  The computational domain used for the CFD simulation was used to 

calculate total surface area of the 200 m bifurcation AOIs as well as the entire network.  

The surface area occupied by bifurcations was calculated to be 1.810
-6

 m
2 
and the 

surface area of the entire microvascular network was calculated to be 7.610
-6 

m
2
.  As 

seen from Figure 5.2, both experimental (BAR value of 49%) and simulation results 

(BAR value of 67%) showed significantly higher particle adhesion in bifurcations 

compared to the expected value (BAR value of 24%). 
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Figure 5.2.  Comparison of adhesion patterns in normal SMN.  Expected values are 

based on theoretical calculations assuming no effect of bifurcations on the adhesion.  

Simulation values are based on CFD results.  Experimental results are averaged from 

three runs with error bar representing standard deviation.  Percentage of particles 

adhered in bifurcations for both experimental (49%) and simulation (67%) was 

significantly higher than the expected (24%) value. 

 

 

 

In order to test if this result was reproducible in the diseased SMN also, we calculated the 

BAR values.  The surface area occupied by bifurcations in the network was calculated to 

be 1.6 X 10
-6

 m
2
 and the surface area of the entire microvascular network was calculated 

to be 7.7 X 10
-6

 m
2
.  Again from Figure 5.3, it can be seen that both experimental (BAR 

value of 36%) and simulation (BAR value of 52%) findings indicate a significantly 

higher particle adhesion in the bifurcation compared to the expected value (21%).  
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Figure 5.3.  Particle adhesions in diseased SMN.  Expected values are based on 

theoretical calculations assuming no effect of bifurcations on the adhesion.  Simulation 

values are based on CFD results.  Experimental results are averaged from three runs 

with error bar representing standard deviation.  Percentage of particles adhered in 

bifurcations for both experimental (36%) and simulation (52%) was significantly higher 

than the expected (21%) value. 

 

 

 

To elucidate the particle adhesion patterns, first we investigated whether the overall shear 

rate in the bifurcations was lower than the branches resulting in this increased adhesion at 

the bifurcations.  Figure 5.4 shows the plot of the shear rates for the normal SMN 

indicating that no significant difference was found for the average shear rates between the 

bifurcations and the branches of the network.  
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Figure 5.4.  Average wall shear rate comparison between branches 

and bifurcations indicating no significant differences 

 

 

Next we analyzed detailed fluid velocity vectors in the microvascular network.  Figure 

5.5 shows complex velocity vectors in different regions exhibiting flow disturbances and 

complex flow patterns near the bifurcations for both low and high shear regions of the 

SMN.  These complex and heterogeneous flow patterns, present primarily due to the 

developing flow following flow split at the bifurcations in these networks can be 

attributed to the higher adhesion at the bifurcations.  Similar observations have been 

reported in studies using lung airway models for both turbulent and laminar flows 

(Kleinstreuer and Zhang (2009), Zhang et al., 2005), where adhesion of microparticles at 

bifurcations is significantly higher due to the impaction with the walls of vessels.  Our 

results showing higher adhesion at the bifurcations suggest that these flow disturbances at 

the bifurcations cause the microparticles to impact the walls leading to higher adhesion 

compared to branches of the network.  
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A 

 

 

 

 
 

 

B 

 
Figure 5.5.  Fluid velocity vectors in different areas of SMN.  The vectors are colored by 

velocity magnitude ranging from 0 to 2 mm/s.  Complex and heterogeneous fluidic 

patterns are present in the entire network near the bifurcations, 

for both the high (A) and low flow rate (B) regions. 
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Shear Adhesion Map 

Following comparisons studies between the experimental and simulated adhesion 

patterns, we then plotted the shear adhesion maps (Figure 5.6) for the normal and 

diseased SMN.  It is seen that both of the networks follow an inverse relationship with 

shear similar to flow chambers with maximal adhesion at the lower shear rates and 

minimal adhesion at the higher shear rates.  However, a key finding from these studies 

relates to the shear rates distribution in microvascular networks. It is seen that the normal 

SMN does not have distribution of all the shear rates as indicated by absence of particles 

in the 60-90 sec
-1

 shear rates regimes, whereas the disease SMN covers the entire 

microvascular shear regimes up to 240 sec
-1

.  In addition, there is variation in the 

adhesion trend between the normal and diseased networks.  This shear rate and adhesion 

variation will also be a common phenomenon with in vivo networks, depending on the 

morphology of the network.  Hence, testing in normal and diseased SMN provides us 

information on the different physiological scenarios that can be readily tested in an in 

vitro environment.  
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 A 

 B 

Figure 5.6.  Shear adhesion maps.  A.  Normal.  B. Diseased SMN. 

An inverse relationship between shear and adhesion is found similar 

to the case of parallel plate flow chambers and linear microfluidic chambers. 
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Validation of SMN Adhesion Patterns 

The adhesion pattern was validated by comparison with the in vivo data obtained from the 

cremaster muscle.  Since bifurcations have been shown to be the focal point of adhesion 

in microvascular networks from the results obtained so far, we then plotted the number of 

adhered particle as a function of distance from the bifurcation for each of the SMN 

networks and compared the patterns with the in vivo data (Tousi et al., 2010).  The 

average diameter of the evaluated microvasculature was found to be 60 µm. Figure 5.7 

shows the in vivo adhesion pattern indicating that the maximum adhesion was occurring 

at 1X diameter (60 µm) of the vessel and after 120 µm (2X vessel diameter), there was a 

significant decrease in adhesion.   

 

 
Figure 5.7.  Distribution of the number (Mean ± SEM) of adhered leukocyte as a function 

of vessel diameters from the nearest bifurcation.  Leukocytes mainly accumulate within 

distance of 2X vessel diameter from the nearest bifurcation 

(Replotted from Tousi et al., 2010) 
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The data obtained from the SMN studies comprising of the 100 µm diameter channels is 

shown in Figure 5.8.  As can be seen, the distance for maximal adhesion was found at 

100 µm (1X vessel diameter), with a near-exponential decrease beyond 200 µm (2X 

vessel diameter) similar to the in vivo adhesion patterns.  

 

 
Figure 5.8.  Distribution of the number (Mean ± SEM) of adhered particles in SMN with 

a diameter of 100 µm.  Consistent with in vivo finding, biotin conjugated particles 

preferentially adhere near bifurcations with the peak occurring at a distance equal to the 

diameter of the vessel (100 µm) and decreased in adhesion beyond 200 µm. 

 

In order to examine if this trend was consistent across the 25 and 50 µm SMN, the 

number of adhered biotinylated particles were plotted as a function of distance from the 

diameter.  Figure 5.9a shows the plot for the 50 µm SMN and Figure 5.9b for the 25 µm 

SMN.  As can be seen from the images, both the 50 µm SMN and the 25 µm SMN had 

maximum adhesion at a distance equal to 2X vessel diameter.  In addition, for both the 

cases, the adhesion decreased as one moved away more than 2X the vessel diameter. 
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A 

B 

Figure 5.9. Distribution of the number (Mean ± SEM) of adhered particles in SMN.                    

A.  50 µm SMN.  B.  25 µm SMN.  Consistent with 100 µm SMN, biotin conjugated 

particles preferentially adhere near bifurcations but in this case the peak occurs at a 

distance of 2X diameters (100 µm and 50 µm) from the bifurcation. 
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Since networks are comprised of multiple bifurcations, we investigated further if a 

construct comprised of only a single bifurcation would provide similar preferential 

particle adhesion patterns.  Hence, a bifurcating microfluidic device with 100 µm width 

and 50 µm depth in the parent branch and daughter channels with 50 µm width and 50 

µm depth with a bifurcation angle of 30° was fabricated for testing (Figure 5.10)  This 

simplified construct, termed Idealized Microvascular Network (IMN), can be considered 

as a basic unit of a microvascular network.  

 

 
Figure 5.10.  Schematic of the idealized microvascular network (IMN). 

 

 

Adhesion of biotinylated particles to the IMN was characterized as before except that the 

shear rates in the parent branch were varied from 240 sec
-1

 to 15 sec
-1

.  Each shear rate 

was held constant for 3 minutes and adhesion patterns (particles bound per unit area) at 

two AOIs were measured: (a) A circular AOI of 200 µm which is twice the width of the 

channel and sufficiently larger than the area of fluid disturbance expected from CFD 

simulations (data not shown), and (b) a rectangular AOI of 200 µm (length) x 100 µm 

(width of channel) in the middle of the straight section of the inlet channel.  As shown in 

Figure 5.11a and Figure 5.12b, and consistent with results obtained in SMNs, 
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functionalize particles preferentially adhere near bifurcations in comparison with the 

branches even in this simple bifurcation. 

 

 

 A 

B 

Figure 5.11.  Adhesion patterns in bifurcation and linear section of IMN.  Particles 

adhere in significantly larger numbers in bifurcations than linear sections.  Experimental 

results are averaged from three runs with error bars representing standard deviation. 

 



79 

 

Reagent Savings in SMN 

As discussed before, all the three devices, parallel plate flow chambers, SMN and IMN 

can be used to generate shear adhesion maps based on the particle adhesion patterns.  

However, it is important to note that, while in parallel plate flow chambers and in IMN, a 

number of experiments are necessary to establish this correlation between particle 

adhesions and shear rate, in the SMNs this correlation can be established in one 

experiment by measuring particle adhesion in various sections of the network.  

Additionally, in parallel plate flow chambers, multiple experiments necessitate a large 

amount of consumables (reagents and particles).  Hence, compared to a typical parallel 

plate flow chamber experiment, both IMN and SMN offers significant savings in reagents 

with SMN offering additional savings in time also.  Table 1 summarizes expected typical 

savings in reagents using IMN and SMN compared to parallel plate flow chambers.  

 

 

Table 1.  Comparison of Reagent Consumption for a Typical 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 

IMN  0.05 5E+02 3.0 

SMN  1 5E+02 3.0 

Note: Values for Glycotech are for a typical assay with a shear rate of 60 sec
-1

, particle 

concentration of 1E6 particles/ml and duration of 3 minutes for adhesion. Values for 

IMN and SMN are for the same inlet shear rate, particle concentration of 5E6 

particles/ml, and duration of 10 minutes for adhesion. 
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SUMMARY OF SPECIFIC AIM 3 

We characterized spatial adhesion patterns of functionalized particles to test the 

hypothesis that bifurcations are the focal points of particle adhesion.  Particle adhesion 

patterns in the microvascular networks were found to be highly non-uniform and focused 

around bifurcations. The complex and heterogeneous flow patterns in SMN observed 

using CFD modeling showed higher particle adhesion in low shear regions and minimal 

adhesion in high shear regions.  These results are in agreement with linear flow chambers 

indicating an inverse relationship between levels of shear and particle adhesion (Ham et 

al., 2007).  The highest level of adhesion was within one vessel diameter for larger 

vessels (100 µm) as observed in vivo.  However, for 25 µm and 50 µm SMN, the highest 

adhesion was found to be at a distance between 1.5-2x diameters from the nearest 

bifurcation.  This difference in results between SMN with smaller vessel diameters and in 

vivo observations may be due to the use of rigid particles and requires further studies. 

However, our findings that even when wall shear rates are similar in bifurcations and 

branches particles still adhere predominantly in bifurcations suggest that particle 

adhesion experiments performed using linear flow chambers might significantly 

underestimate particle adhesion in vivo and not be representative of adhesion patterns in 

microvascular networks.  The results obtained with the simple bifurcating IMN also 

validate the hypothesis that particle adhesion patterns in microvascular networks are 

localized near bifurcations.  

 

These findings also support the hypothesis that the geometrical features and changing 

flow conditions in bifurcations are responsible for the preferential adhesion of 
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functionalized particles near bifurcations.  Previously, we have shown that the presence 

or absence of endothelial cells and/or receptor concentrations on their surfaces, are not 

the driving forces behind the preferential adhesion patterns of leukocytes near 

bifurcations (Tousi et al., 2010).  In addition, studies using lung airway models have 

shown that microparticles adhere at bifurcations with significantly higher propensity for 

both turbulent and laminar flow regimes (Zhang et al., 2005) due to flow disturbances at 

the bifurcations.  Hence, the higher adhesion of particles at the bifurcation observed in 

SMN is also likely the result of these altered flow patterns, which in turn lead to higher 

impaction at the walls of the bifurcations in the SMN. 

 

Even though a simplified bifurcating channel can provide some information on 

preferential adhesion of particles in bifurcations, studying adhesion in complete 

microvascular networks such as SMN provides a more complete understanding of the 

dynamics of particle adhesion in the microcirculation.  For example, differences in 

adhesion ratios in different size vessels and different angles of bifurcation can only be 

characterized in vitro in a fluidic device such as the one used in our study.  Further 

studies are required to understand the effects of vessel tortuosity and cross-sectional 

changes on particle adhesion in different parts of the network. In addition, since most of 

the drug delivery vehicles are in the nanometer range, a size dependent study should be 

performed to determine if the preferential adhesion of functionalized particles near 

bifurcations is size dependent.  This will be of particular relevance for nanoparticles, 

where different phenomenon such as Brownian diffusion, not seen with microparticles, 

may influence particle transport and adhesion patterns.  SMNs can also be used to study 
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the complex nature of cell adhesion assays, such as leukocyte-endothelial interactions, 

tumor-endothelial interactions and nanoparticle adhesion to cells in vitro which can be 

then validated in vivo.  SMN, coupled with CFD simulations, can be used as an effective 

in vitro tool to characterize cell/particle adhesion in conditions mimicking the in vivo 

microcirculatory environment with significant savings in time and reagents.  
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CHAPTER 6 

SPECIFIC AIM 4 

Use the Microfluidic Device to demonstrate adhesion and uptake of Green fluorescent 

protein (GFP) gene encoding nanopolymeric particles on normal (endothelial) and tumor 

cells in  

a. Normal microvascular network  

b. Diseased (radiation treated) microvascular network 
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APPROACH FOR SPECIFIC AIM 4 

The overall goal of this aim is to culture vascular and tumor cells in SMN for performing 

drug delivery and drug discovery experiments.  The process for cell culture in the SMN 

comprises of multiple steps comprising of (a) filling of the channels with perfusion 

buffer/DI water, (b) coating of desired matrix for culture of cells, (c) injection of desired 

cell population (d) media changes until the cells are ready for experimentation.  Each of 

these steps require a change of tubing to avoid any cross-contamination from previous 

steps.  Given the current design of the SMN having one inlet and 7 outlets, as digitized 

from the in vivo images, the above mentioned steps are tedious.  In addition, frequent 

tubing changes can result in the introduction of bubbles inside the channels which can be 

detrimental to the cells.  Finally, minute pressure differences in each of the 7 outlets can 

result in variations in the flow rates different than the desired rates.  In this context, it is 

desirable to modify the SMN architecture to have a single inlet/outlet.  

 

Therefore, the first task of this aim will be to modify the SMN to have a single 

inlet/outlet configuration.  Merging of the outlets into a single branch will result in 

difference in flow resistances across the branches compared to the original design.  

Hence, we will reevaluate the shear rates variation in this redesigned SMN using CFD for 

the low, medium and high inlet/flow rate conditions similar to specific Aim 3.  Shear rate 

variation in the branches and bifurcations of both the normal and diseased networks will 

be plotted.  In addition, dye perfusion (FITC) will be tracked using CFD simulations. 
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The modified SMN design will be fabricated using soft-lithography and tested for 

functionality.  FITC dye perfusion studies will be conducted for comparison with the 

CFD simulation.  

 

Primary cells have a limited lifespan (3-5 passages) and are relatively expensive 

compared to cell lines which theoretically have unlimited passages.  Therefore, we 

decided to use cell lines for culture in SMN.  Endothelial cells derived from rat brain 

(RBE4) were chosen as a typical normal cell and the widely used cervical cancer cell line 

(HeLa) was chosen as a typical tumor cell.  Finally, green fluorescent protein (GFP) gene 

delivery will be demonstrated on cells cultured in SMN using a commercial 

nanopolymeric (Express-In™) based gene delivery system.  
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METHODS 

 

SMN Modification 

The seven outlets in the base SMN configurations were combined to form a single outlet 

as shown in Figure 6.1.  The direction of the arrows in the layout shows the flow 

direction from the inlet to the outlet.  This modified design also mimics the in vivo 

vasculature where a single arteriole divides into multiple vessels and multiple vessels 

converge downstream to form a single venule.  A common problem in microfluidic 

devices is clogging of ports with cellular debris.  In order to avoid this problem, this 

modified design also has two ports for the inlet/outlet branch feeding into SMN.  One of 

the ports is used primarily for experiments while the secondary port is used as a backup. 

 

A B 
Figure 6.1.  Redesigned SMN with a single inlet/outlet branch. 

A.  Normal SMN.  B.  Diseased SMN. 
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Fabrication and FITC Perfusion in SMN  

The redesigned SMN’s were fabricated using soft-lithography using protocols presented 

in Chapter 2 (Specific Aim 1).  The fabricated device was perfused with FITC at 1 µl/min 

to test the integrity of the fabricated device.  FITC perfusion was imaged using 

fluorescence time lapse microscopy (NIKON Ti-U) using the automated stage (LEP Ltd) 

and stitching algorithm in an imaging software (NIKON Elements). The method 

presented in Chapter 4 (Specific Aim 2) and the dye transport model was used to perform 

transient simulations for tracking perfusion of the fluorescent dye (FITC). The images 

were pseudo-colored to show intensity variation and for comparison between the 

experimental and CFD results.  

 

Endothelial (RBE4) Cell Culture in SMN 

RBE4 cells, kindly provided by Dr. Michael Aschner  (Vanderbilt University, Nashville, 

TN), were cultured in Eagle’s Minimum Essential Medium and Ham’s F-10 media (1:1) 

supplemented with 10% FBS, 1% Pen/Strep, 2 mM L-glutamine and G418 (300 µg/ml) 

on 50 µg/ml fibronectin coated flasks.  Cells were incubated at 37°C, 95% humidity and 

5% CO2 until confluent and sub-cultured at a ratio of 1:3 until ready for experiments.  

 

Fibronectin at a concentration of 50 µg/ml and flow rate of 1 µl/min was injected into the 

SMN for 30 minutes followed by incubation for another 30 minutes.  Endothelial cells 

were trypsinized and injected into the SMN at approximate concentration of 5x10
6
-2x10

7
 

cells/ml.  Flow was stopped for 30 minutes by clamping the inlet and outlet for 2 hours. 



88 

 

At the end of two hours, fresh media was injected into the channels overnight to remove 

any unbound cells followed by an overnight cell media perfusion.  

 

Tumor (HeLa) Cell Culture in SMN 

HeLa cells were obtained from ATCC (#CCL-2) and maintained in DMEM media with 

10% serum supplemented with, 4 mM L-glutamine and 100 U/ml penicillin/streptomycin 

on T25 tissue culture flask at 37°C in 5% CO2.  Confluent cells were sub-cultured at a 

ratio of 1:3 until ready for experiments. 

 

Fibronectin at a concentration of 50 µg/ml and flow rate of 1 µl/min was injected into the 

SMN for 30 minutes followed by incubation for another 30 minutes.  HeLa cells were 

trypsinized and injected into the SMN at approximate concentration of of 5x10
6
-2x 10

7
 

cells/ml.  Flow was stopped for 30 minutes by clamping the inlet and outlet for 2 hours.  

At the end of two hours, fresh media was injected into the channels to remove any 

unbound cells.  The SMN was then incubated overnight under static conditions to allow 

confluent culture of cells.   

 

Viability of Cultured Cells in SMN 

Viability of cells was assessed using calcein AM (Invitrogen, Carlsbad, CA) which is a 

cell-permeant dye that is routinely used to determine cell viability.  In live cells, the non-

fluorescent calcein AM is converted to a green-fluorescent calcein after acetoxymethyl 

ester hydrolysis by intracellular esterases.  Calcein AM (1 µM) in cell media was injected 

into SMN following confluent culture of cells.  The solution was perfused for 15 minutes 
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followed by imaging using fluorescence microscopy.  The entire network was scanned 

using an automated stage (LEP, Ltd) to visualize viable cells in the network.   

 

GFP Gene Delivery using Nanopolymers 

The commercial nanopolymeric (Express-In™) based gene delivery system was kindly 

provided by Dr. Jason Fewell (EGEN Inc., Huntsville, AL).  The delivery system labeled 

with Rhodamine (fluorescent tag) at a ratio of 3.6:1 wt/wt was complexed with GFP 

encoding DNA for a total concentration of 10 μg/ml.  This concentration is optimal for 

the transfection studies (information provided by EGEN Inc., the manufacturer of 

Express-In™ polymer).  The average volume of the vascular network is about 1-2 µl. To 

ensure that at least 2-3X volume of the polymer/GFP complex was circulated in the 

networks, the complexes were injected into the network for 10 minutes at a flow rate of 

0.5 µl/min.  This flow rate corresponds to a shear rate of approximately 60 sec
-1

 (average 

shear rate seen in the microcirculation, Cokelet, 1980).  At the end of 10 minutes, flow 

was immediately switched to the cell culture medium comprising of respective cell 

media.  The flow was continued in the case of endothelial cell cultured SMN while the 

media was replaced daily in the case of HeLa cell cultured SMN. GFP expression was 

observed (24-48 hours).  As before, the entire network was scanned to visualize GFP 

expression. 
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RESULTS OF SPECIFIC AIM 4 

Fluidic Shear in the Redesigned SMN  

Figure 6.2 shows images of the fluidic shear patterns in the redesigned normal and 

diseased SMN with a single inlet and outlet configuration.  

 

Figure 6.2.  Shear rate profiles in the redesigned SMN. 

A.  Normal.   B.  Diseased Network 

 

As seen from the images, even though there are differences in the individual shear rates 

in branches and bifurcations, the overall shear patterns in different locations remains the 

same.  For example, branch 24 in normal network and branch 11 in diseased network 

both show low shear conditions similar to that is observed in the multiple outlet 

configuration SMN’s used in previous aims.  Similarly, branches in which the maximum 

shear rate is observed remain the same in both designs.  Hence, these design 

modifications have not changed the shear patterns in SMN.  
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CFD Predicted and Experimentally Observed SMN Perfusion 

The redesigned and fabricated SMN bonded to a microscope slide is shown in Figure 6.3.  

The redesigned SMN also has multiple alignment markers (rectangular shapes) to 

identify locations for easier imaging and post-processing of results.   The Tygon tubes 

attached to the device connect to the inlet/outlet ports of the device to establish shear 

rates similar to those conditions observed in vivo.  

 

                                      
A 

 
B C 

Figure 6.3.  Redesigned SMNs.  A.  SMN  bonded to microscope slides.                                      

B.  Normal SMN.  C.  Diseased SMN. 
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Figure 6.4 shows time lapse images of FITC perfusion in normal SMN compared with 

CFD simulations.  As can be seen, the perfusion profiles of the CFD simulation match 

very well with the experimental profiles. 

 

 
Figure 6.4.  FITC perfusion in normal SMN. Top panel: CFD perfusion profiles.             

Bottom panel: Experimental perfusion profiles.  Images are pseudo-colored to show 

gradients.  The scale is normalized unit with blue (no perfusion; 0)                                                

and magenta (complete perfusion; 1). 
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Figure 6.5.  FITC perfusion in diseased SMN. Top panel: CFD perfusion profiles.   

Bottom panel: Experimental perfusion profiles.  Images are pseudo-colored to                         

show gradients.  The scale is normalized unit with blue (no perfusion; 0)                                              

and magenta (complete perfusion; 1). 

 

 

Endothelial (RBE4) Cell Culture in SMN 

Figure 6.6a shows images of RBE4 cells immediately after injection in the normal SMN 

indicating a uniform seeding density.  Figure 6.6b shows a confluent monolayer of RBE4 

cells 24 hour post cell seeding.  Figure 6.6c and 6.6d shows magnified images of the 

RBE4 cells after seeding and formation of confluent monolayer.  Similarly, Figure 6.7 

shows images of RBE4 cell culture in diseased SMN again highlighting formation of a 

confluent and viable monolayer within 24 hours post cell seeding. 
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A B 

C 
  

D 

Figure 6.6.  Endothelial (RBE4) cell culture in normal SMN.  A.  After cell seeding. 

B.  Formation of confluent monolayer.  C.  Magnified image after cell seeding.                           

D.  Magnified image of confluent monolayer. 
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A B 

C D 

Figure 6.7.  Endothelial (RBE4) cell culture in diseased SMN.  A.  After cell seeding.                          

B.  Formation of confluent monolayer.  C.  Magnified image after cell seeding.                           

D.  Magnified image of confluent monolayer. 

 

Figure 6.8 shows images of RBE4 cells in the normal and diseased SMN following 

staining with calcein AM.  As observed from the images, cells are stained uniformly 

throughout the network indicating that they are highly viable in the SMN.  
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A 
      

B 

Figure 6.8.  Calcein AM labeled endothelial (RBE4) cells.  Intense fluroescence 

indicate highly active cells.  A.  Normal SMN.  B.  Diseased SMN. 

 

Tumor (HeLa) Cell Culture in SMN 

Figure 6.9a shows images of HeLa cells cultured in normal SMN immediately after 

injection.  Figure 6.9b shows HeLa cells following overnight incubation resulting in a 

confluent monolayer.  Figure 6.9c and Figure 6.9d show magnified images of the HeLa 

cultures after cell seeding and following a confluent layer formation.  Figure 6.10 shows 

images of HeLa cells cultured in diseased SMN.  Similar to the case of the normal SMN, 

a confluent layer of cells was formed within 24-48 hours post cell seeding. Figure 6.10a 

and Figure 6.10b shows the entire SMN, whereas Figure 6.10c show the magnified 

images after cell seeding and Figure 6.10d shows magnified images following the 

formation of the confluent layer of cells.  
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A 

                              
B 

                  
C 

                            
D 

Figure 6.9.  Tumor (HeLa) cell culture in normal SMN.  A.  After cell seeding.                           

B.  Formation of confluent monolayer.  C.  Magnified image after cell seeding.                           

D.  Magnified image of confluent monolayer. 
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A B 

 
C D 

Figure 6.10.  Tumor (HeLa) cell culture in diseased SMN.  A.  After cell seeding.                           

B.  Formation of confluent monolayer.  C.  Magnified image after cell seeding.                           

D.  Magnified image of confluent monolayer. 

 

Figure 6.11 shows images of tumor cells in the networks following staining with calcein 

AM.  Similar to the case of endothelial cells, a highly viable culture is observed. 
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A                   B 

Figure 6.11.  Calcein AM labeled tumor (HeLa) cells in  SMN. Intense fluroescence 

indicate highly active cells.   A.  Normal networks.  B.  Diseased networks. 

 

Gene Delivery in SMN 

Figure 6.12a shows images of normal SMN following nanopolymeric adhesion on 

confluent layer of endothelial cells.  The rhodamine labeled nanopolymer is found to be 

uniformly bound throughout the SMN.  Figure 6.12b shows GFP expression patterns on 

endothelial indicating high GFP expression around bends and bifurcations and low 

expression in the branches of the network similar to the particle adhesion profiles 

observed in previous aims.   
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A B 

Figure 6.12.  Gene delivery in normal SMN. 

A.  Rhodamine labeled nanopolymer adhesion.  B.  GFP expression patterns. 

 

Figure 6.13 shows the nanopolymer adhesion profiles and the GFP expression patterns in 

the diseased SMN cultured with tumor cells.  Again, similar to the case of endothelial cell 

culture in normal SMN, the nanopolymers were found to adhere relatively uniformly in 

the network.  However, GFP expression patterns were found to be preferentially focused 

near bifurcations.    

 



101 

 

 
A 

 
B 

Figure 6.13.  Gene delivery in diseased SMN. 

A.  Rhodamine labeled nanopolymer adhesion.  B.  GFP expression patterns. 
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SUMMARY OF SPECIFIC AIM 4 

The base design of SMN with 7 outlets was modified to contain a single inlet and single 

outlet configuration to facilitate experimentation as well as to mimic in vivo 

configuration.  CFD simulations were conducted to verify that the new layout had a shear 

similar to that as observed  in the SMN used in previous aims.  CFD predicted dye 

perfusion patterns matched very well with the experimental perfusion studies indicating a 

robust modeling environment.   

 

Cell culture in SMN was demonstrated using endothelial (RBE4) and tumor (HeLa) cells. 

Both cells were cultured to confluence in normal and diseased networks.  Calcein AM 

dye was subsequently used to verify that the cells are viable.  Finally, commercial 

nanopolymeric (Express-In
™

) based GFP gene delivery was demonstrated as proof of 

concept for drug delivery to endothelial cells and tumor cells.  
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CHAPTER 7 

SUMMARY AND FUTURE WORK 

Interplay of hemodynamic forces, shear rate, adhesion mechanics, and ligand-receptor 

interactions govern cell/particle adhesion in vivo (Tees and Goetz 2003).  Static 

experiments and meso-scale parallel plate flow chambers have been used for more than 

two decades to study cell/particle adhesions interactions.  These devices, while being 

instrumental in our efforts to better understand the role of adhesion molecules and shear 

forces in the microvasculature, have significant limitations including the fact that they 

have non-realistic 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.  However, even though they have 

succeeded in reducing the reagent volumes, these linear and bifurcating microfluidic 

devices still do not represent the complex morphology and physiological varying fluid 

conditions observed in vivo. 

 

To address this limitation, we have developed a methodology for image-derived, 

anatomically realistic microfluidic devices.  In this study, Synthetic Microvascular 

Networks (SMNs) were created from digitized images obtained from microvascular 

networks of cremaster muscle of hamsters from ANET database Both normal 

microvascular networks and diseased microvascular networks (30 day radiation treated 

animals) were fabricated following digitization.  
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Flow profiles generated in these microvascular networks are complex, and complex flow 

patterns observed in these microvascular networks cannot be described using simple 

mathematical formulae.  However, CFD based modeling allows us to predict the flow 

patterns in these networks.  CFD-ACE+, a finite volume based general-purpose CFD 

software, was used to develop a computational domain of the digitized networks.  

Fluid/particle flux and adhesion analysis was conducted to determine the effect of flow 

and adhesion in the networks.  Dye perfusion studies indicated the presence of well 

perfused as well as stagnant regions in a given network.  Flow and particle distribution 

were found to be unequal in different parts of the microvascular network.  In addition, 

particle adhesion was found to be non-uniform and predominant at bifurcations. Even 

though, both the normal and diseased SMN showed similar adhesion trends, the diseased 

SMN had binding in almost all of the bifurcations compared to the bifurcations of the 

control SMN. This can be attributed to the tortuous vessels found in the diseased SMN.    

 

Experiments were conducted in SMN to investigate particle adhesion.  Functionalized 

(biotin coated) 2 µm particles adhesion patterns on avidin coated SMN was studied.  

From the nearest bifurcation, the highest level of adhesion of these particles was within 

one vessel diameter for larger vessels (100 µm) similar to that observed in vivo.  

However, for SMN’s with smaller diameter vessels (50 µm or 25 µm), the highest 

adhesion level of particles was found to be at a distance between 1.5-2x diameters from 

the nearest bifurcation.  Further studies are required to determine the mechanisms that 

may be responsible for this discrepancy between the SMN results and in vivo findings for 

the smaller vessel diameters.  The use of rigid particles conjugated with biotin molecule 
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in the in vitro model versus flexible leukocytes bearing multiple ligands in the in vivo 

model may in part explain this discrepancy.  Other factors such as the possible 

differential expression of receptors and ligands may also influence these adhesion 

patterns but the fact that such dissimilar in vivo and in vitro systems result in similar 

adhesion spatial patterns is a strong indication that hemodynamic forces, and not cellular 

characteristics, may be responsible for this phenomenon.  This is also in agreement with 

recently observed data (Sumagin et al., 2009) that in bifurcating regions, fluid shear 

exhibits an influence on leukocyte endothelial cell interactions.  Even though a simplified 

bifurcating channel can provide some information on preferential adhesion of particles in 

bifurcations, studying adhesion in complete microvascular networks such as SMN 

provides a more complete understanding of the dynamics of particle adhesion in the 

microcirculation.  For example, differences in adhesion ratios in different size vessels and 

different angles of bifurcation can only be characterized in vitro in a fluidic device such 

as the one used in our study.  Further studies are required to understand the effects of 

vessel tortuosity and cross-sectional changes on particle adhesion in different parts of the 

microvascular network. 

 

The particle adhesion patterns were also used to generate a complete shear-adhesion 

diagram for functionalized particles.  Significant differences in adhesion patterns were 

observed between normal and diseased networks indicating that the fluidic shear plays an 

important role in adhesion patterns.  In addition, topology of networks was found to 

influence the shear adhesion maps.  A major advantage of SMN for mapping the shear 

adhesion patterns is that use of a single experiment allows generation of shear adhesion 
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map while multiple shear rate experiments are required in a parallel plate device to obtain 

the same results.  In comparison to the flow chamber, SMN also offers savings of over 

two orders of magnitude in reagents.  Recent development in the field of microfluidics 

has resulted in devices that have varying linear branches with different widths or heights 

(Chau et al., 2009, Lu et al., 2004) thereby allowing a single experiment for a shear 

adhesion map .  However, these devices still do not represent the complex morphological 

patterns of the microvascular networks as is the case with experiments using SMN.  

 

SMN was used as a model for studying drug delivery on cultured cells.  An endothelial 

cell line of brain origin (RBE4) and a tumor cell line of cervical origin (HeLa) were 

cultured in SMN.  Confluent monolayer was possible within 24-48 hours post seeding of 

the respective cells.  Both endothelial and tumor cells were found to be highly viable in 

SMN as indicated by the calcein AM dye studies.  GFP gene delivery was subsequently 

demonstrated in both endothelial and tumor cells using a commercially available 

nanopolymer based gene delivery vehicle.  Similar to particle adhesion patterns, even 

though the nanopolymers adhered uniformly all over the network, GFP gene expression 

was found to be predominantly located around bends and bifurcation of the networks 

rather than long branches of both the normal and diseased networks.   

 

Synthetic microvascular networks, coupled with CFD simulations, can be used as an 

effective in vitro tool to characterize cell/particle adhesion in conditions mimicking the in 

vivo microcirculatory environment.  The physiologically realistic in vitro microvascular 

network developed in this study can be used to study the effects of various stimuli, 
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including cytokines, drugs or biological/chemical insults on microvascular networks.  For 

example, the upregulation of adhesion molecules following activation of endothelial cells 

lining the SMN can be used to study cellular interactions of leukocytes and platelets.  

Alternatively, a co-culture of endothelial cells with tumor cells in the SMN can be used 

as a model to specifically target tumor cells in a realistic scenario.  In addition, non-

uniform patterns of adhesion observed in the SMN allow the investigation of the 

influence of topological features on cell-particle interaction—features that cannot be 

observed using more traditional fluidic devices such as parallel plate flow chambers.  

Although the SMNs used in this study had a uniform cross-sectional area throughout the 

networks, it is possible to produce devices with non-uniform cross-sectional areas and/or 

diameters and will be developed in future studies.  

 

RBE4 and HeLa cells were used in this study due to their low cost and ease of culture.  

However, in future studies, endothelial cell lines derived from the microvasculature may 

provide a more physiologically relevant model.  We believe that the development of an 

automated methodology for culturing cells in SMNs will lead to the wider use and 

application of such devices.  Recent studies have shown that the behavior of endothelial 

cells under shear is very much influenced by the composition of the extracellular matrix.  

The use of extracellular matrix, such as collagen or matrigel, will allow growth of cells 

around the inner diameter of the channels to better approximate the 3D in vivo situation.  

Extension of the SMN to include the culture of different cell lines, such as fibroblasts, 

smooth muscle cells, and co-cultures of endothelial and cancer cells, which approximate 

the often incomplete lining of tumor vasculature with endothelial cells in vivo will 
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enhance the applicability of the device.  Other potential applications of the SMN could 

include shear related studies of cell adhesion, cell migration, drug delivery vehicle 

screening, vascular-targeted therapies, and basic research on microcirculation related 

phenomena in both normal and diseased tissues. 

 

Recently, 3D microfluidic devices have been created using PDMS constructs (Zhang et 

al., 2010) by stacking of individual layers.  In addition, 3D scaffolds using 

microfabrication techniques and  growth matrix gels such as collagen and matrigel 

(Peltola et al., 2008; Andersson and 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 
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should not only account for the interconnectedness of the vascular supply but also capture 

co-culture of tissue and vascular cells for cell-cell and particle-cell interaction studies.  

 

Development of simplified 3D devices represents 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 

stererolithography 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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