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ABSTRACT  

 
 Microvasculatures may become damaged by a variety of acute and chronic dis-

eases. In many cases, microvessel function is irreversibly compromised, leading to the 

dysfunction and even death of surrounding tissues. Currently, there are few therapies that 

directly address the treatment of microvascular insufficiency. Responding to this need, 

researchers are developing methods to fabricate in vitro blood vessels. Typical strategies 

include; cellular sodding within polymers and/or biopolymers, the formation of cylindri-

cal cellular monolayers around polymer mandrels, and the modification of biocompatible 

surfaces for cellular adhesion. Using currently available techniques, simple, individual 

vessel conduits have been engineered with internal diameters down to 150µm. However, 

no evidence has been provided illustrating the formation of patent, interconnected mi-

crovessel networks without the aid of a host circulatory system.  

 In response to this challenge, it is hypothesized that a novel flow-based experimen-

tal system will support the in vitro development of three-dimensional microvascular tis-

sues. Addressing this hypothesis, the presented work focused on three specific aims: Spe-

cific Aim 1. Pattern planar in vitro three-dimensional microvasculatures. Specific Aim 2. 

Engineer a Dynamic In vitro Perfusion Chamber (DIP Chamber) for microvascular inves-

tigation. Specific Aim 3. In vitro perfusion of microvessel fragments within the DIP 

Chamber. Through the supporting experiments, directed endothelial sprouting from par-

ent isolated microvessel fragments was achieved. In addition, patent in vitro microvessel 

networks were successfully developed. The presented experiments are the first to achieve 

these experimental results. In addition, the described experimental model will provide a 
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unique method for future investigations of microcirculatory phenomena. Since no exoge-

nous growth factors or cell signals were introduced into the constructs, it is believed that 

this system presents a physiological platform for future investigations into angiogenesis, 

angioadaptation, and network remodeling. Moreover, this model may offer a useful plat-

form for vascular therapeutic testing and a foundation for future tissue engineering 

applications. 

 



 
 

 

 
13 

1. INTRODUCTION 

 

The Circulatory System 

 Humans are complicated. We have complex social interactions, complex leisure 

activities, and complex biological systems. Within the average adult, there are over 200 

different cell types (Cooper 2000), totaling over 100 trillion total cells (Lodish 2000). 

Yet, within this diverse population, all cells share a few common requirements: 

1. cells require gas exchange for respiration 

2. cells require nutrients for metabolism 

3. cells require metabolic waste removal 

If these three conditions are not met, cell viability will be jeopardized. These factors be-

come compounded within tissues (groups of joined cells that perform a function) and or-

gans (structures made up of multiple tissues) where cell numbers and metabolic demands 

exponentially increase (Tortora and Grabowski 2003). In order to meet the abovemen-

tioned needs, some complex organisms have developed a connective tissue, blood. This 

fluid medium delivers nutrients and gas to and removes wastes from cells (Tortora and 

Grabowski 2003). Moreover, a complex network of perfused conduits has evolved to 

transport blood to every tissue in the body.  

Within humans, this circulatory system is composed of five main vessel types: ar-

teries, arterioles, capillaries, venules, and veins. These conduits decrease in diameter 

from 2 to 3cm (the aorta, the initial artery) (Sherwood 2004) to less than 8µm (individual 

capillaries) (Ko, Milthorpe et al. 2007; Secomb, Styp-Rekowska et al. 2007) and return to 
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a size of 3.5cm (inferior vena cava, the largest vein). Simultaneously, the vessels branch 

out from one aorta to approximately 1010 capillaries corresponding to a 1300-fold in-

crease in cross-sectional area (Sherwood 2004). This massive increase in vessel density 

allows for interaction of blood with constituent cells within tissues; facilitating nutrient, 

gas, and waste transport. This direct contact is dependant on a functional microvascula-

ture (arterioles, capillaries, and venules) to deliver blood to each cell in the body. Without 

these invested microvessel elements, cellular metabolic activity would be hindered and 

organism size and function would be constrained. 

 

Microvessel Composition 

Microvessels are the small-caliber microcirculatory conduits that branch and infil-

trate tissues within the body. The three main vessel types within the microvasculature are 

arterioles, capillaries, and venules. All three conduit phenotypes have inner lumens lined 

with an endothelial cell (EC) monolayer. ECs form an active barrier that is involved in 

metabolite, gas, and fluid transport, as well as the regulation of vascular tone (relative 

constriction of blood vessels) (Pries, Secomb et al. 2000). Arterioles and venules have an 

associated extracellular matrix (ECM) that differentiates them from capillaries. The ECM 

is comprised of a variety of proteins that assist cell attachment and function as well as 

provide structural support for the microvessel (Wallace, Strike et al. 2007). Arterioles and 

venules also have an added abluminal layer of smooth muscle cells (SMC) that are re-

spectively circumferential and stellate in arrangement (Jain 2003). These active vessel 

components contract or relax, providing the resistive and capacitive functions of arteri-
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oles and venules (Pries, Secomb et al. 1995; Tortora and Grabowski 2003). In contrast, 

most capillaries are only comprised of EC tubes. This minimal structure facilitates the 

exchange of nutrients and waste between cells outside of the vessel and blood within the 

capillary lumen.  

Capillaries, arterioles, and venules act in concert to adequately perfuse surround-

ing tissues. These dynamic vessels change caliber, length, and orientation in response to 

local cellular needs (Secomb and Pries 2002). Since each tissue bed is unique, microvas-

cular beds exhibit an inherent plasticity that allows the formation of new vessels (angio-

genesis), removal of unneeded conduits (pruning), and the remodeling and maturation of 

existing elements to continually meet the needs of the invested tissue (angioadaptation) 

(Pries and Secomb 2000). The abovementioned diversity in microvessel size, structure, 

and function is imperative to proper tissue health (Pries and Secomb 2000). 

 

Microvascular Problems and Insufficient Therapies 

 All tissues can become damaged or diseased. Depending on the insult or extent of 

tissue dysfunction, inherent adaptation and repair mechanisms of the local microcircula-

tory bed may be inadequate to maintain homeostasis (Sarkar, Chawla-Sarkar et al. 2004). 

Microvascular complications are associated with diseases that impact nearly every tissue 

in the body. For instance, in patients suffering from Alzheimer’s disease, microvessels 

within the cerebral cortex of the brain are often of smaller caliber, atrophied, fibrotic, or 

“blunted and torn off“ when compared to healthy patients (Kitaguchi, Ihara et al. 2007). 

In particular, vessel density is significantly decreased. Patients diagnosed with chronic 
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pancreatitis and diabetes often present neuropathy, nephropathy, and retinopathy due to 

impaired microvascular function (Unnikrishnan, Gowri et al. 2007). In addition, severe 

peripheral vascular disease may develop, leading to gangrene and amputation of affected 

tissues. Hepatic portal hypertension and cirrhosis have also been associated with pulmo-

nary vascular disease (Herve, Le Pavec et al. 2007). Affected microvessels in the lung 

exhibit decreased angiogenesis, increased vessel fibrosis, and increased incidents of 

stenosis. Irregular microvasculatures have been associated with sepsis (Di Franco, Para-

diso et al. 2007) and systemic sclerosis (Spronk, Zandstra et al. 2004). Moreover, the 

metabolic syndrome has been linked to microvessel impairment associated with cardio-

vascular disease, hypertension, obesity, and type 1 and 2 diabetes (Serne, de Jongh et al. 

2006). With these examples in mind, it becomes apparent that tissue health is closely re-

lated to proper microvascular function.  

Current therapies still attempt to systemically address tissue pathologies. A vari-

ety of antithrombogenic medications, statins, and vasodilators are prescribed to respec-

tively adjust global clotting, cholesterol processing, and vessel resistance (Opie and 

Gersh 2005). Some research is underway that attempts to reduce sensitivity to cell signals 

by synthesizing cell receptor agonists (Akiyoshi, Akimitsu et al. 2006). Others have in-

vestigated growth factor producing patches that may be implanted onto damaged tissue 

(Kellar, Landeen et al. 2001). However, these methodologies still affect systems and not 

individual microvascular beds. 

 A number of clinical trials are underway, attempting to address aspects of mi-

crovessel function. Many future therapies are inducing angiogenesis through the use of 
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growth factors such as Vascular Endothelial Growth Factor (VEGF), Hypoxia Inducible 

Factor 1-α (HIF1-α), and Fibroblast Growth Factor 2 (FGF2) (Molin and Post 2007). 

These efforts have focused on increasing blood supply to ischemic tissues by increasing 

vessel density and neovessel infiltration. Initial experiments utilized high growth factor 

concentrations in single doses. According to reviewers, these trials have experienced 

“disappointing results” (Molin and Post 2007). Other groups are looking to prevent angi-

ogenic activity, attempting to treat a variety of cancers, retinopathy, endometriosis, and 

Crohn’s disease (Folkman 2007). Researchers are looking to inhibit the activity of growth 

factors and receptors to prevent rampant, unbridled microvascular growth; attempting to 

correct dysfunctional microvessel behavior via drug delivery schemes. However, the 

short-term efficacy of these treatments is still being evaluated and it will be many years 

until we know long-term outcomes. The limited initial success of trials suggests alterna-

tive therapeutic routes and techniques should be investigated. 

 

A Need for Engineered Tissues 

In cases of severe and irreversible organ failure, especially in the heart, kidney, 

liver, and lungs, many patients have no alternative but organ transplantation. Unfortu-

nately, supply greatly exceeds demand and thousands of patients die annually awaiting 

organ availability (Kaserman 2007). Compounding the situation, patient wait lists have 

increased faster than donor lists. This is true in adult as well as child patients (Kolovos, 

Webster et al. 2007). In fact, organ donations of all types have actually decreased in re-

cent years (Punch, Hayes et al. 2007). Of the limited organs available for transplantation, 



 
 

 

 
18 

not all donations are appropriate. Many are old or non-ideal for particular patients and 

surgical conditions (First 1997). Moreover, patients who receive transplants face the pos-

sibility of organ rejection and must take immunosuppressive drugs for the duration of 

their lives. Such drug regimens may also lead to a series of health problems post-

operation (Avolio, Agnes et al. 2007).  

In response to limited organ supply and immunosuppressive complications, re-

searchers are investigating methods to engineer tissues (Dharnidharka 2005). There has 

been limited success developing thin constructs, such as patches to promote regenerative 

pathways (Bouhadir and Mooney 2001), heart valves (Mann and West 2001), and artifi-

cial skin (Andreadis 2004). Larger tissues are more difficult to realize. Tissue volumes, 

with thicknesses as small as 300µm, can developed necrotic cores after one week of im-

plantation (Okano and Matsuda 1998). This example illustrates the main hurdle prevent-

ing the advancement of tissue engineering; constituent cells of a construct lack sufficient 

access to oxygen, nutrients, and waste removal. These factors are essential to the viability 

of both natural and artificial tissues (Chaikof 1999).  

Considering the abovementioned information, it is evident that all future engi-

neered tissues will require an invested microvasculature in order to efficiently distribute 

blood within a construct and maintain cell viability and function (Gonen-Wadmany, Gep-

stein et al. 2004; Ko, Milthorpe et al. 2007). A number of researchers are tackling this 

complicated challenge of fabricating blood vessels. 
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Engineering Blood Vessels 

In Vitro Blood Vessels 

Investigators are developing techniques and methodologies aimed at fabricating in 

vitro blood vessels. Interests encompass small and large caliber vessels with broad aspira-

tions to replace damaged vascular beds, replace dysfunctional arteries and veins, and fur-

ther our understanding of the mechanisms directing angiogenesis. Almost all in vitro 

work begins with cell-based systems. In two dimensions, a great deal of work is done via 

tissue culture. The most common experiments involve the investigation of microvascular 

cells: endothelial cells, smooth muscle cells, and pericytes. Scientists are interested in 

cellular responses to growth factors (Kinoshita, Tanjoh et al. 2007), signals produced by 

cells (Lai, Liu et al. 2007), as well as cell-cell interactions (Bagley, Weber et al. 2005). 

Researchers also investigate the effects of adhesion molecule films on cell behavior. For 

instance, the influence of fibronectin on endothelial cell growth (Pompe, Markowski et 

al. 2004) or smooth muscle cell de-attachment from synthetic polymers (Chen, Dang et 

al. 2007).  

Other groups focus on three-dimensional angiogenesis assays. In one popular 

model, research efforts have utilized aortic ring segments suspended in a 3D matrix 

(Reed, Karres et al. 2007). With this technique, endothelial cells sprout from the excised 

tissue, forming capillary-like morphologies that extend into the surrounding environment. 

In other common cell based experimental models, ECs sprout from polymer beads within 

a fibrin matrix (Nakatsu, Sainson et al. 2003) and within stressed and unstressed collagen 

fibers (Vernon, Lara et al. 1995). Researchers have investigated the cellular forces ex-
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erted on these in vitro collagen matrices (Kolodney and Wysolmerski 1992; Korff and 

Augustin 1999) and imparted strains onto matrices in order to facilitate cell growth 

(Gonen-Wadmany, Gepstein et al. 2004). In a different direction, researchers have fabri-

cated photopolymerized scaffolds of poly(ethylene glycol) (PEG) (Mann and West 2001) 

and synthetic electrospun poly(epsilon-caprolactone) (PCL) (Williamson, Woollard et al. 

2006). With respect to PCL matrices, the scaffolds were sodded with ECs that later 

formed a confluent cell layer. These cells exhibited increased growth compared to a 

common biomaterial, Dacron (a polyester fabric used in vascular grafts).  

Although many types of cells are used for in vitro experiments, a popular angio-

genesis model involves the use of two cell types, endothelial cells and 10T1/2 pericyte 

cells, co-cultured on substrates and within various matrices (Kurzen, Manns et al. 2002). 

When these cells are suspended in Matrigel, a mouse sarcoma based matrix, they form 

“capillary-like” morphologies throughout the construct (Darland and D'Amore 2001). 

The effects of endogenous soluble factors, such as platelet derived growth factor (PDGF) 

(Hirschi, Rohovsky et al. 1999) and transformation growth factor beta (TGF-β) 

(Grosskreutz, Anand-Apte et al. 1999) have also been observed to control microvascular 

cell migration in vitro. Likewise, potent exogenous cell signals, vascular endothelial 

growth factor (VEGF) and fibroblast growth factor-2, (FGF2) have been utilized to mod-

ify cellular migration and growth (Tille and Pepper 2002). Groups have also incorporated 

these growth factors within 3D matrices to affect cellular behavior. For instance, matrix-

bound VEGF has been used to induce endothelial sprouting in fibronectin (Ehrbar, Met-
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ters et al. 2005) and porous poly(lactic-co-glycolic acid (PLGA) (Peters, Polverini et al. 

2002).  

As outlined above, some success has been achieved growing cells and capillary-

like structures on the bench-top. Researchers have studied the development of these arti-

ficial vessels in groups and networks. They have created in vitro environments that sup-

port their viability. Cell signals and growth factors have been identified that promote ves-

sel growth. Chemotactic agents have been used to direct the growth of groups of cells and 

capillary-like structures. However, for the purpose of engineering vessels and subsequent 

tissues, researchers will need greater spatial control of individual vessel elements in two 

and three dimensions. One possible direction involves designing and patterning vessel 

elements into predetermined geometries. In order to achieve this goal, investigators are 

combining classical biological techniques with a high-precision patterning system called 

MEMS. 

 

MEMS Blood Vessels 

Researchers are interested in controlling the geometry and spatial organization of 

in vitro blood vessels. Many investigators are attempting to fabricate these artificial ves-

sels through the use of micro-electro-mechanical systems (MEMS). Derived from the mi-

croelectronics industry, silicon wafers and/or photosensitive polymers are chemically 

manipulated to create planar patterns. Fabricated designs range from simple lines or 

geometric shapes (Kane, Takayama et al. 1999) to complex interconnected networks 

(Kulig and Vacanti 2004). Features within these patterns range from nanometers to mil-
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limeters. Most researchers use fabricated patterns as a master mold and then cast an elas-

tomer (Kane, Takayama et al. 1999) or biodegradable polymer (Wang and Ho 2004) rep-

lica for experimental use. Generated molds are then used in a variety of applications. The 

most common method utilizes an inert elastomer polymer, poly(dimethyl siloxane) 

(PDMS), to directly pattern microvascular cells (Kane, Takayama et al. 1999; Peterson, 

McDonald et al. 2005) and fibroblasts (Norman and Desai 2005). A schematic illustration 

is provided in Figure 1. In many cases, biological proteins, such as collagen (Thakar, Ho 

et al. 2003), laminin (De Silva, Desai et al. 2004), and fibronectin (Leclerc, Baudoin et al. 

2007) are patterned by a MEMS generated mold. These thin substrates are then used to 

direct cell growth (Figure 1). In a different twist, investigators have sprayed cells through 

precise masks to form cell patterns on collagen films (Nahmias, Arneja et al. 2005). Re-

searchers have also “off-set” printed channel networks and cultured cell monolayers over 

the patterns (Kobayashi, Miyake et al. 2007). 

Researchers have developed a number of methods to further control cellular be-

havior within MEMS-generated patterns. Investigators have chemically modify mold sur-

faces with solvents (Makamba, Kim et al. 2003), proteins (Rozkiewicz, Kraan et al. 

2006), or radio-frequency generated plasma (Peterson, McDonald et al. 2005) to change 

surface-cell interactions. Cell adhesion and growth has also been modified by manipulat-

ing surface microtopography (Brunette and Chehroudi 1999). In addition, researchers 

have expanded their cell-culturing techniques by directing individual (Shen, Chan-Park et 

al. 2006) and multiple cell types (Co, Wang et al. 2005) to simultaneously grow on mi-

crofabricated surfaces. Other groups have worked to generate 3D layers of cells and ex-
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tra-cellular matrix (ECM) proteins in an attempt to replicate more complicated tissues, 

such as arterial walls (Tan and Desai 2005).  

Although progress has been made directing cell growth and migration in two and 

three dimensions, groups have yet to fabricate functional microvessels utilizing the 

aforementioned techniques. These experimental models lacked a fundamental aspect of 

real blood vessels: the contribution associated with hemodynamics and microcirculation. 
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Figure 1. Illustration of PDMS mold use for patterning cells. 
Poly(dimethyl siloxane) (PDMS) is an elastomer material that is often used to fabricate 
precise molds for pattering cells and proteins. Two common cell-patterning methods are 
presented. In the left image, a PDMS mold is fabricated with microchannels. These chan-
nels are filled with an extracellular matrix protein, such as collagen or fibronectin. Cells 
are then patterned on these films and remain within the PDMS mold. In the right image, 
PDMS molds are used to “stamp” patterns. Proteins are adsorbed to the surface of the 
polymer features and then transferred to a substrate, often a petri dish or glass slide. 
These “printed” proteins are then used to pattern cell growth. 
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In Vitro Vessels in Bioreactors 

Vessel-like elements have been cultured within static in vitro environments. Al-

though these fabricated conduits may be comprised of the same cell types (endothelial 

cells and smooth muscle-like cells) as their in vivo counterparts, in vitro vessels often 

lack patency and continuous lumens. They also lack the vascular tone associated with 

vessel elements within a perfused network. Therefore, the next step in developing in vitro 

vessels requires the introduction of flow. To achieve this on the lab bench, investigators 

use a variety of bioreactors (Freed, Guilak et al. 2006). These self-contained devices iso-

late planar (Korin, Bransky et al. 2007) or volumetric (Takei, Sakai et al. 2006) biological 

samples and expose them to flowing media. Two popular strategies are currently being 

used by researchers; systems that investigate interstitial flow and models that perfuse 

specimens through artificial internal conduits (Ko, Milthorpe et al. 2007). 

Interstitial flow is investigated by shearing media over the top surface of an ex-

perimental construct. Often, the specimens are thin films comprised of a biological or 

synthetic matrix containing suspended microvascular cells. Investigations have provided 

evidence that dynamic culture conditions result in directed cellular growth (Ng and 

Swartz 2003), increased vessel-like structure growth (Ueda, Koga et al. 2004), and in-

creased lumen development (Helm, Zisch et al. 2007) when compared to comparable 

static cultures. 

In a different biochamber approach, groups have developed mandrel-based tech-

niques to fabricate individual, larger caliber vessels within polymer matrices. When con-

nected to a peristaltic pump system, these perfused conduits mimic blood vessel condi-
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tions in vitro. In order to form an artificial lumen, researchers have polymerized collagen 

around different caliber syringe needles (Chrobak, Potter et al. 2006). Within this system, 

lumens are sodded with ECs and smooth muscle cells (SMCs) and perfused for up to 7 

days. The inner conduit of the synthetic vessel developed an endothelial cell monolayer 

that exhibited positive barrier and inflammatory responses. Other groups have drilled lu-

mens into engineered collagen scaffolds and then followed with sodding of isolated ECs 

and circulating endothelial progenitor cells (EPCs) (Frerich, Zueckmantel et al. 2006). 

Endothelial cells were found to extend into the surrounding collagen matrix and form 

capillary-like networks organized around the lumen. Similar results have been attained by 

doping the circulating media with VEGF (Takei, Sakai et al. 2006).  

The abovementioned research produced constructs with vessel-like monolayers of 

endothelial cells within cylindrical geometries. Other groups have furthered biology-

inspired conduit construction by engineering blood vessel mimics (BVM); in vitro vessel-

like systems often dependant on polymer fabrics or harvested tissue for structural support 

(Hashi, Zhu et al. 2007; McFetridge, Abe et al. 2007). In BVM systems, scaffolds are 

sodded with cells and then perfused with increased flow rates. In a model using an ex-

panded poly(tetrofluoro ethyeline) (ePTFE) scaffolds, fabricated BVMs exhibited a con-

fluent monolayer of ECs within the lumen (Cardinal, Bonnema et al. 2006). This layer 

was surrounded by SMC-like cells and other fibroblast-like cells, mimicking large vessel 

morphology. In other research, polymer systems, including poly(glycolic) acid (PGA), 

have been used as a scaffold for the sodding of ECs and SMCs to form BVMs (Williams 

and Wick 2005). Synthetic materials are not the only scaffolds used for perfused con-
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struct development. Biological tissues have served as the source for BVM materials. For 

example, 100mL samples of peripheral blood were collected and processed, yielding 

artificial blood vessels of at least 12cm in length and an internal diameters of approxi-

mately 3mm (Aper, Schmidt et al. 2007). 

These techniques have provided promising results, adding to the tool-kit of avail-

able in vitro blood vessel technologies. However, none of the abovementioned systems 

exhibit the inherent structure, function, and plasticity of in vivo vasculatures. In addition, 

these technologies provide limited BVM dimensions and may not provide the mechanical 

properties required for certain vascular applications. 

 

In Vivo Blood Vessel Fabrication 

Progress has been achieved fabricating vessel-like structures and organizing iso-

lated vessels in vitro. Yet, investigators have not replicated in vitro the perfusion and 

maturation of vessels that occurs in vivo (Teebken and Haverich 2002). Addressing this 

issue, a number of strategies have been employed to form microvessels within implanted 

constructs. Researchers have utilized matrices containing growth factors to increase angi-

ogenesis in the tissue surrounding an implant (Kellar, Landeen et al. 2001). In this exam-

ple, the implanted material was a patch of mesh Vicryl (90:10 poly(glycolide:lactide)) 

infiltrated with human fibroblast cells. These fibroblasts secreted a number of growth fac-

tors into the surrounding tissue, increasing microvessel density two-fold. Other groups 

have used the controlled release of specific growth factors to induce angiogenesis. FGF2 

is a popular growth factor used to increase neovessel formation. This fibroblast derived 
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cell signal was incorporated within a three-dimensional matrix of heparin and alginate 

(Tanihara, Suzuki et al. 2001). After implantation, it induced host cell and vessel infiltra-

tion of the construct. Other researchers have utilized VEGF within their implanted sys-

tems. This growth factor has been incorporated to bioresorbable polymers to slowly re-

lease into the surrounding tissues (Peters, Polverini et al. 2002). This research led to in-

creased host-vessel infiltration of the in vivo construct.  

The implantation of engineered 3D matrices sodded with cells is also an area of 

interest (Peters, Polverini et al. 2002). For instance, a porous poly(ethylene glycol) 

(PEG), poly(lysine), and poly(lactic-co-glycolic) acid (PLGA) scaffold was sodded with 

neural progenitor cells and ECs and then implanted into severely compromised immuno-

deficient (SCID) mice (Ford, Bertram et al. 2006). After 6 weeks, high densities of tube-

like structures were found within the matrix. Similar results were attained by implanting a 

Matrigel-based EC and 10T1/2 cell construct into SCID mice (Koike, Fukumura et al. 

2004). After 4 weeks, neovessels formed within the matrix and were perfused by the host 

circulatory system. Similarly, researchers have attempted to direct in vivo angiogenesis 

by culturing ECs on filament scaffolds (Gafni, Zilberman et al. 2006).  

Although some success has been achieved inducing host infiltration of implanted 

constructs, other researchers have begun controlling cell and vessel behavior at the ge-

netic level. Through investigations of genetically engineered in vivo conduit networks, 

groups have attempted to modify cells to increase the expression of cell signals 

(Schechner, Nath et al. 2000) and investigate their effects on vessel formation. Others 

have tried to engineer cells and subsequent vessels with increased resistance to cell death 
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(Yang, Nagavarapu et al. 2001). There are also efforts to quantify the growth potential of 

circulating progenitor cells in order to improve the viability and behavior of current and 

future engineered cells (Shepherd, Enis et al. 2006).  

While microvessel engineering is underway on the bench top, at the macro-, mi-

cro-, and nanoscale, new techniques are being developed in the operating room. In one 

surgical technique, investigators have interconnected a vein-graft between the femoral 

artery and femoral vein of a rat, creating an arterio-venous loop (Messina, Bortolotto et 

al. 2005). These in vivo vessel systems are then isolated from the surrounding host tissue 

within a semi-sealed chamber. After 6 weeks, the manipulated construct formed a func-

tional microvasculature. Investigators have also excised a number of tissue specific mi-

crovessel beds, isolated the microvasculatures, and reprocessed the networks for in vitro 

and in vivo analysis (Watzka, Steiner et al. 2004; Schultheiss, Gabouev et al. 2005; 

Flynn, Semple et al. 2006). Although a promising technique, the digestion of these tissues 

removes the original structure and function of the harvested vasculature; limiting their 

potential use. 

 The abovementioned techniques have offered insight into vessel development via 

biochemical, engineering, and surgical manipulations in vivo. However, it is often useful 

to isolate certain aspects of vessel development in vitro. For example, it may be advanta-

geous to investigate the effects of particular cell signals or analyze vessel response to a 

pharmacological agent. Such experiments may provide clearer insight if removed from 

other systemic stimuli. The aforementioned models fail to provide an in vitro experimen-
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tal component or analog. These systems, therefore, limit the breadth of scientific knowl-

edge that may be gained. 

 

Limits of Current Vessel Engineering Techniques 

Current methods of in vitro and in vivo microvessel development depend on 

modified components. Investigators have engineered transplanted cells to enhance mi-

crovessel cell viability (Yang, Nagavarapu et al. 2001), overexpress growth factors 

(Hidaka, Ibarra et al. 2002), and express signals to activate growth factor receptors (Yu, 

Lei et al. 2006). These experiments have shown short-term increases in neovessel growth, 

vessel density, and host vessel infiltration; positive first steps towards engineering artifi-

cial tissues. However, the long-term success of these strategies is still unknown. The ade-

noviral packages used for some genetic engineering of cells may adversely affect the 

liver (McCart, Wang et al. 2002), kidney, lungs, or cause cancerous cell masses to form 

(Teague, Glick et al. 1991). Researchers have also used growth factors (Tille and Pepper 

2002) and doped matrices (Koike, Fukumura et al. 2004) to induce vessel formation. In 

these schemes, super-physiological concentrations and carcinoma derived extra-cellular 

matrices are respectively used. With this in mind, these systems may not reflect normal 

physiological behavior. Once the exogenous factors are depleted, the local changes to 

vessel growth and density may regress to suboptimal states; causing the construct and 

surrounding tissues to regress to a dysfunctional state or even fail completely. 

 In many cases, the examples of in vitro “capillary-like” (Kane, Takayama et al. 

1999) or “network forming” (Nakatsu, Sainson et al. 2003; Ueda, Koga et al. 2004) sys-
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tems are no more than elongated, interconnected cells. Little proof has been presented 

definitively showing patent vessels. Researchers who have perfused engineered in vitro 

vessels have concentrated on large caliber, individual blood vessels (Chrobak, Potter et 

al. 2006). In some cases, endothelial cells sprouted from an artificial lumen within the 

construct. These projections were on the order of 100µm in length and varied in diameter. 

However, it was difficult to determine if the vessel-like morphologies were perfused 

(Frerich, Zueckmantel et al. 2006). These examples provide an opportunity for the devel-

opment of a far more physiologically relevant research model; one that utilizes inherent 

biological functions to form in vitro and in vivo microvascular networks. 

 

The Hoying Model 

The Hoying rat fat microvessel fragment (RFMF) system offers a novel founda-

tion for developing microvasculatures; spanning the experimental need for both in vitro 

and in vivo studies (Hoying, Boswell et al. 1996). This unique system provides an oppor-

tunity to create vessel networks in vitro and then mature them in vivo (Shepherd, Chen et 

al. 2004). Small caliber microvessel fragments (arterioles, venules, and capillaries) are 

harvested from rat epididymal fat (Wagner and Matthews 1975) and suspended in type 1 

collagen (Figure 2). In vitro, fragments sprout and form networks of neovessels through-

out the matrix. No exogenous growth factors are required to induce this behavior. If the 

vessel constructs are implanted into SCID mice, they independently inosculate the host 

circulatory system and develop into a mature microvascular network in three to four 
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weeks. This mature network displays in-flow and out-flow conduits with patent, inter-

connected microvessels of varied caliber.  

Through the combination of harvested biological components and in vitro culture 

conditions, the Hoying model provides a robust system for engineering microvessels. It 

meets or exceeds the results of previously described methods for both in vitro and in vivo 

vessel fabrication. It is also a relatively simple experimental model. It does not require 

complicated biochemistries, matrix manipulation, or genetic engineering. It relies, in-

stead, on the autonomy of constituent vessels to develop. 

Although this model provides many advantages over other experimental models, 

it is not perfect. There is currently one major drawback to the RFMF model; in vitro cul-

tures are only angiogenic. They do not develop into a mature microvasculature. This non-

development is most likely due to a lack of intravascular flow within the system. If in vi-

tro RFMF perfusion is achieved, it is believed in vitro microvasculatures will soon follow 

(Frerich, Zueckmantel et al. 2006; Takei, Sakai et al. 2006). 
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Figure 2. Schematic of rat fat microvessel fragment isolation.  
Retired breeder rats are anesthetized before epididymal fat pads are removed and then 
minced. This adipose tissue is combined with collagenase and agitated to accelerate di-
gestion. After 2 washes in phosphate buffered saline with 0.1% bovine serum albumen 
(PBS-BSA), the processed tissue is filtered, isolating microvessels between 20µm and 
500µm in size. These vessel fragments are then collected and suspended in rat tail type I 
collagen. Fragment-collagen suspensions are dispensed into well plates and allowed to 
polymerize. These constructs are then incubated in vitro using common tissue culture 
conditions or implanted into severely compromised immuno-deficient (SCID) mice for 
further development. 
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Research Plan and Specific Aims 

 It is hypothesized that a novel flow-based experimental model will support the in 

vitro development of three-dimensional microvascular tissues. The Hoying group has de-

veloped a model of angiogenesis and network maturation utilizing isolated microvessel 

fragments. However, implantation and inosculation with the host vasculature are required 

for the nascent microvessel network to remodel into a mature microvasculature (le Noble, 

Moyon et al. 2004). The introduction and maintenance of blood flow and subsequent 

hemodynamics are responsible for the maturation of the in vivo RFMF constructs 

(Shepherd, Chen et al. 2004). It is believed that mimicking these perfusion characteristics 

will provide the impetus for in vitro remodeling of RFMFs. The following Specific Aims 

outline the experiments to support fabrication of perfused, in vitro microvasculatures. 

 Specific Aim 1. Pattern planar in vitro three-dimensional microvasculatures. It 

is hypothesized that microfabrication techniques may be used to constrain microvessel 

topology and direct in vitro growth of three-dimensional microvasculatures. Soft lithog-

raphy will be used to fabricate simple networked microchannels within elastomer molds. 

Microvessel cells and RFMFs will be isolated and suspended in collagen. Molds will be 

physically modified to facilitate spontaneous microfluidic filling by suspended cells and 

fragments. Cell viability and development will be analyzed via optical microscopy and 

immunofluoresence. 

 Specific Aim 2. Engineer a Dynamic In vitro Perfusion Chamber for microvas-

cular investigation. It is hypothesized that a versatile biochamber may be developed that 

allows for multiple flow configurations, sample sizes, and compatibility with common 
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peristaltic pumps and tissue culture incubators. In collaboration with Tissue Genesis, Inc., 

a novel biochamber for growing microvascular tissues will be developed; the Dynamic In 

vitro Perfusion Chamber (DIP Chamber). Device design parameters will include appro-

priate dimensions, modular chamber components, and biocompatible materials. A proto-

col will be developed for incorporating large-scale RFMF constructs within the DIP 

Chamber. A system will also be constructed to measure baseline pressures within the 

various partitions of the biochamber.  

 Specific Aim 3. Perfuse in vitro microvessel networks within DIP Chamber. It is 

hypothesized that in vitro perfusion will maintain RFMF viability and promote network 

development. Utilizing histology, epifluorescence, and confocal microscopy, the success-

ful maintenance of viability and angiogenic potential of incorporated fragments will be 

demonstrated. Evidence of in vitro perfusion of DIP Chamber conditioned microvessel 

fragments will also be provided via dialyzed ink and microsphere tracers. 

 It is believed that the DIP Chamber experimental model will provide a unique 

method for future investigations of microcirculatory phenomena. Since no exogenous 

growth factors or cell signals were introduced into the constructs, the presented system 

presents a physiological platform for future investigations into angiogenesis, angioadap-

tation, and network remodeling. Moreover, this model may offer a useful foundation for 

developing invested microvasculatures within future engineered tissues. 
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2. PATTERNING MICROVASCULAR CELLS AND ISOLATED MICROVES-

SEL FRAGMENTS 

Introduction 

Researchers have been developing a number of methods to fabricate in vitro blood 

vessels. Microfabrication techniques have been used to force vascular cells to take on cer-

tain dimensions (Kane, Takayama et al. 1999; Tan and Desai 2005). Groups have also 

attempted to control the spatial organization of cell co-cultures and constructs by manipu-

lating synthetic substrates (Reyes, Perruccio et al. 2004; Co, Wang et al. 2005), scaffolds 

(Gafni, Zilberman et al. 2006), and extracellular proteins (Helm, Zisch et al. 2007). Other 

groups have used sarcoma-based matrices (Darland and D'Amore 2001; Koike, Fuku-

mura et al. 2004) and superphysiological concentrations of growth factors (Tille and Pep-

per 2002) to induce rampant cellular growth and migration. Investigators have even 

looked to change the biological machinery and genetics of constituent cells to control 

vessel development (Schechner, Nath et al. 2000). Although these groups are taking very 

different approaches to address the in vitro fabrication of microvessels, they share a com-

mon characteristic; they are taking extreme measures to dictate biological behavior. 

Researchers assume that tissue viability and function can be reduced to a few cell-cell or 

cell-matrix interactions. They assume contemporary science has the ability to replace mil-

lions of years of evolution; a time span when biology optimized the myriad interactions 

among cells and matrices. 
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The presented patterning model is rooted in a different philosophy: biological 

autonomy. By providing familiar conditions, inherent biological machinery will take over 

and optimize the surrounding environment for cellular development. Instead of attempt-

ing to control cellular and vessel behavior, the presented model directs autonomous bio-

logical behavior. This system mimics favorable biological characteristics in vitro, by pro-

viding similar nutrients, metabolites, and an extracellular matrix found in natural tissues. 

In the case of isolated microvessel cells and fragments, an artificial collagen environment 

allows incorporated cells and RFMFs to condition their surroundings; facilitating cell-

cord formation and fragment sprouting. These are two fundamental biological processes 

associated with angiogenesis. 

 

Present Study 

 The methods, results, and conclusions of this study are presented in the paper ap-

pended to this dissertation in Appendix A. The entire publication is comprised of signifi-

cant original, individual work by the first author. Dr. Hoying provided the initial inspira-

tion and funding to conduct the included research. He also supplied a great deal of feed-

back and input into organizing the publication. The following is a summary of the most 

important findings in this document.  

 This study describes a novel technique to pattern microvascular cells and isolated 

microvessel fragments. As outlined in the introduction, most researchers interested in pat-

terning cells attempt to control cell behavior (Kane, Takayama et al. 1999; Schechner, 

Nath et al. 2000; Darland and D'Amore 2001; Tille and Pepper 2002; Tan and Desai 
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2005). In contrast, the developed system directs inherent biological behavior (Chang and 

Hoying 2006). There were three main aspects to this publication. The first dealt with the 

design and fabrication of a network mold. The second concentrated on microfluidically 

filling the mold with collagen and suspended microvascular cells and isolated microves-

sel fragments. The third described the morphological behavior of the suspended biologi-

cal elements within the mold. 

 

Defining a Network 

 A network is described in many different ways. According to Merriam-Webster, a 

network is “a fabric or structure of cords or wires that cross at regular intervals and are 

knotted or secured at the crossings” (Merriam-Webster Inc. 2002). Networks have also 

been defined from images taken of complex interconnected microvessels within the mes-

entery (Pries and Secomb 2000), described as arcades (loops of interconnected blood ves-

sels) and simplified to a series of smaller vessels branching from a main feed artery 

(Gruionu, Hoying et al. 2004). For the purpose of the presented work, a network will be 

defined as at least one bifurcation from a main cell mass (such as a cellular cord bundle) 

or a vessel element (such as an isolated arteriole). 

 

Mold Design and Fabrication 

Fabricating microscale networks necessitates accuracy and precision. Soft Lithog-

raphy was utilized to fulfill both of these requirements (Kane, Takayama et al. 1999). The 
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process is illustrated in Figure 3. Briefly, a photosensitive polymer (SU-8, MicroChem 

Corp, Newton, MA) and a computer-drawn mask were used to form a mold with the de-

sired pattern. The processing of SU-8 was optimized to meet the mold requirements of 

the experimental model. In previous work (Shepherd, Chen et al. 2004), isolated mi-

crovessel fragments were found to gravitate towards a 20 to 24µm diameter. Considering 

these dimensions, channels were designed to allow single vessel elements to exist within 

the mold in addition to the surrounding collagen matrix. Therefore, the utilized patterns 

were designed with networks containing 40µm, 60µm, and 80µm channels.  

These patterned networks were fabricated in poly(dimethyl siloxane) (PDMS, 

Sylgard 184, Ellsworth Adhesives, Germantown, WI). This inert elastomer is a common 

material choice for soft lithography and biomaterial applications (Ratner 1996). PDMS is 

gas permeable, chemically inert, and compatible with autoclaving (Madou 2002). It is 

also a resilient material that allows multiple uses without loss of mold fidelity. In the pre-

sented experiments, PDMS molds were successfully fabricated and utilized to pattern mi-

crovascular cells and isolated microvessel fragments. 
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Figure 3. Illustration of soft lithography process.  
The process begins with a clean silicon wafer. It is covered with a liquid, photosensitive 
polymer through a spin-coating process. This yields a thin, uniform layer of polymer on 
the substrate surface. In the presented research, an epoxy-based polymer, SU-8 was used. 
Next the polymer is covered with a mask and exposed to an ultra-violet light. This reac-
tion causes the exposed areas of SU-8 to accelerate the formation of cross-linked bonds. 
After a series of temperature treatments, the polymer-coated wafer is placed in a develop-
ing solution, where the unexposed SU-8 is removed from the sample. Once the SU-8 pat-
tern is fully developed, PDMS is poured onto the fabricated master. The PDMS layer, 
once thoroughly polymerized, is then peeled from the wafer. This polymer mold is used 
experimentally after it is sterilized by autoclave and activated via RF-plasma. 
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Microfluidic Filling of Molds with Suspended Cells and Fragments 

The term microfluidics refers to the movement of liquids or gasses through a mi-

croscale geometry, usually tens to hundreds of micrometers (Whitesides 2006). Often, 

these conduits are individual or networked channels (Whitesides 2003). Although the 

presented work is not the first use of this technology, it is one of the first to do so without 

a complicated system of syringe pumps (Tan and Desai 2005) or numerous chemical 

modifications of the substrate or ECM (Mironov, Boland et al. 2003; Pompe, Markowski 

et al. 2004). Instead, a simple radio-frequency generated plasma (charged ions of nitrogen 

and oxygen) was utilized to change the surface of the mold from hydrophobic (Makamba, 

Kim et al. 2003) to hydrophilic (Peterson, McDonald et al. 2005). This surface modifica-

tion allowed collagen to spontaneously fill the experimental molds. A schematic of the 

process is presented in Figure 4. Other groups have used plasma treated PDMS (Kane, 

Takayama et al. 1999; Norman and Desai 2005), however the presented work is the first 

to use the activated polymer surface for spontaneous microfluidic filling of cell-collagen 

and fragment-collagen suspensions. 

 In initial experiments, the necessity of RF-plasma exposure for spontaneous col-

lagen filling of microchannel geometries was investigated. In the absence of surface 

modification, collagen would not fill the PDMS molds. (Figure 5a). After a 10-minute 

exposure to RF-plasma, collagen spontaneously filled the network of microchannels 

(Figure 5b). These results suggested surface modification was necessary to drive collagen 

through the simple network patterns. Next, it was confirmed that collagen-cell suspen-

sions could microfluidically fill the PDMS channels. As depicted in Figure 5c, cell-
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collagen suspensions spontaneously filled the microchannels. A number of cell concen-

trations were tested. However, for successful cell development, all of the presented ex-

periments utilized cell concentrations of 10-20 x 106 cells per mL of collagen.
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Figure 4. Illustration of microfluidic filling of PDMS microchannels. 
a) A simple PDMS mold is first autoclaved and then exposed to RF-plasma. b) A sterile 
PDMS cover is placed over the pattern, forming a network of enclosed channels. The in-
let and outlet reservoirs remain uncovered. c) A small volume, approximately 4µL of 
collagen or collagen-cell suspension is dispensed at one end of the mold. The surface 
forces within the microchannels uniformly pull the collagen through the network. 
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Figure 5. Images of poly(dimethyl siloxane) molds.  
a) A PDMS mold before plasma exposure; collagen (3.7mg/mL, dyed with trypan blue) 
does not fill channels. b) After plasma exposure, collagen spontaneously fills PDMS 
channels. c) Collagen with suspended cells also fills channels spontaneously after plasma 
exposure. 
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Development of Patterned Cells and Microvessel Fragments 

 Once cells were patterned within the PDMS channels (Figure 6a),  interests were 

focused on maintaining their viability and observing their development. Using a viability 

assay (Cytotoxicity Fluorometic Kit, Live/Dead, Molecular Probes, Invitrogen, Carlsbad, 

CA), patterned cells remained viable after one day of culture (Figure 6b). Cells tended to 

elongate and form multi-cellular cord-bundles (Figure 6c). These bundles appeared to 

concentrate on interior features of the PDMS molds. After 4 days, cells remained on inte-

rior surfaces, but the cord-bundles decreased to 1 or 2 cells in diameter (Figure 6d). By 

day 7, cell-cords decreased to 1-cell diameter (Figure 6e) while remaining viable (Figure 

6f). 

 Through the development of protocols to pattern and culture cells suspended in 

collagen, valuable knowledge was gained. First of all, simple microfluidic patterning of 

physiological concentrations of collagen was possible. Moreover, if the viscous protein 

contained suspended cells, the movement of the collagen through a PDMS mold would 

simultaneously carry the cells and distribute them through the patterned network. These 

cells would remain viable within the collagen for at least 7 days. The cells not only 

stayed within the collagen matrix, they were directed to develop cord bundles by the sur-

rounding mold geometry. 

 Using the abovementioned information, experiments attempted to pattern isolated 

microvessel fragments. Similar collagen concentrations and application techniques were 

used to pattern RFMFs within PDMS molds. Fragments were patterned at 2 x 104 RFMFs 

per mL of collagen. Like suspended cells, microvessel fragments remained suspended 
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within collagen and were distributed throughout the PDMS mold. The fragments often 

collected in network bifurcations (Figure 7a). Like their cell counterparts, patterned 

RFMFs remained viable for at least 7 days (Figure 7b and 7c). It was also discovered that 

incorporated fragments maintained angiogenic potential within the patterns. This obser-

vation is illustrated in Figure 7c. Viable sprouts were found to extend from a parent 

fragment and were identified to be endothelial in nature (Figure 8). These sprouts were 

directed by the surrounding PDMS mold to bifurcate (Figure 8b) and connect parent 

fragments (Figure 8c). In a few molds, the fragments were found to dissociate into con-

stituent cells. In these situations, the cells extended into cord-like morphologies, directed 

by the surrounding mold (Figure 8d). This behavior paralleled the previously described 

patterned cells. 

 This work provided the first examples of patterned microvessel fragments. Within 

this experimental model in vitro fragments not only remained viable for 7 days, the pat-

terned vessel elements maintained their angiogenic potential. In fact, the presented work 

provides the first examples of directed angiogenesis within an engineered construct. 
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Figure 6. Images of viable cells patterned by PDMS molds. 
a) Freshly filled PDMS channel with RMVEC (green) and 10T1/2 cells (red). b) Day 1 
co-culture of 10T1/2 and RMVEC. Non-viable cells are stained red while viable cells are 
green. The blue cellular stain (bisbenzimide) shows the locations of cell nuclei. c) After 1 
day of culture, RMVECs elongate and form multi-cell bundles within the PDMS chan-
nels. d) Day 4 cells continue to concentrate on interior mold features. e) By day 7, the cell 
cords have decreased to single cell diameters. f) Cells remain viable (indicated by purple 
crystals, MTT assay) within the PDMS molds at day 7 of culture. In figures c-e, green = 
RMVEC, red = α-actin positive cells, blue = nuclei. 
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Figure 7. Images of viable patterned microvessel fragments. 
a) Freshly patterned fragments have maintained their structure. In this example, the endo-
thelial cells (green) are surrounded by circumferentially oriented smooth muscle cells 
(red). The presented image suggests two arterioles have been patterned at a bifurcation 
within the PDMS network. b) Fragments remain viable after 1 day of culture (purple = 
viable, MTT assay). c) After 7 days, patterned fragments remain viable (purple) and 
maintain their angiogenic potential. Arrows indicate viable endothelial sprouts projecting 
from a parent fragment. 
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Figure 8. Fluorescent images of patterned RFMFs and directed angiogenesis. 
a) Day 1 image of patterned RFMFs. An arteriole and capillary have collected in a bifur-
cation within the PDMS mold. b) The growth of an endothelial sprout from a day 7 frag-
ment has been directed by the surrounding PDMS mold. In fact, the sprout’s bifurcation 
also follows the PDMS mold (arrow). To our knowledge, this is the first example of di-
rected in vitro angiogenesis. c) Endothelial sprouts are directed to connect nearby frag-
ments within a single PDMS channel (arrow). d) In some cases, fragments dissociated 
into constituent cells, forming cell cords. Their growth was directed by the PDMS molds 
similar to the aforementioned patterned cells. In all images, green = endothelial cells, red 
= smooth muscle cells, blue = cell nuclei. 
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Supplemental Data, Cell Viability of Patterned Cells 

Materials and Methods 

 In order to further elucidate the development of cells within PDMS channels, ad-

ditional viability studies were conducted. As described previously, cells were microflu-

idically patterned within PDMS molds at 10-20 x 106 cells per mL of collagen. At days 0, 

1, 4, and 7, patterns were analyzed with a viability assay (Cytotoxicity Fluorometic Kit, 

Live/Dead, Molecular Probes, Invitrogen, Carlsbad, CA). Viable and non-viable cells 

were counted (Figure 9). Three molds (each containing a 40µm, 60µm, and 80µm chan-

nel pattern) were analyzed for each patterned cell type (RMVEC-solo, 10T1/2-solo, and 

RMVEC-10T1/2 co-cultures) at each time point. 

 

Statistical Analysis 

 All statistical analysis was conducted with JMP 5.1 (SAS, Cary, NC). Analysis of 

Variance (ANOVA) packages were used to compare groups of data. When possible, the 

actual p values are presented, unless the values were smaller than 0.0001. A test was con-

sidered significant if the p value was less than or equal to 0.05. In order to further analyze 

the relative significance of differences among groups, the Tukey HSD Least Square 

Means Differences analysis was used. This method of multiple comparisons uses strin-

gent comparison structures to conservatively calculate statistical significance (Ramsey 

and Schafer 2002). All tests in this experiment were conducted with an α = 0.050. 
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Figure 9. Example image of day 7 patterned co-culture assayed for cell viability.  
Fluorescent image of a representative day 7 patterned construct. Viable cells are indicated 
by green, non-viable cells are indicated by red. Only cells within the patterns were 
counted during analysis. 
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Results 

Total Cells Within Patterns During 7 Day Culture 

 The total number of patterned cells at selected time-points is represented in Figure 

10. Statistically, there was a significant difference among cell culture type, pattern width, 

and culture day with respect to total number of cells (ANOVA, p< 0.0001, n = 108). Af-

ter further analysis, there was no significant cell number difference due to cell type over 

the 7-day period (Tukey HSD). However, the total number of cells on day 0 was signifi-

cantly larger than the total number of cells at day 4 (Tukey HSD). Moreover, the total 

number of cells within PDMS molds at day 7 was significantly greater than the total cells 

at days 0, 1, and 4 (Tukey HSD). With respect to channel widths, the total number of 

cells within the 40µm channels was significantly less than the total cells in 60µm and 

80µm channels over the 7-day experiment (Tukey HSD). There was no significant differ-

ence between 60µm and 80µm channels (Tukey HSD).  

 The effects of channel dimension and culture time on total cell number were also 

analyzed within the isolated cell cultures. The graphs of total cells within RMVEC (Fig-

ure 11), 10T1/2 cells (Figure 12), and co-cultures (Figure 13) are presented. Within the 

RMVEC patterns, there was a significant difference in cell number within the experi-

ments (ANOVA, p< 0.0001, n=35). Specifically, there were more total cells at day 0 than 

day 4 and more cells on day 7 than day 1 and day 4 (Tukey HSD). There was no signifi-

cant difference among pattern widths (Tukey HSD). In 10T1/2 cultures, there was also a 

significant difference in cell number (ANOVA, p< 0.0001, n=35). It was found that day 7 
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cultures had more total cells than day 0, 1, and 4 (Tukey HSD). There was no significant 

difference due to pattern width (Tukey HSD). In co-cultures, there was a significant dif-

ference in total cell number (ANOVA, p< 0.0001, n=35). Day 0 cell number was signifi-

cantly more than day 4, and Day 7 cultures had more cells than days 0, 1 and 4 (Tukey 

HSD). Again, there was no significant difference attributed to pattern width (Tukey 

HSD). 

 The collective day 7 data was also analyzed (Figure 14). Each group, individually, 

had significant increases in cell number after seven days of culture. When comparing the 

groups, there was no significant difference in total cell number after 7 days of culture 

(ANOVA, n=26, p= 0.0909). 
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Figure 10. Graph of total patterned cells at day 0, 1, 4, and 7 of culture. 
The graph on the left presents total cell number for patterns and cell types at days 0, 1, 4, 
and 7. The chart on the right illustrates the average cell numbers for each cell type at each 
time point. Error bars represent the standard deviation of the means. There was no sig-
nificant cell number difference among cell types over the 7-day period. However, the to-
tal number of cells on day 0 (filled square) was significantly larger than the total number 
of cells at day 4 (open square). Moreover, the total number of cells within PDMS molds 
at day 7 (filled circle) was significantly greater than the total cells at days 0, 1, and 4 
(open circles). With respect to channel widths, the total number of cells within the 40µm 
channels was significantly less than the total cells in 60µm and 80µm channels over the 
7-day experiment. There was no significant difference between 60µm and 80µm chan-
nels. 
 
 
 
 
 



 
 

 

 
55 

 

Figure 11. Graph of total patterned RMVECs at day 0, 1, 4, and 7 of culture. 
The graph on the left illustrates total cell number for each pattern width at each time 
point. The chart on the right shows the average cell numbers for all patterns at each time 
point. Error bars represent the standard deviation of the means. Within the RMVEC pat-
terns, there were more total cells at day 0 (closed square) than day 4 (open square) and 
more cells on day 7 (closed circle) than day 1 and day 4 (open circles). There was no sig-
nificant difference among pattern widths. 
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Figure 12. Graph of total patterned 10T1/2 cells at day 0, 1, 4, and 7 of culture. 
The graph on the left illustrates total cell number for each pattern width at each time 
point. The chart on the right shows the average cell numbers for all patterns at each time 
point. Error bars represent the standard deviation of the means. Within 10T1/2 constructs, 
day 7 cultures (closed circle) had more total cells than day 0, 1, and 4 (open circles). 
There was no significant difference due to pattern width.  
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Figure 13. Graph of total patterned co-cultures at day 0, 1, 4, and 7 of culture. 
The graph on the left illustrates total cell number for each pattern width at each time 
point. The chart on the right shows the average cell numbers for all patterns at each time 
point. Error bars represent the standard deviation of the means. In co-cultures, there was a 
significant difference in total cell number. Day 0 cell number (closed square) was signifi-
cantly more than day 4 (open square), and Day 7 cultures (closed circles) had more cells 
than days 0, 1 and 4 (open circles). There was no significant difference attributed to pat-
tern width. 
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Figure 14. Total cells after 7 days of culture. 
The graph on the left illustrates total cell number for each pattern for each cell type. The 
chart on the right shows the average cell numbers for all patterns for each cell type. Error 
bars represent the standard deviation of the means. There was no significant difference 
among cell types or pattern widths after 7 days of culture. 
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Cell Viability of Patterned Cells during 7 Days of Culture 

There was interest in determining the viability of patterned cells within the PDMS 

networks. All of the collected cell viability data is presented in Figure 15. Overall cell 

viabilities are presented in Table A. Statistically, there was a significant difference in cell 

viability considering cell culture type, pattern width, and culture day (ANOVA, p< 

0.0001, n=108). With further analysis, 10T1/2 cultures were significantly less viable than 

both RMVEC and co-cultures (Tukey HSD). There was no significant difference among 

pattern widths and day 7 viability was significantly less than day 4 viability (Tukey 

HSD). 

Next, the data from each individual cell type was investigated to provide further 

insight into cell viability. Within solo RMVEC cultures (Figure 16), the average fraction 

of viable cells was 0.960. There was a significant difference in cell viability attributed to 

culture day and pattern width (ANOVA, p= 0.0134, n = 35). Specifically, day 0 cultures 

exhibited less cell viability than day 1 cultures (Tukey HSD). There was no difference 

due to different pattern widths. Within solo 10T1/2 cultures (Figure 17), the average frac-

tion of viable cells was 0.904. A significant difference in cell viability due to days of cul-

ture and pattern width was detected (ANOVA, p= 0.0010, n=35). It was found that day 0 

cultures showed more viable cells than days 1 and 7 (Tukey HSD). Day 1 constructs were 

less viable than day 4, and day 7 patterns were less viable than day 0 and day 4 (Tukey 

HSD). However, no difference was due to pattern width within the cultures. In RMVEC-

10T1/2 co-cultures (Figure 18), the average fraction of viable cells was 0.936. There was 
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no significant difference in cell viability among days and pattern widths (ANOVA, p= 

0.2449, n=35). 

In the day 7 patterned cell experiments (Figure 19), the average fraction of cell 

viability was 0.909. There was a significant difference in cell viability attributed to cell 

cultures and pattern widths (ANOVA, p< 0.0001, n= 26). After further analysis, it was 

determined that day 7 10T1/2 culture viability was significantly less than both RMVEC 

and co-cultures (Tukey HSD). Also, day 7 cell viability was significantly less in 40µm 

channel widths compared to 60µm channel widths (Tukey HSD). 
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Table A. Patterned Cell Viabilities After 7 Days of Culture 

Cell Type Fractional Viability 

(mean ± standard deviation) 

10T1/2 0.904 ± 0.084 

RMVEC 0.960 ± 0.035 

Co-Culture 0.936 ± 0.047 

Overall 0.933 ± 0.063 
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Figure 15. Cell viability of patterned cells during 7 days of culture. 
The chart on the left presents the cell viability for each pattern width for each cell type 
over the seven-day experimental time course. Error bars represent the standard deviation 
of the means. Within these patterned cell groups, there was a significant difference in cell 
viability with respect to day, cell type, and channel width. 10T1/2 cells were less viable 
than RMVEC and co-culture groups. Among the patterned cell groups, there was no sig-
nificant difference among pattern widths, but day 7 constructs (closed circle) were less 
viable than day 4 constructs (open circle). 
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Figure 16. Fraction of viable RMVECs patterned in PDMS molds.  
The graph on the left illustrates total cell number for each pattern width at each time 
point. The chart on the right shows the average cell numbers for all patterns at each time 
point. Error bars represent the standard deviation of the means. The average fraction of 
viable cells was 0.94. Within patterned RMVECs, day 0 constructs (closed circle) were 
less viable than day 1 constructs (open circle). There was no significant difference in cell 
viability with respect to pattern width. 
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Figure 17. Fraction of viable 10T1/2 cells patterned in PDMS molds.  
The graph on the left illustrates total cell number for each pattern width at each time 
point. The chart on the right shows the average cell numbers for all patterns at each time 
point. Error bars represent the standard deviation of the means. Within solo-10T1/2 cul-
tures, the average fraction of viable cells over 7 days was 0.90. Day 0 cultures (closed 
circle) had significantly more viable cells than days 1 and 7 (open circles). Day 1 con-
structs (closed square) were also less viable than day 4 (open square), and day 7 patterns 
(closed triangle) were less viable than day 0 and day 4 (open triangles). However, no dif-
ference in cell viability was due to pattern width within these cultures.  
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Figure 18. Fraction of viable RMVEC-10T1/2 co-cultures patterned in PDMS 
molds.  
The graph on the left illustrates total cell number for each pattern width at each time 
point. The chart on the right shows the average cell numbers for all patterns at each time 
point. Error bars represent the standard deviation of the means. In RMVEC-10T1/2 co-
cultures, the average fraction of viable cells over the 7 day experiment was 0.94. There 
was no significant difference in cell viability among days and pattern widths. 
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Figure 19. Fraction of viable day 7 cells patterned in PDMS molds.  
The graph on the left illustrates total cell number for each pattern width for each cell 
type. The chart on the right shows the average cell numbers for all patterns for each cell 
type. Error bars represent the standard deviation of the means. The average fraction of 
day 7 cell viability was 0.91. Among the three cell groups, day 7 10T1/2 culture viability 
(closed square) was significantly less than both RMVEC and co-cultures (open squares). 
Also, day 7 cell viability was significantly less in 40µm channel widths compared to 
60µm channel widths.  
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Discussion 

 Cell viability assays have been a useful tool for evaluating the biocompatibility of 

surfaces for in vitro cell cultures and cell-construct fabrication. In previous work, cyto-

toxicity fluorometic Live/Dead viability assays have been used to qualitatively detect vi-

able cells in patterned neuronal cells 24 hours after cell seeding on polyelectrolyte films 

(Reyes, Perruccio et al. 2004). Similarly, MTT viability assays were used to illustrate 

human umbilical vein endothelial cell viability on collagen films (O'Cearbhaill, Barron et 

al. 2006). However, the lack of quantification and short experimental timelines in these 

studies provide minimal insight into the effectiveness of these models. 

Other groups have provided more detailed cell viability information for their in vi-

tro cell-construct studies. Over a 5-day period, three immortalized cell lines (mouse fi-

broblasts, hamster epithelial cells, and mouse hepatocytes), displayed 95% viability on 

plasma treated PDMS substrates (Prokop, Prokop et al. 2004). This study provided useful 

measurements of the short-term biocompatibility of this elastomer. Further work was 

conducted with osteoblasts. These cells displayed 90% cell viability on static PDMS 

films after 13 days of culture (Leclerc, David et al. 2006). 

To date, there have been few studies that quantify patterned cell viability within 

microfabricated molds. Often, groups simply look for the existence of cells (Nahmias, 

Arneja et al. 2005; Sodunke, Turner et al. 2007) or qualitatively examine specimens for 

viable cells within 24 hours of construct formation (Reyes, Perruccio et al. 2004; 

O'Cearbhaill, Barron et al. 2006). Another method used by investigators is assaying pat-

terned cells for proliferation and apoptosis markers (Wolbers, ter Braak et al. 2006; 
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Rubenstein, Han et al. 2007). However, this analysis assumes most cell types are in one 

of two states (proliferative or apoptotic). If constituent cell cycles exist in a different state 

at the time of assay, they are neglected. 

The results of the presented viability studies parallel the aforementioned litera-

ture. Overall, 91% cell viability was achieved experimentally after 7 days of in vitro cul-

ture. This value is comparable to the 95% cell viability at day 5 (Prokop, Prokop et al. 

2004) and 90% at day 13 (Leclerc, David et al. 2006) presented by other research groups. 

It is noted that the presented viability measurements are not direct comparisons with the 

work of other groups. Different cell types, growth conditions, and culture methods were 

used in each experimental model. However, there is a similarity across cell culture sys-

tems; maintaining the viability of at least 90% of incorporated cells. The presented viabil-

ity numbers do suggest that a biocompatible system for directing cell growth has been 

developed. Cells not only remained viable, they proliferated, showing increased total 

cells after 7 days of culture.  

 The presented studies have provided a novel system for patterning and culturing 

microvascular cells and isolated fragments. It has provided a system for forming net-

works of extracellular matrix with invested cells and isolated fragments. However, in or-

der to further the development of in vitro constructs, flow must be introduced into the 

system (Chen, Dang et al. 2007). With this direction in mind, the current set-up has a 

number of inherent problems.   

A major challenge preventing the continued development of artificial microves-

sels is the elastomer mold. The original channel design was intended to pattern cells and 
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fragments. It was designed for high throughput fabrication on a silicon wafer and for 

minimizing the volume required for forming cell and fragment constructs. Although it 

performed its intended task extremely well, it is not suited for other types of experiments. 

For instance, the original network pattern is not easily interfaced with any perfusion sys-

tem. The channels are too small to incorporate standard tubing or connectors and are not 

easily translated into any available bioreactor system. As a result, slightly larger micro-

channel patterns were fabricated (300µm channel width). A few pilot studies were con-

ducted, attempting to connect perfusion pumps to these new PDMS channels.  

In order to perfuse the constructs, custom poly(ethylene) tubing was pulled to 

form catheters of approximately 300µm diameter. These catheters were then assembled 

to fit within the PDMS patterns (Figure 20). However, it was difficult to effectively align 

and seal the catheters within the microchannels. Although the catheters remained patent, 

their resistance to flow was very high; resulting in pressures large enough to blow apart 

fittings and tubing connectors at very low pump perfusion settings. A number of clamp-

ing methods were used to attempt to overcome this obstacle, but none were successful. 

There was also resistance to flow within the PDMS mold itself. The collagen volumes 

within the channels provided a tortuous path for media to pass. The catheters would often 

dislodge from the channel openings, resulting in a lack of pattern perfusion. Likewise, 

media frequently flowed over the channels instead of through them.  

An additional problem became apparent as pilot studies continued; the inherent 

planar nature of the PDMS molds and their inability to easily accommodate multiple lay-

ers of vessels. With the current patterning system, there was no way to fabricate multiple 
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adjacent networks. For future tissue engineering applications, it will be advantageous to 

add multiple cells and extracellular matrices in a variety of three-dimensional configura-

tions. The current planar elastomer system would make such leaps very difficult and ex-

pensive.  

Considering these limitations, it was decided to take a step back. An in vitro sys-

tem for culturing three-dimensional constructs was needed. This system should facilitate 

the perfusion of an invested experimental model. It should also interface with common 

perfusion equipment and allow flexibility in configuration. Ideally, it would accommo-

date a variety of construct sizes and be compatible with standard tissue culture incubators 

and sterilization techniques. Although there are a number of perfusion systems currently 

in use, they did not meet all of the abovementioned criteria. Instead of attempting to mod-

ify existing perfusion systems, the author decided to develop a new system for perfusing 

microvascular constructs.  
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Figure 20. Image of poly(ethylene) catheters for PDMS mold perfusion. 
1.5mm poly(ethylene) (PE) tubing was heated and then pulled to form tapered catheters. 
The final outer diameter of the pulled conduits was on the order of 300µm. PDMS molds 
with 300µm diameter channels were made to accommodate the PE catheters. Each 
polymer conduit was fitted with a luer lock syringe needle in order to connect the perfu-
sion path to standard pump tubing. 
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3. ENGINEERING A DYNAMIC IN VITRO PERFUSION-BASED BIOREACTOR 

Introduction 

In vivo, the onset of flow is a key mediator of microvessel development (Koike, 

Fukumura et al. 2004; le Noble, Moyon et al. 2004; Shepherd, Chen et al. 2004). There-

fore, to replicate such development on the bench-top, researchers must devise a method 

to first expose constructs to flow and then maintain those conditions to propagate net-

work development. A number of investigators believe perfusion-based bioreactors will be 

the key to success. In the simplest biochambers, cells are suspended in media and circu-

lated within a commercial, sterile container (Yoon, Ahn et al. 2007). In addition, sterile 

chambers have been designed to hold hollowed 3D scaffolds sodded w/ cells (Kim, 

Penkala et al. 2007; Timmins, Scherberich et al. 2007). Hollow fiber bioreactors have 

also been used to assess cellular function in the presence of flow (De Bartolo, Piscioneri 

et al. 2007; Ye, Xia et al. 2007). Although these systems may provide insight into cellular 

behavior, none of these models are conducive to in vitro vessel fabrication. 

In order to develop vessels in vitro, researchers have designed chambers that ac-

commodate harvested vessels or engineered blood vessel mimics (BVMs). For instance, 

groups have perfused decellularized cadaver vessels (Dahl, Koh et al. 2003), porcine ar-

teries (McFetridge, Abe et al. 2007), and peripheral blood derived BVMs (Aper, Schmidt 

et al. 2007). These circulatory elements were sutured or clamped to ports within a cham-

ber. These ports allowed researchers to control the perfusion of the conduit (often with 

internal diameters of 5 to 10mm). Engineers have also formed BVMs by sodding cells 
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onto cylindrical polymer scaffolds (Cardinal, Bonnema et al. 2006). Using this technique, 

4mm diameter vessels displayed cellular architecture similar to small arteries. Other 

groups have attempted to construct vessels within collagen volumes. Smaller caliber 

BVMs have been formed by drilling channels into collagen sponges (Frerich, Zueckman-

tel et al. 2006) and polymerizing collagen around varied caliber mandrels (Chrobak, Pot-

ter et al. 2006; Takei, Sakai et al. 2006). After sodding the structures with microvascular 

cells, the constructs contained BVMs with internal diameters down to 150µm. Similar 

results have been obtained by directly sodding cells onto nylon tubing (Neumann, Nich-

olson et al. 2003). 

Within typical perfusion systems, researchers utilize one in-flow and one out-flow 

port to perfuse a single synthetic lumen (Neumann, Nicholson et al. 2003; Chrobak, Pot-

ter et al. 2006; Frerich, Zueckmantel et al. 2006; Takei, Sakai et al. 2006; Aper, Schmidt 

et al. 2007). This set-up allows control over the perfusate entering the BVM and simpli-

fies the application of suspended cells for sodding. A main drawback, however, is lack of 

perfusion to the abluminal surface (Morsi, Yang et al. 2007). If the BVM is larger than 

100-140µm (an approximate diffusion difference of oxygen) (Baumgartl, Zimelka et al. 

2002; Lanzen, Braun et al. 2006), outer cells within the construct may begin to apoptose 

or necrose. In response to this issue, a few researchers have included a compartment 

within their bioreactors that exposes the abluminal BVM to media (Williams and Wick 

2005; Cardinal, Bonnema et al. 2006).  

All of the abovementioned groups use custom biochambers for single conduit 

construction. They follow the same basic procedure: 
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1. A graft or harvested vessel is placed within a biochamber, or a lumen is formed within 

a matrix 

2. The structure is sodded with cells of interest (often endothelial cells, fibroblasts, and/or 

endothelial progenitor cells) 

3. A static or low flow incubation period is used to facilitate cellular attachment within 

the system. 

4. The structure is perfused with media. 

 Researchers have shown that vessel mimics can be formed using this outlined 

procedure. However, they have focused mainly on large caliber, single vessel formation; 

often on the order of millimeters or centimeters. Although some investigators have shown 

evidence of endothelial sprouts projecting into the surrounding matrix (Teebken and 

Haverich 2002; Frerich, Zueckmantel et al. 2006; Takei, Sakai et al. 2006), true in vitro 

vascular network development has yet to be realized.  

 

Initial Design Considerations – Chamber #1 Materials and Dimensions 

At this time, most experimental bioreactors are custom-made devices intended to 

form individual perfusion elements. They often depend on typical laboratory equipment, 

such as syringe needles (Takei, Sakai et al. 2006), glass flasks (Williams and Wick 2005), 

petri dishes (Sodunke, Turner et al. 2007), and glass slides (Aper, Schmidt et al. 2007). 

Researchers also modify commercial culture containers to fit their needs (Frerich, 

Zueckmantel et al. 2006). Although these systems have successfully developed BVMs, 
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their future applications are limited. There are no simple ways to scale-up or expand their 

experimental use.  

After analyzing the patterning system developed and described in Chapter 2, it 

was determined to have limited future applications. In order to expand the experimental 

network by creating multiple layers, multiple flow paths, or incorporate other cell types, a 

complete redesign would have been required. In fact, the system would have to be 

redesigned for each substantial change. In addition, implementing perfusion within 

current PDMS patterns was very challenging. A complicated system of connectors and 

couplings would have to be developed. Instead of dealing with a limited, high mainte-

nance model, it was decided that a new system should be developed from the ground up.  

 Designing a novel biochamber began with contacting Tissue Genesis, Incorpo-

rated (TGI) (Honolulu, HI), a biomedical engineering company with years of bioreactor 

fabrication experience. Discussions concentrated on the main goal for the new biocham-

ber; perfusing an invested RFMF construct. A schematic diagram is presented in Figure 

21. A relatively simple concept was developed that allowed the formation of a central 

conduit within an RFMF construct. This artificial lumen would be placed in-line with a 

peristaltic pump and provide the surrounding fragments with access to circulating media. 

It was expected that RFMFs would sprout towards and inosculate the artificial lumen. 

Following perfusion, the fragments would then interconnect, forming an in vitro network 

around the artificial conduit. 

Working with TGI, a set of requirements for this new biochamber was developed. 

Although many paralleled design parameters of other researchers (such as compatibility 
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with current peristaltic pump systems and sterilization techniques) (Morsi, Yang et al. 

2007), a number of specific and unique requirements were developed. First of all, the de-

signed chamber must allow for simple incorporation and physical support of an incorpo-

rated rat fragment construct. Second, it must allow the direct perfusion of an RFMF con-

struct. It should have open volumes above and below the microvessel-collagen volume to 

allow nutrient and gas exchange with the exterior surfaces of the construct. A schematic 

drawing of the initial design is presented in Figure 22. This prototype called for three 

chamber partitions; top, middle, and bottom. The top and bottom partitions are used to 

flow media around the construct. The RFMF construct is formed and remains within the 

middle partition. A computer-generated image of the initial prototype is presented in Fig-

ure 23.  

 The next challenge was determining appropriate dimensions for the chamber. 

Typically, during RFMF isolations, one to two milliliters of fragment suspension are pro-

duced. However, recent improvements to the isolation protocol have yielded higher 

fragment concentrations, resulting in five to six milliliters of fragment suspension per iso-

lation. With these volumes in mind, it seemed feasible to form two perfused constructs 

per RFMF isolation. This resulted in designing a biochamber that would accommodate a 

3mL specimen. Therefore, the internal cylindrical volume of the chamber was designed 

with a diameter of 1.8cm. The corresponding volume height was approximately 1.2cm. A 

height of 1.2cm would allow ample room to fabricate an internal lumen of approximately 

2mm. These dimensions would also allow approximately 5mm of construct above and 
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below the lumen. Structurally, this appeared to be sufficient sample mass to maintain in-

tegrity of the incorporated collagen-fragment volume. 

The material characteristics of the chamber components were also considered. 

The main chamber was fabricated from poly(methyl methacrylate) (PMMA). PMMA is a 

common material used in biomedical applications. Its uses range from surgical adhesives 

to the main material component of intraocular lenses (Ratner 1996). The tubing used 

throughout the perfusion system was composed of surgical grade, gas permeable silicone. 

This material facilitates the maintenance of oxygen, carbon dioxide, and pH levels within 

the media. Moreover all biochamber components (the central chamber, tubing, and con-

nectors) were compatible with gas sterilization. This allowed for standard aseptic prepa-

ration and use of the reactors. 

The first biochamber design was constructed with a single central cylinder (Figure 

24). It was enclosed with top and bottom lids that screwed into place. The system was 

sealed with the aid of two silicone o-rings. The central cylinder had two large central 

ports and a pair of smaller ports at each end for a total of three perfusion paths. Apparent 

in Figure 24, there are two internal recesses (one above and one below the central port). 

These were intended to support screens to hold the RFMF construct in the center of the 

chamber. Each perfusion port of the chamber was connected to silicone tubing capped 

with a luer connector. This interface allowed direct connection of the perfusion ports to 

standard peristaltic pump tubing.  
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Figure 21. Schematic of perfused fragment construct within a biochamber. 
A biochamber system was envisioned that allowed a perfusion conduit to be formed 
within a microvessel construct. After the onset of perfusion, surrounding RFMFs would 
begin to sprout and inosculate the artificial lumen. The fragments would become perfused 
and begin to develop into a network around the lumen. The lower left image is an exam-
ple of an ink-perfused in vivo construct. The presented work attempts to develop an ex-
perimental model that may someday reproduce this degree of network maturation in vi-
tro. 
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Figure 22. Schematic illustration of multi-chamber perfusion bioreactor. 
There were three basic goals for the initial biochamber design. First, it needed to easily 
incorporate and support a RFMF construct. Second, it must provide a method to directly 
perfusion this invested microvessel-collagen sample. Third, it required open volumes 
above and below the central construct to provide gas, nutrient, and waste exchange to the 
abluminal volumes greater than 200µm from the central perfusion port. Finally, it needed 
to be compatible with standard sterilization techniques. 
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Figure 23. Computer generated schematic of initial chamber design. 
This biochamber was designed around a single central chamber (yellow). It was enclosed 
with top and bottom lids that screwed into place (blue). The system was sealed with the 
aid of 2 silicone o-rings (red). The center chamber was designed with two large central 
ports and a pair of smaller ports at each end for a total of 3 perfusion paths. Two metal 
posts were located at each end to provide additional mechanical support for the caps. 
Colors are for illustrative purposes only. The actual chamber was composed of opaque 
poly(methyl methacrylate) (PMMA). The top and bottom caps contained windows made 
from either clear PMMA or glass. 
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Figure 24. Image of initial biochamber prototype. 
Digital image of the biochamber open (top) and sealed (bottom). Visible within the center 
chamber are recesses that allow screen placement and support. All tubing is interfaced 
with male and female luer connectors to facilitate integration with standard perfusion 
pump systems.  
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Forming the Construct within the Biochamber 

 The next experimental design steps focused on developing a protocol for 

forming an RFMF construct within the biochamber. Initially, a 1.5mm diameter 

poly(ethylene) (PE) PE160 Catheter (Beckson-Dickinson, Rutherford, NJ) was inserted 

into the reactor, connecting the 2 central ports of the chamber (Figure 25). This tube 

acted as a mandrel to form an artificial lumen within the collagen volume. Similar tech-

niques have been used by other researchers (Takei, Sakai et al. 2006; Aper, Schmidt et al. 

2007). Although the mandrel did not appear to interfere with collagen polymerization, 

forming the surrounding centralized collagen construct was a challenge. In particular, 

maintaining the position of applied, liquid collagen while it polymerized within the reac-

tor, was difficult.  

Addressing the difficulty associated with central partition-specific polymerization 

of collagen, a number of internal chamber modifications were used. The iterations are 

presented in Figure 25. Originally, it was envisioned that a single screen, positioned in 

the bottom of the chamber, would hold the collagen in place. The use of both 500µm and 

30µm nylon screens were attempted (Small Parts, Inc, Miami Lakes, FL). Whether room 

temperature or pre-heated to 37°C, independent or concurrent, the screens failed to pre-

vent the liquid collagen from flowing out of the central partition. Next, a temperature-

sensitive hydrogel, Pluronic F-127 (Sigma, St. Louis, MO), was applied to the screen. 

Pluronic F-127 (Sharma and Bhatia 2004) is an FDA approved material that exists as a 

low viscosity liquid at 4°C, but increases viscosity to a gel-like state at 37°C. For the cur-

rent application, it served to seal the bottom screen, preventing liquid collagen from leak-
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ing out of the central partition. During the presented experiments, the hydrogel main-

tained structural integrity long enough for the collagen to solidify.  

 With a method developed to gel collagen within the central partition, efforts 

moved on to begin perfusing the collagen-RFMF constructs with media. A major prob-

lem developed within 7 days of culture; one or both ends of the construct would become 

detached and misaligned from the perfusion ports. In response, flared connectors were 

inserted into the perfusion inlets (Figure 25). These flared connectors were fabricated by 

cutting and curling an end of a PE Formocath Catheter (Beckson-Dickinson, Rutherford, 

NJ). Once placed within the lumen of the chamber connectors, the flared end projected 3 

or 4mm into the collagen construct. This structural insert did not affect the polymeriza-

tion of collagen-RFMF constructs. However, when incorporated into the chamber, it 

formed a hermetic seal around the PE mandrel; preventing collagen from leaking out the 

bioreactor’s central ports. Once the mandrel was removed and the construct was perfused, 

the flares maintained the connection of the construct lumen with the chamber ports. It 

also assisted the anchoring of the invested construct within the central partition. 

With screens and flares in place, collagen-RFMF constructs were perfused within the de-

signed bioreactor. However, after exposing invested constructs to 7 days of flow, a new 

problem developed; constructs pulled away from the chamber walls and contracted 

around the central lumen. In order to counter this phenomenon, an upper 500µm nylon 

screen was incorporated into the chamber. A small hole was cut into the center of the 

screen to facilitate collagen application into the chamber. After 7 days of culture, this 

screen successfully maintained the width of the construct. However, the fragment-
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collagen system decreased in thickness, contracting away from the walls of the chamber 

and up to the support screen. The resulting constructs were only a few millimeters in 

thickness (instead of the initial 1.2cm). In a final attempt to maintain construct dimen-

sions, a circumferential support, comprised of a 500µm inner screen and a 30µm outer 

screen, were fitted within the central partition. After 7 days of culture, the construct 

maintained both its position and volume within the biochamber. The finalized perfusion 

protocol is presented in Figure 26.
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Figure 25. Modification of internal support structures within biochamber. 
A number of design changes were made to maintain the position of the central RFMF 
construct. First, nylon screens were positioned at the bottom of the middle partition. 
However, they did not prevent liquid collagen from leaving the biochamber. Covering a 
500µm screen with a temperature-sensitive hydrogel (Pluronic F-127) provided enough 
support to allow liquid collagen to polymerize in place within the chamber. Flared con-
nectors were added to maintain lumen connection with the chamber perfusion ports. Fi-
nally, additional circumferential screens were added to help prevent construct contraction 
and maintain construct volume during perfusion. 
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Figure 26. Procedure for forming RFMF construct within biochamber. 
First, a PE catheter and a pair of flared connectors are inserted into the central ports of the 
chamber. Two screens are then placed within the chamber. The first is a circumferential 
screen with slots that fit around the mandrel. The second is a hydrogel-coated screen at 
the bottom of the chamber. Next, a collagen-fragment suspension is added to the cham-
ber. Once polymerized, the PE mandrel is removed from the reactor. The lumen, top, and 
bottom partitions are then filled with media and connected to a peristaltic perfusion cir-
cuit. 
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Biochamber Flow Paths 

 With the construct fabrication protocol finalized, perfusion flow paths through the 

construct were investigated. A diagram of the self-contained perfusion set-up is provided 

in Figure 27. The experimental system contains 1 chamber, 3 reservoirs, and 1 multi-

channel peristaltic pump. All components are connected with gas permeable tubing and 

each perfusion path is attached to its own reservoir. All three paths are perfused with me-

dia at the same volumetric flow rate and maintained in standard tissue culture incubators 

at 37°C and 5% CO2.  

Initial experiments attempted to provide both luminal and interstitial flow through 

the fragment constructs (Ng and Swartz 2003; Ueda, Koga et al. 2004; Ng and Swartz 

2006). Lumen perfusion was achieved by the central, artificial lumen. Attempts to pro-

vide interstitial flow were accomplished by blocking various perfusion ports of the bio-

chamber. The different experimental flow paths are presented in Figure 28. Initially, me-

dia was perfused into the top partition, through the construct, and out the bottom (Figure 

28a). In these experiments, the construct often became dislodged towards the bottom par-

tition. This suggested the existence of a large resistance to media movement through the 

collagen volume. As a result, a pressure head developed within the in-flow partition. 

Once the pressure reached a critical value, the construct was displaced. If the perfusion 

path was reversed (flowing into the bottom and out of the top, Figure 28b), the construct 

was displaced into the upper partition. To further investigate the effects of pressure on the 

system, the top (Figure 28c) and bottom (Figure 28d) partitions were perfused individu-

ally. In each case, the construct was displaced into the non-perfused volume. In order to 
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avoid the development of large pressure gradients, it was determined that perfusing both 

upper and lower partitions was necessary (Figure 28e). After 14 days of culture with the 

Figure 28e flow configuration, perfused constructs remained in place. 
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Figure 27. Diagram of chamber perfusion set-up. 
The presented perfusion system contains three main components; reservoirs (left), a peri-
staltic pump (center), and the biochamber (right). Each reactor partition is connected to 
its own reservoir. All lines are pumped simultaneously with similar volumetric flow rates. 
All components are interconnected with gas permeable silicone tubing. The entire set-up 
is maintained in a standard tissue-culture incubator at 37°C and 5% CO2. For illustrative 
purposes, each perfusion line is a different color. In the actual set-up, the same media is 
used in each reservoir and perfusion line. 
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Figure 28. Diagrams of different flow paths used within the biochamber. 
A number of different flow paths were investigated within the biochamber. Media flowed 
in through the top and out through the bottom partition (a) and in through the bottom and 
out the top partition (b). Perfusion was also maintained in the top (c) and bottom parti-
tions (d) independently. Each of these flow patterns (a-d) caused the central construct to 
displace from the center of the chamber. As a result, media was perfused through all three 
paths simultaneously (e). 
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Perfusion Rates within the Biochamber 

 The next challenge of the biochamber system was to determine an adequate perfu-

sion rate. A multi-channel peristaltic pump (205S/CA, Watson-Marlow Brendel, Inc, 

Wilmington, MA) for was used for all experiments. Similar pump systems are used in a 

variety of in vitro perfusion models. In the presented work, perfusion rates from 1 to 10 

rpm, corresponding to volumetric flow rates of 150 to 1470µL/min, were investigated. A 

graph of the measurements is presented in Figure 29.  

Experimentally, all partitions were perfused with identical perfusion rates. At 

lower flow rates, (150 to 667 µL/min), the fragment-collagen constructs and perfusion 

systems remained intact. As flow rate was increased, two main problems developed. 

First, the silicon tubing would disconnect from the perfusion chambers. Second, if these 

connections were secured, the ensuing pressure within the central lumen would cause the 

construct to rupture. As a result, 667µl/min was used as the maximum perfusion rate for 

all following experiments. 
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Figure 29. Measured flow rates from Watson-Marlow peristaltic pump. 
The volumetric flow rate associated with different pump speeds was measured. Flow 
rates above 667µL/min (4 RPM) often caused tubing to disconnect and sometimes led to 
rupture of the perfused construct. An approximate linear flow rate, corresponding to 
measured values, is presented by a dashed line. 
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Biochamber #1 Evaluation 

 The initial bioreactor design provided a valuable foundation for developing an in 

vitro perfusion system. The previously described experiments led to the development of a 

construct fabrication protocol, the perfusion of an invested fragment-collagen construct 

within the biochamber, and the investigation of appropriate flow rates within the system. 

In addition, the biochamber maintained specimen isolation and sterility. However, 

through these pilot experiments, a number of design shortcomings became apparent. 

 The first issue with biochamber #1 was sterilization. Since it was constructed with 

PMMA, it could not withstand the temperatures associated with autoclaving. Therefore, 

the chambers could only be gas sterilized. This method of sterilization is time consuming 

(24 hour cycles with additional de-gassing time) and expensive.  

 The second major issue dealt with chamber design and structural resilience. 

Through the before mentioned pilot studies, the chamber materials began to fail. A num-

ber of cracks developed around all perfusion ports. The top and bottom metal connectors 

often dislodged from the chamber. Although they could be replaced with biologically 

compatible epoxy, they required frequent repair. In addition, cracks developed in the 

walls surrounding the central port. These cracks lead to a loss of chamber pressure and 

provided an avenue for contamination to enter the chamber. The cap locks also became 

fatigued and fractured from the structure. This prevented adequate sealing to maintain 

pressure within the chamber. As a result, external clamping techniques were required to 

maintain an isolated perfusion circuit. These issues suggested it was time to revisit the 

biochamber design and take this opportunity to improve its deficiencies. 



 
 

 

 
94 

Biochamber Redesign: The DIP Chamber 

 With the abovementioned biochamber faults, it was decided that redesigning the 

chamber was the proper course of action. The process began by re-evaluating the cham-

ber-sealing mechanism. In the first design, the screw-on caps were simple to use. How-

ever, they exerted stain on both the cantilevered cap features as well as the support pegs 

on the chamber. As a replacement, three common locking mechanisms were considered. 

These ideas are presented in Figure 30.  

Each sealing design minimizes the amount of material exposed to fatigue. In Fig-

ure 30a, the top and bottom caps would slide around the central perfusion port. Although 

simple, it would require careful component design to optimize the distance between the 

central port and the cap. In Figure 30b, the top and bottom lids would each snap around a 

locking peg. This alternative would eliminate any interaction with the central perfusion 

port and prevent premature facture of the central port materials. The Figure 30c design 

would rely on a friction fit, with o-rings to seal and hold the end-caps in place. Although 

each design presents an improvement in chamber sealing and possibly durability, they are 

incremental modifications to the reactor. It was decided that more could be done with the 

design improvements. 

 For future uses of this chamber, it was important to keep the partitions modular. A 

useful option would allow the relative position and dimensions of the central partitions to 

be modified by the investigator. Similarly, it would be useful to allow the dimensions of 

the top and bottom reservoirs to be changed. A solution is presented in Figure 31. In this 

design iteration, there are three main modular chamber components; a perfusion chamber, 
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an extension spacer, and a cap. With these components, chambers of different heights 

may be constructed by rearranging the order of chambers and spacers. The relative dis-

tances between perfusion ports may also be modified by a similar manner. To facilitate 

component connection, each section is threaded on the top and bottom.  

The chamber design in Figure 31 provides a great deal of versatility for the next 

bioreactor. However, there were a few possible problems. Fabricating the threads on the 

male-ends of the chambers and caps would be time consuming and expensive. The ap-

propriate thread type and size would have to be optimized. These dimensions may change 

depending on the material, for example, aluminum versus poly(carbonate). It would also 

be difficult to produce large numbers of these chambers in a short period of time. Since 

each component is unique, separate design parameters would have to be set for each bot-

tom and top end-cap, central chamber, and spacer. With these new challenges in mind, 

the third and current chamber design was developed. A schematic is presented in Figure 

32. The modular idea from the previous model was expanded. Each perfusion chamber 

was designed with a large central volume, one in-flow, and one out-flow port. The ports 

were threaded to allow variability in connector selection. An o-ring was used to seal each 

chamber partition from the environment. In this manner, a series of chambers may be 

stacked. The number of assembled partitions is only limited by the length of the bolts 

used to secure the stack. 

From a fabrication standpoint, this last chamber design is much simpler than pre-

vious attempts. The central chambers and bolt vias are drilled into each material block. 

Similarly, perfusion in-flow and out-flow ports are drilled and then threaded with a stan-
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dard bit (in perfusion systems, 1032 is commonly used). O-ring recesses are easily fabri-

cated by milling. The caps, both top and bottom, are much simpler to fabricate than the 

previous design. The top cap only requires 4 holes for the bolts to pass through while the 

bottom requires threads to receive the bolts and a recess for an o-ring.  

While modifying the chamber design, improvements to the material properties of 

the biochamber were also made. In order to decrease sterilization cost and time, a fully 

autoclavable system would be advantageous. However, the chamber material still needed 

to be compatible with biological systems. It was decided to use poly(sulfone), a common 

polymer used within biomedical devices and instrumentation (Ratner 1996). This hard, 

thermoplastic polymer is resistant to autoclave temperatures, is commonly sterilized with 

ethylene oxide, and is easily milled. Next, new autoclave compatible chamber connectors 

and silicone tubing were selected (these materials maintained structural properties with 

repeated exposure to temperatures of up to 125°C). After all of the design modifications 

were developed, the final  Dynamic In vitro Perfusion Chamber (DIP Chamber) was fab-

ricated (Figure 33). 
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Figure 30. Modifications considered for biochamber locking mechanism. 
In response to the mechanical failure of the chamber #1 end-caps, three other locking 
mechanisms were considered. Each design minimizes the amount of material exposed to 
fatigue. a) The top and bottom caps slide around the central perfusion port. b) The top 
and bottom caps snap around dedicated locking pegs. c) O-rings seal and hold the end-
caps in place. 
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Figure 31. Novel modular biochamber design. 
An idea for a modular biochamber was also developed. There are three main chamber 
components; a perfusion chamber, an extension spacer, and end-caps. With these compo-
nents, chambers of different heights may be constructed by rearranging the order of 
chambers and spacers. The relative distances between perfusion ports may also be modi-
fied by a similar manner. To facilitate component connection, each section is threaded on 
the top and bottom.  
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Figure 32. Final Dynamic In vitro Perfusion (DIP) chamber design schematic. 
This illustration presents the refined modular chamber system. Each perfusion partition 
was designed with a large central volume and an in-flow and out-flow port. The ports are 
threaded to allow variability in connector selection. An o-ring is used to seal each section 
from the environment. In this manner, a series of partitions may be stacked. The number 
of partitions is only limited by the length of the bolts used to secure the stack. 
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Figure 33. Digital images of fabricated DIP Chamber. 
a. Unassembled DIP Chamber is presented. The top, bottom, and three perfusion parti-
tions are visible. The center partition has been fitted with the internal circumferential 
screen and tubing flares. The DIP Chamber components are stacked (b) and bolted into 
place (c). 
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Characterizing Luminal Flow 

 While developing constructs in vitro, it is important to have a fundamental under-

standing of the perfusion characteristics within the chamber. Specifically, baseline 

knowledge of the pressures within the artificial lumen would be useful. With this infor-

mation, the presented experimental system may be compared to the dynamics of other 

research models currently in the literature. It would also provide some insight for com-

parison to physiological conditions. 

 Pressure change (ΔP) within the lumen may be calculated using Poiseuille Flow 

(Pries, Secomb et al. 1998): 

Q =  π ΔP d4 
      128 L µ 

Q = volumetric flow 
ΔP = pressure difference across cylinder 
d = tube diameter 
L = tube length 
µ = fluid viscosity (0.001 Pa*s, water) 
 
If the equation is rearranged, the pressure change across the central lumen may be deter-

mined by: 

 
ΔP = 128 Q L µ 
             π  d4 
 
A schematic of  the presented perfusion components is presented in Figure 34. There is a 

central lumen within the biochamber, two connectors, and two sections of tube that con-

nect the chamber to a perfusion system. In order to use the Poiseuille equation, it is as-

sumed that the perfusate is a Newtonian fluid that experiences a fully developed, laminar 
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flow through each of the conduits. It is also assumed that each lumen is a rigid uniform 

cylinder (Pries, Secomb et al. 1998). Ignoring turbulence occurring at the intersections of 

the different conduits, the parameters described in Table B were used to calculate the ap-

proximate pressure change across the system. The resulting pressure differences are pre-

sented in Table C: ΔPlumen = 0.0102 mmHg, ΔPconnector = 0.0079 mmHg, and  

ΔPtubing = 0.0388 mmHg. Since the tube sections are in series, the total pressure change 

can be approximated as (Massey 1998):  

 

ΔPtotal = ΔPlumen + 2(ΔPconnector)+ 2(ΔPtubing) = 0.1035mmHg 

 

These calculated values may be used to further calculate the shear stress (τ) experienced 

by the surface of the biochamber perfusion elements (Pries, Secomb et al. 1998): 

 
τ = r ΔP 
       2L 
 
τ = shear stress experienced by the luminal wall 
r = tube radius 
ΔP = pressure difference across cylinder 
L = tube length 
 
Calculated shear stress values are also presented in Table C. The shear stress experienced 

by the artificial lumen is τlumen = 0.297 dyne/cm2. 

The previous Poiseuille Flow equations described the pressure change related to 

volumetric flow through in an ideal cylindrical system. It is recognized that experimental 

systems are non-ideal. Therefore, further investigations of other fluid properties of the 
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system were conducted. An important characteristic to calculate is Reynolds Number 

(Re). This value predicts the type of fluid movement through a conduit and may be calcu-

lated from the following equation (Mott 2006): 

 

Re = ρ d v 
           µ 

ρ = fluid density  
d = tube diameter 
v = fluid velocity 
µ = fluid viscosity  
 

The utilized values are presented in Table B and calculations are presented in Table D. 

The Re of conduits ranged from 7.59 to 9.31. Re values less than 2000 are considered 

laminar. Therefore, the fluid flow through the presented perfusion conduits is well within 

this range. Since this experimental system presents laminar fluid flow, the Poiseuille 

Flow equations previously used provide a valid approximation of the fluid dynamics 

within the perfusion elements (Massey 1998). 

It is also recognized that four conduit intersections exist within the perfusion cir-

cuit. They are apparent in Figure 34: tubing to connector, connector to lumen, lumen to 

connector, and connector to tubing. Each connection represents an abrupt diameter 

change within the conduit, and results in the formation of turbulent eddies that increase 

resistance to flow (Massey 1998). There are two different situations that occur within the 

presented system; an abrupt increase in diameter (tube to connector and lumen to connec-

tor) and an abrupt decrease in diameter (connector to lumen and connector to tube). If 
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blunt intersections are assumed, the pressure change associated with an increase in di-

ameter may be approximated by the following relationship (Massey 1998): 

 

(p1 – p2) A2 = ρ Q (v2 – v1)  

 

p1 = pressure within first perfusion path element 
p2 = pressure within second perfusion path element 
A2 = cross sectional area of second perfusion path element 
ρ = fluid density 
Q = volumetric flow rate 
v1 = fluid velocity within first perfusion path element 
v2 = fluid velocity within second perfusion path element 
 

when rearranged, 

 

(p1 – p2) = ρ Q (v2 – v1) = ρ v2 (v2 – v1) 
                         A2  
 

The values and calculations are presented in Table D. In the second situation, an abrupt 

decrease in diameter, a different relationship is used. The equations describing abrupt di-

ameter increase is (Massey 1998): 

 

 ΔPa = k v2
2 

 ρ g     2g 

 

when rearranged, 
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ΔPa = 0.5 ρ k v2
2 

k = loss coefficient, related to diameter decrease 
v2 = fluid velocity within second perfusion path element 
ρ = fluid density 
 

The calculated values are presented in Table D. When summed, the total pressure loss 

due to volume changes and related turbulence is approximately 7.17 x 10-5 mmHg.  

 

Totaling all of the pressure loss terms: 

 

ΔPoverall = ΔP (Poiseuille) + ΔPa (Abrupt Diameter Change) 

ΔPoverall = 0.10353 mmHg + 0.00007mmHg = 0.10360mmHg 

 

These calculations represent ideal pressures changes within the DIP Chamber artificial 

lumen. In order to validate these approximations, an experimental system must be devel-

oped to measure pressure changes within the bioreactor.
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Figure 34. Schematic of artificial lumen, connector, and tubing lengths. 
This drawing illustrates the tube lengths (connectors and artificial lumen) used within the 
DIP Chamber system. These dimensions were used to approximate pressure and shear 
with Poiseuille Flow equations. 
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Table B. Dimensions of Biochamber Components and Flow Characteristics 

Variable Value 

Flow (Q) 0.01128 mL/sec 

Density (ρ) 1000 kg/m3 

Viscosity (µ) 0.001 Pa*s (water) 

Lumen Diameter (d) 0.157 cm 

Lumen Length (L) 1.8 cm 

Connector Diameter (d) 0.178 cm 

Connector Length (L) 2.3 cm 

Tubing Diameter (d) 0.152 cm 

Tubing Length (L) 6 cm 

 



 
 

 

 
108 

Table C. Calculated Pressure Change and Shear Stress from Poiseuille Flow Equations 

 
Component Calculated ΔP  

(mmHg) 
Calculated τ  
 (dyne/cm2) 

Lumen 0.01022 0.297 

Connector 0.00790 0.204 

Tubing 0.03876 0.327 

ΔP Total 0.10353 mmHg  
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Table D. Calculated Pressure Changes due to Interior Diameter Changes 

Path Connection ΔPa (mmHg) 

Tubing to Connector -5.56 x 10-5 

Connector to Lumen 1.11 x 10-5 

Lumen to Connector -4.27 x 10-5 

Connector to Tubing 1.55 x 10-5 

Total -7.17 x 10-5 
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Measuring Pressure Within the DIP Chamber 

 In order to gain a fundamental understanding of some basic fluid mechanics of the 

DIP Chamber system, a method was devised to measure real-time pressure within the 

constructs. Within the initial perfusion set-up (Figure 27), each bioreactor chamber was 

isolated from the other chambers via separate tubing and media reservoirs. This provided 

an opportunity to collect pressure data from each perfusion line through a simple modifi-

cation. By incorporating a pair of gas-sterilized, custom-built manometers (one before the 

chamber, one after the chamber) into each perfusion path, direct pressure measurements 

within each chamber partition could be collected. A schematic is presented in Figure 35.  

In order to collect pressure measurements, a collagen construct was formed within 

a DIP Chamber. It was then perfused and connected to the manometer-perfusion circuit. 

The height of media was measured before and after each perfusion path once a day for 10 

consecutive days. In order to record media height, a digital picture of the set-up was 

taken daily. Using an internal reference within each image, the difference in media height 

was determined and then converted to a pressure. An example image is presented in Fig-

ure 36. Graphs of the chamber pressure differences over 10 day periods are presented in 

Figure 37. From these measurements, the overall average pressure differences are pre-

sented in Table E. In the top chamber ΔP = 0.27mmHg, in the middle chamber ΔP = 

0.23mmHg, and in the bottom chamber ΔP = 0.24mmHg. 
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Figure 35. Schematic drawing of manometer pressure measuring set-up. 
A pair of manometers were place inline with each perfusion path of the DIP Chamber 
(one before and one after each partition). In order to determine pressure, media height 
was measured before and after each partition. The difference was converted to a pressure 
change. For illustrative purposes, each perfusion line has been represented with a differ-
ent color. In the actual perfusion set-up, all perfusion paths utilized the same type of me-
dia. 
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Figure 36. Image of perfusion set-up with manometers. 
The DIP Chamber perfusion system is presented. The DIP Chamber, silicone tubing, ny-
lon connectors, and manometers are visible. The system is maintained in a standard tis-
sue-culture incubator at 37°C and 5% CO2. 
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Figure 37. Graphs of pressure differences across DIP Chamber partitions. 
Graphs of average top (upper left), middle (upper right), and bottom (lower left) DIP 
Chamber pressure differences are presented. These charts are comprised from data col-
lected from three different chambers perfused for a 10 day period. Error bars represent 
the standard deviation of each data point. The three charts were graphed concurrently 
(without error bars) for direct comparison (lower right). 
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Table E. Average Chamber Pressure Differences Over 10 Days of Perfusion 

Chamber Average ΔP (mmHg) 

(mean ± standard deviation) 

Top 0.27 ± 0.122 

Middle 0.23 ± 0.063 

Bottom 0.24 ± 0.051 
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Discussion 

 In the previous chapter, novel methods were described to pattern cells and iso-

lated fragments in vitro. From those results, it was realized that the soft lithography based 

system would not easily accommodate larger, more complex constructs. It was also diffi-

cult to incorporate flow into these high-resistance microchannel networks. A new system 

design was needed; a biochamber that would allow flexibility with respect to sample size, 

configuration, sterilization, and compatibility with current perfusion hardware. In order to 

gain insight into perfusion chamber technologies, a survey was done of current experi-

mental biochambers. 

 A number of researchers have developed perfusion-based bioreactors. Most reac-

tors are custom made and appear intended for a particular application. For instance, re-

searchers have designed chambers with single inflow and outflow ports for perfusing 

harvested vessels (Dahl, Koh et al. 2003; McFetridge, Abe et al. 2007) or blood-derived 

vessel mimics (Aper, Schmidt et al. 2007). These systems would not easily accommodate 

an engineered construct and were not designed to simultaneously provide multiple flow 

paths.  

Other groups have devised methods to form lumens within a volume of collagen. 

Conduits have been drilled within collagen sponges (Frerich, Zueckmantel et al. 2006) 

and formed around a mandrel within polymerizing collagen (Chrobak, Potter et al. 2006; 

Takei, Sakai et al. 2006). These channels were then sodded with a variety of cells and 

conditioned for a few weeks. Their main goal was to form cell-lined vessel mimics, al-

though some relied on cellular mechanisms to form extensions into the surrounding ma-
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trix (Frerich, Zueckmantel et al. 2006; Takei, Sakai et al. 2006). Other groups prevented 

such possibilities by using very high concentrations of collagen within their systems (up 

to 9mg/mL collagen) (Chrobak, Potter et al. 2006). Similar to the vessel perfusion 

groups, these biochambers only incorporate a single inflow and outflow port. Although 

they used collagen as a structural material, their systems are not amenable to incorpora-

tion of multiple flow ports or other cell types within the matrix surrounding the lumens. 

These limitations increase the difficulty associated with scaling up their experimental 

models or branching into different research avenues. 

On the contrary, the presented biochamber designs focused on experimental flexi-

bility. The importance of abluminal exposure to circulating media was recognized from 

the onset of device development (Williams and Wick 2005; Cardinal, Bonnema et al. 

2006). The first design reflected this insight by providing three perfusion pathways for 

the system (Figure 24). Its configuration also allowed uncomplicated assembly within a 

tissue culture hood. After a few simple modifications, it allowed  direct formation of 

fragment-collagen constructs within its central partition. However, the material and con-

figuration limits of this system were recognized. These shortcomings led to device im-

provements within the redesigned DIP Chamber perfusion system (Figure 33).  

The DIP Chamber provided a number of benefits over the first biochamber proto-

type. First of all, forming the RFMF construct was simplified while simultaneously in-

creasing construct reliability. In the first chamber, a hydrogel (Pluronic F127) was used 

to seal the bottom structural screen used to maintain collagen position (Figure 26). If that 

gel was heterogeneously distributed on the screen, thin areas would leak and allow colla-
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gen to flow out of position. If the hydrogel failed to make a seamless interface between 

the corner of the screen and the chamber wall, a similar problem would result. The 

Pluronic F127, upon collagen contact, would also begin to transition back to a less vis-

cous, fluid-like state. This would cause localized mixing of the collagen near the screen. 

This mixing would decrease the collagen concentration towards the bottom of the con-

struct, possibly resulting in decreased mechanical strength. The DIP Chamber design 

eliminated this interaction. F127 was only used to seal the edges of the chamber. The sur-

face area of contact between the two materials was greatly decreased and often elimi-

nated. After transitioning to the DIP Chamber, very few instances of collagen leaking oc-

curred (the only leaks were due to poor placement of the inner circumferential support 

screen, providing avenues for collagen leakage). 

A number of sterility enhancements were also provided by the DIP Chamber de-

sign. All of the hardware components are compatible with autoclave processing, resulting 

in decreased time and required funds for sterilization. The new modular design provided 

simple assembly within a tissue culture hood. Each chamber is stacked and then secured 

with bolts. The redesigned tubing connectors also allow simplified partition filling with 

media. Overall, the time required to sterilize and assemble the bioreactor was greatly de-

creased. 

Functionally, the DIP chamber performed very well. It maintained pressure and 

sample isolation throughout the experiments. Minimal leaks and very few contaminations 

were experienced. With respect to current literature, this is the first biochamber of its 

kind to be developed. Its simple assembly and expansion capabilities make it a useful tool 
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for a variety of research applications. There are also discussions to make this design 

available to the public and mass-produce it for broad experimental use. For the purposes 

of the presented work, it serves as novel system for the investigation of in vitro perfusion 

of invested constructs. 

To further understand the perfusion of DIP Chamber constructs, experiments ex-

plored the pressure change across the central conduit length. A simple manometer based 

set-up was devised that allowed basic measurements of pressure before and after each 

partition of the biochamber. These experiments were compared to calculated pressure dif-

ferences in an ideal system. It was recognized that the DIP Chamber perfusion path is 

complicated. It is composed of five perfusion elements with different lumen diameters. 

Therefore, two different sources of pressure loss were calculated within the perfusion 

path; pressure loss due to fluid moving through a cylinder and the turbulence due to 

abrupt internal diameter changes. From the calculations, the pressure change due to the 

fluid dynamics of laminar flow through a cylinder was the main contributor. Turbulence 

associated with diameter changes was minimal. When the calculated and experimental 

values are compared, the pressure differences were close, but disagreed by a factor of 

two. One possible explanation for the discrepancy may be a change in the diameter of the 

construct lumen.  

It has been reported that collagen tends to swell when exposed to phosphate-

buffered saline (Doughty 2000). This increase in volume occurs fairly rapidly, within the 

first 30 minutes of saline application (Lowther and Collins 1997). Similar results were 

obtained with polymerized collagen constructs removed from the DIP Chamber and 
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placed in perfusion media (M199 with 20% fetal bovine serum). As described in Figure 

39, three different collagen constructs increased in diameter after 30, 60, and 90 minutes 

of exposure to perfusion media. These observations suggest collagen volumes also swell 

when placed in media.  

If the collagen constructs within the DIP Chamber expanded after exposure to 

perfusion media, it is possible that their central lumens would be affected, particularly 

given that the construct boundaries are constrained by the walls of the chamber. If the 

diameter was decreased 20%, the resulting difference in Poiseuille flow would result in a 

2.4 times increase in pressure drop. This small change would account for the difference 

between the calculated and experimental data. Consequently, other differences could re-

late to the assumptions made in the calculations. The DIP Chamber perfusion conduits 

may not be rigid, smooth cylinders. Certainly the collagen walls of the central lumen 

have some irregularities. Collagen itself is a porous network of polymer fibers (Jeong, 

Kim et al. 2007). This open structure would provide added resistance to perfusion 

through increased interaction between the conduit walls and passing media. 

Although the calculations are not perfect, they do provide some insight into the 

fluid mechanics of the DIP Chamber system. They suggest that the measured pressures 

within this experimental model are reasonable. The calculations and measurements also 

suggest the pressures provided to the construct’s central lumen are well below physiol-

ogic levels of a typical microcirculation. The presented experimental 0.23 mmHg is much 

less than the 14 mmHg of intravascular pressure measured in small veins of the rat gastric 

microcirculation (Peti-Peterdi, Kovacs et al. 1998). In addition, the calculated shear stress 
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value of 0.297 dyne/cm2 is much lower than the range of pressures observed in a typical 

microvasculature; approximately 5 to 15 dyne/cm2 for small venules and small arterioles 

respectively (Torres, Pittman et al. 2007). 

The DIP Chamber experimental system utilizes pressure and shear forces below 

typical biological levels. However, the presented model compares favorably to other ex-

perimental systems currently in use for in vitro perfusion. A comparison of the DIP 

Chamber perfusion data to other models is presented in Table F. All calculated values 

were determined by Poiseuille flow assuming fully developed, laminar flow of a Newto-

nian fluid through a rigid, uniform cylinder. Only values for artificial lumens were com-

pared. Five of the six other groups did not conduct pressure measurements, nor did they 

provide any shear information of their systems. The group that did provide information 

pressurized their system between 20 and 25 mmHg (Aper, Schmidt et al. 2007). These 

values were far greater than the calculated pressures of any other perfusion-based system. 

The Aper group utilized these experimental conditions, in addition to higher flow rates, to 

replicate large blood vessel physiology. Increased flow rates were also used by other re-

searchers to form conduits with endothelialized lumens surrounded by smooth muscle 

cells (Williams and Wick 2005; Cardinal, Bonnema et al. 2006). However, none of these 

groups were interested in developing microvasculatures. 

Two other groups have researched in vitro network development. They used low 

flow and low pressure conditions to form capillary-like structures around an artificial lu-

men (Frerich, Zueckmantel et al. 2006; Takei, Sakai et al. 2006). These vessel-like struc-

tures were predominantly elongated endothelial cords. In some instances, the endothelial 
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cells appeared to form lumens (Takei, Sakai et al. 2006). However, these capillary-like 

structures were surrounded by smooth muscle cells with a stellate morphology; the net-

works did not exhibit typical pericyte coverage associated with arterioles or venules 

(Frerich, Zueckmantel et al. 2006). In addition, there was no evidence of patent, intercon-

nected vessel-elements. This microvascular phenotype may be the result of the low-

pressure conditions within the biochambers.  

The DIP Chamber perfusion system was designed with the intention of develop-

ing microvascular networks around an artificial lumen. In order to achieve this goal, it 

combines aspects of both large and small vessel fabrication models. Similar to small ves-

sel systems, the DIP Chamber artificial lumen is fabricated within a collagen matrix with 

comparable inner diameter and length dimensions (Chrobak, Potter et al. 2006; Frerich, 

Zueckmantel et al. 2006; Takei, Sakai et al. 2006). In order to maintain incorporated ves-

sel patency, higher flow rates are used. This resulted in calculated ΔP and τ values closer 

to large vessel models (Williams and Wick 2005; Cardinal, Bonnema et al. 2006; Aper, 

Schmidt et al. 2007).  

Within this chapter, the development of a novel perfusion based bioreactor, the 

Dynamic In vitro Perfusion (DIP) chamber has been described. The system has been op-

timized for the incorporation of a two to three milliliter experimental construct. A set of 

flow conditions and perfusion pathways have been determined that are compatible with 

invested DIP chamber constructs. Baseline fluid mechanics of the system have also been 

calculated and compared to experimental measurements. The next step is to invest a se-

ries of microvascular constructs and evaluate the experimental capabilities of the DIP 
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Chamber. In the next chapter, the aforementioned perfusion set-up, construct develop-

ment protocols, and circulation conditions will be used to perfuse microvessel fragments 

within the Dynamic In vitro Perfusion chamber. 
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Figure 38. Schematic of forming RFMF construct within DIP Chamber. 
First, a PE catheter and a pair of flared connectors are inserted into the perfusion ports of 
the central partition. A circumferential screen is then placed within the central partition. 
Next, the collagen-fragment suspension is added to the partition. Once polymerized, the 
PE mandrel is removed from the reactor. The remaining chamber components are assem-
bled and each partition is perfused. The chamber is attached to a perfusion system and 
maintained within a tissue culture incubator for the duration of the experiment. 
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Figure 39. Collagen swelling within perfusion media. 
Three collagen constructs were formed within DIP Chambers, removed, and then placed 
in a petri-dish with M199 media with 20% fetal bovine serum (FBS). Each construct in-
creased in diameter after 30, 60, and 90 minutes. 
 



 
 

 

 
125 

Table F. Characteristics of Current Perfusion Models 

Investigator Inner  

Diameter 

(cm) 

Length 

(cm) 

Flow 

(mL/sec) 

Calculated* 

ΔP 

(mmHg) 

Calculated* 
τ  

(dyne/cm2) 

Present Study$ 0.15 1.8# 0.0113 0.104 0.297 

Chrobak$ 0.012 1.5 5 x 10-5 0.516 2.95 

Takei$ 0.05 3.0 6.67 x 10-3 0.978 5.43 

Frerich$ 0.1 – 0.2 2.5 8.33 x 10-3 0.064 - 0.004 0.849 – 0.106 

CardinalΞ 0.4 4.5 0.25 - 1 0.013 – 0.054 0.40 – 1.59 

WilliamsΞ 0.45 3.5 0.667 0.017 0.745 

AperΞ,¥ 0.5 12 - 15 2 0.117 – 0.147 1.63 

* = all calculations used Poiseuille Flow equations, assuming fully developed laminar 
flow, rigid uniform cylinder, and Newtonian fluid 
 
# = represents chamber lumen only 
 
$ = small vessel fabrication 
 
Ξ = large vessel fabrication 
 
¥ = reported system pressures of 20mmHg to 25mmHg 
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4. IN VITRO PERFUSION OF MICROVESSEL NETWORKS WITHIN DIP 

CHAMBER 

 

Introduction 

 Researchers are investigating a wide variety of approaches to fabricate in vitro 

microvessels. Many use traditional cell-based models, co-culturing microvessel cells 

within ECM proteins (Kurzen, Manns et al. 2002), carcinoma derived matrices (Darland 

and D'Amore 2001), and growth factor-doped three-dimensional environments (Hirschi, 

Rohovsky et al. 1999; Tille and Pepper 2002). Others form in vitro vessels by seeding 

polymer beads (Nakatsu, Sainson et al. 2003) or suspending harvested aorta segments 

(Reed, Karres et al. 2007) within 3D matrices. Groups have also tried a variety of litho-

graphic methods to print cells (Kane, Takayama et al. 1999; De Silva, Desai et al. 2004; 

Co, Wang et al. 2005; Kobayashi, Miyake et al. 2007). Although the abovementioned 

models utilize very different techniques, they all produce “angiogenic” conditions where 

endothelial cells or fibroblasts extend into the surrounding matrix. However, it was often 

inconclusive if these sprouts formed and maintained lumens. 

 As described in Chapter 3, patent vessels have been formed and maintained in vi-

tro through the use of biochambers. Within these systems, polymer scaffolds are sodded 

with microvascular cells to form millimeter-scale blood vessel mimics (Williams and 

Wick 2005; Cardinal, Bonnema et al. 2006). Smaller caliber conduits have been fabri-

cated by drilling lumens (Frerich, Zueckmantel et al. 2006) or using mandrels within col-

lagen volumes (Chrobak, Potter et al. 2006; Takei, Sakai et al. 2006). While these 

experimental models focused on single vessel development, other groups have developed 
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experimental models focused on single vessel development, other groups have developed 

interconnected endothelial sprouts that extended into the surrounding matrix (Frerich, 

Zueckmantel et al. 2006; Takei, Sakai et al. 2006). Although these results provide prom-

ising steps toward in vitro vessel development, none of these systems provide substantial 

evidence of patent microvessel network formation.  

 Perfused vessel networks have been established and maintained in vitro via har-

vested and processed tissue specimens. Researchers have excised mouse myocardial tis-

sue and cultured it in vitro (Watzka, Steiner et al. 2004). After 3 weeks of culture, inter-

connected microvessels were present within the sample. In a another model, microvascu-

lar beds have been isolated from harvested segments of porcine bowels (Schultheiss, Ga-

bouev et al. 2005). After decellularising the tissue and re-sodding with endothelial pro-

genitor cells (EPCs), an “artificial” network was fabricated. Similarly, placental tissue 

has been excised, decellularized, and re-sodded to form in vitro networks (Flynn, Semple 

et al. 2006). Other researchers have harvested retinal microvasculatures and directly per-

fused them to study microvessel behavior in vitro (Yu, Su et al. 2003). These procedures 

each provide ex vivo experimental microvasculatures. They provide useful platforms for 

network investigation and biologically-derived scaffolds for tissue generation. Yet, these 

techniques lack the ability to easily modify construct dimension. They are not easily 

scaled up or down. The systems also require lengthy tissue harvest procedures and weeks 

of sample conditioning before the networks are ready for experimental use.  

 A unique combination of harvested tissue elements and in vitro development is 

provided by the Hoying Model. Rat fat microvessel fragments (RFMFs) are isolated from 
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excised epididymal fat (Wagner and Matthews 1975) and then suspended in collagen and 

allowed to polymerize (Hoying, Boswell et al. 1996). Although these fragment-collagen 

constructs are often formed in 96 or 48 well plates, they may conform to any geometry. 

In vitro, the fragments (cultured in standard tissue-culture incubators) maintain their an-

giogenic potential, forming endothelial sprouts within 4 days. To date, a method to per-

fuse and develop RFMF constructs in vitro has yet to be developed. The previous chapter 

described the development of the DIP Chamber and a protocol for perfusing in vitro col-

lagen volumes. In this chapter, the acellular collagen construct within the DIP Chamber 

will be replaced with an RFMF construct. The following experiments will provide the 

first examples of in vitro perfused microvascular networks. 

 

 Materials and Methods 

Rat Fat Microvessel Fragment Isolation Protocol 

 Male, retired breeder Sprague Dawley rats (Harlan, Indianapolis, IN) are anesthe-

tized with Isofluorine (Western Medical, CA) and then injected inter-peritoneal with pen-

tobarbital (Nembutol, Western Medical, CA). Using aseptic technique, epididymal fat 

pads are removed and placed in Dulbecco’s cation free - phosphate buffered saline (with-

out calcium and magnesium) with 0.1% bovine serum albumen (BSA-PBS). The follow-

ing steps are all performed in a sterile tissue culture hood. All instruments and media are 

sterilized. The collected fat is minced for 10 minutes with curved surgical scissors. It is 

mixed 1 part minced-fat to 1.5 parts BSA-PBS with 2mg/mL collagenase (Worthington 
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Biochemical Company, Lakewood, NJ) and 1mg/mL DNAse (Sigma, St. Louis, MO). 

The previous mixture is then added to a flask containing a small stir-rod and agitated in a 

37°C water bath for 4 to 6 minutes. The contents are centrifuged at 400 relative centrifu-

gal force (rcf) for 4 minutes. Next, the supernatant is decanted and the fragment pellets 

are gently re-suspended in 10mL BSA-PBS. The suspensions are centrifuged, decanted, 

and re-suspended 2 more times. The digested fragments are then filtered first with a 

500µm screen and then a 30µm screen. Next, the 30µm screen is rinsed with BSA-PBS 

and the isolated fragments are collected and suspended in a conical tube with BSA-PBS. 

Two 20µL samples are taken from fragment-BSA-PBS tube to determine RFMF number. 

The fragment suspension is then centrifuged at 400rcf for 4 minutes. The supernatant is 

decanted and the remaining RFMF pellet is placed on ice until use.  

 High concentration rat tail type I collagen (BD Biosciences, San Jose, CA) is 

mixed with 4xDMEM (Invitrogen, Carlsbad, CA) and sterile deionized water to yield a 

final concentration of 3mg/mL collagen and 1xDMEM. The 3mg/mL collagen was then 

mixed with the isolated fragments to yield a concentration of 2 x 104 RFMFs/mL. In or-

der to retard polymerization, all components were kept on ice until use.  

 

DIP Chamber Set-up 

DIP Chamber components are first gas sterilized and allowed to de-gas for at least 

12 hours. For chamber assembly, the bioreactor contains 3 partitions, a bottom, a center, 

and a top (Figure 33). The top and bottom partitions are open and provide a volume for 

media to flow above and below the incorporated construct. The center partition contains a 
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circumferential screen to provide structural support for the incorporated microvessel con-

struct. It also has a poly(ethylene) catheter placed in the center ports (Figure 38). This 

cylinder serves as a mandrel to form an artificial lumen within the incorporated construct. 

As described above, isolated RFMFs are suspended in collagen and stored on ice 

until use. A DIP Chamber cap is placed in a petri dish before Pluronic F127 (a tempera-

ture sensitive hydrogel) is applied to the bottom of the central partition. Immediately, the 

gel-covered surface is placed on the chamber cap within the petri dish (the hydrogel is 

sandwiched between the two chambers, providing a seal to prevent collagen leakage). 

Approximately 2.5mL of RFMF-collagen is applied to the open volume of the central 

chamber. The chamber is then placed in a tissue culture incubator and the suspension is 

allowed to polymerize for at least 45 minutes. After polymerization, the central chamber 

is removed from the petri dish. The top and bottom chambers are added to the assembly 

and the biochamber is bolted together. The central polymer mandrel is slowly removed, 

forming an artificial lumen within the RFMF construct.  

In pilot DIP Chamber set-ups, primary adipose microvascular cells were isolated 

and incorporated into the lumen. 6 x 106 isolated cells were sodded into the central lumen 

of the RFMF construct. After 2 hours, the cells were flushed from the chamber. In later 

experiments, it was found that sodded cells were not required to maintain RFMF viabil-

ity. Therefore, this step was deleted. 

The DIP Chamber is then perfused with perfusion media (M199 media with 20% 

Fetal Bovine Serum, 1% penicillin/streptomycin and 0.13% Fungizone). The procedure is 

illustrated in Figure 40. First, silicone tubing is attached to the chamber ports (Figure 
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40b). A sterile syringe (filled with media) is connected to the in-flow bottom port (Figure 

40c). Hemostat #1 is used to clamp the tubing away from the chamber (Figure 40d) and 

media is slowly injected into the bottom partition. Once media begins to leave the out-

flow port of the bottom partition, hemostat #2 is used to clamp the distal tubing. Hemo-

stat #1 is then moved in-between the DIP Chamber and the syringe (Figure 40e). The bot-

tom partition in-flow tubing is connected to the media reservoir. The syringe is used to 

draw media from the reservoir, priming the in-flow perfusion tubing. The out-flow tubing 

is now connected to the reservoir. Both hemostats are released followed by the removal 

of the syringe (Figure 40f). The bottom perfusion path is now primed and the abovemen-

tioned procedure is repeated for the other two perfusion partitions. Care is taken to re-

move all bubbles from the perfusion lines. The system is maintained in a standard tissue 

culture incubator (37°C, 5% CO2) for 10 to 14 days. Perfusion media is replaced every 5 

days.  
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Figure 40. Illustration of perfusion procedure for DIP Chamber. 
a) Tubing, hemostats, and a syringe are shown with an assembled DIP Chamber. b) Sili-
cone tubing is attached to the DIP Chamber. c) A sterile syringe (filled with media) is 
connected to a partition in-flow port. d) Hemostat #1 is used to clamp the tubing away 
from the chamber and media is slowly injected into the bottom partition. e) Once media 
leaves the out-flow port, hemostat #2 is used to clamp the distal tubing. Hemostat #1 is 
then moved in-between the DIP Chamber and the syringe. After the tubing is attached to 
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the reservoir, the syringe is used to draw media from the reservoir, priming the in-flow 
side of the chamber. f) The out-flow tubing is now connected to the reservoir and both 
hemostats are released. This is followed by the removal of the syringe. The bottom perfu-
sion path is primed and the procedure is repeated for the other two perfusion partitions. 
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Viability Assay of Perfused Constructs and Viability Analysis 

 After a DIP Chamber construct was perfused with media for 6 to 10 days, a 

viability assay (Cytotoxicity Fluorometic Kit, Live/Dead, Molecular Probes, Invitrogen, 

Carlsbad, CA) was performed on the system. 15µL of 4mM calcein AM and 60µL 2mM 

ethidium D1 was added to 20mL of DCF-PBS. This mixture was perfused through the 

central DIP Chamber partition and allowed to circulate for 1 hour. The construct was then 

removed from the chamber, exposed to 0.01% bisbenzimide (BBI) for 5 minutes, rinsed 

twice with DCF-PBS for 10 minutes, and fixed with 2% paraformaldehyde for 20 min-

utes. Samples were stored, isolated from ambient light, at 4°C until analysis. 

 Viability analysis was conducted on constructs perfused with media for seven 

days. After incubated with the Live/Dead viability assay, fluorescent images were taken 

around the artificial lumens of the perfused specimens. Fragments were counted in two 

zones, 0-200µm and greater than 200µm from the lumen. Statistical comparisons were 

made using a Student T-test package within JMP 5.1 (SAS, Cary, NC).  

 

Viability Assay with Ink-perfusion and Perfusion Analysis 

 Constructs within the DIP Chamber were treated with the viability assay reagents 

as described above. Dialyzed India ink was mixed 1:1 with 1% gelatin-DCF-PBS and 

was then perfused through the center chamber for 45 minutes. The construct was 

removed from the DIP chamber, exposed to 0.01% bisbenzimide (BBI) for 5 minutes, 
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and placed in 2% paraformaldehyde for 20 minutes. The construct was stored in DCF-

PBS, away from light, at 4°C until analysis. 

 Perfusion analysis was conducted on constructs after seven days of perfusion. 

Once samples were incubated with the Live/Dead viability assay and perfused with ink, 

fluorescent images were taken around the lumen of the perfused specimens. Fragments 

were counted in two zones, 0-200µm and greater than 200µm from the lumen. Statistical 

comparisons were made using a Student T-test package within JMP 5.1 (SAS, Cary, NC).  

  

GS1 Ink perfusion of construct 

 150µL of GS1-rhodamine (Vector Labs, Burlingame, CA) was added to 30mL of 

perfusion media and allowed to circulate through the central chamber. After 12 hours, the 

media was replaced with DCF-PBS and circulated for at least 1 additional hour. 

Constructs were perfused with ink as described above. The construct was carefully re-

moved from the biochamber and fixed with 2% paraformaldehyde for 20 minutes. The 

construct was then stored, isolated from light, at 4°C until use. 

 

GS1-microsphere perfusion of construct 

150µL of 10µm green fluorescent microspheres (Invitrogen, Carlsbad, CA), 

150µL of rhodamine-GS1 (Vector Labs, Burlingame, CA), and 150µL of 2.5µm blue 

fluorescent microspheres (Invitrogen, Carlsbad, CA) were added to 30 mL of perfusion 

media. The microsphere-rhodamine media was allowed to circulate through the central 
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chamber for 12 hours. After this time period, the construct was removed from the biore-

actor and fixed with 2% paraformaldehyde for 20 minutes. The specimen was then stored 

away from light at 4°C in DCF-PBS until microscopic analysis. 

 

Confocal Microscopy 

 A Zeiss LSM 510 Meta NILO microscope was used to investigate samples. A list 

of the fluorescent specimens used in the following experiments is listed in Table G. For 

excitation, a Helium-Neon laser emitting light at 543nm was used to excite GS1-

rhodamine. An Argon laser emitting light at 488nm was used to excite the green fluores-

cent microspheres. A coherent MIRA900 2-photon laser was tuned to 800nm to excite the 

blue fluorescent microspheres. Confocal image stacks were taken with a 10x or 20x ob-

jective and either a 2.5µm or 5µm z-step. Confocal image stacks were rendered with 

Amira (Visage Imaging Inc, Carlsbad, CA) or Volocity (Improvision, Inc, Waltham, MA) 

software packages. Confocal stack projections onto the x-y plane and virtual 3D volume 

renders were created with these software packages. 
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Table G. Excitation and Emission Information for Experimental Markers 

Fluorescent Sample Excitation λ (nm) Emission λ (nm) 

Blue Fluorescent Microspheres 400 460 

Green Fluorescent Microspheres 454 492 

GS1-rhodamine 550 575 
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Prepared Histology Specimens 

Constructs were first dehydrated for paraffin embedding using a Tissue-Tek VIP 

Tissue Processor (Sakura Finetek USA, Inc, Torrance, CA). Specimens were rinsed with 

70% ethanol for 30 minutes. This was followed by one rinse with 80% ethanol, two 

rinses in 95% ethanol, and two rinses in 100% ethanol, each for 30 minutes. The process-

ing was completed by two 60-minute rinses in 100% xylene. All rinses were done at 

room temperature. The samples were then embedded in paraffin blocks, allowed to cool, 

and sectioned at 6µm depths. Paraffin sections were adhered to poly-L-lysine coated 

slides and allowed to dry overnight. Slides were rinsed twice in 100% xylene for 10 min-

utes. This was followed with two 5-minute rinses in 100%, 95%, 90%, 80%, 70%, and 

50% ethanol. After a 5-minute rinse in deionized (DI) water, the slides were covered with 

500µL of 2% biotintylated GS1 for 60 minutes. Following three 5 minute washes in 

DCF-PBS, 500µL of 2% Streptavadin was placed on the slide for 10 minutes. After three 

more 5-minute washes of DCF-PBS, substrate was added to the sample and rinsed in wa-

ter (this time point was indicated by the appearance of light brown staining within the 

slide). Following three 5-minute rinses in DI water, 0.5% copper sulfate was placed on 

the slide for 5 minutes. After 3 more DI water rinses, the slide was dipped in acetone and 

finally rinsed in 100% xylene.  
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Results 

Fragments Remain Viable within Perfusion Chamber 

 In the initial viability experiments, microvessel fragment constructs were formed 

and perfused at 286µL/min for 6 days within a DIP Chamber. The constructs were then 

incubated with a viability assay and fixed. Images of a typical viable construct are pre-

sented in Figure 41. In this figure, many viable fragments (green, Figure 41b) are 

distributed throughout the construct while few non-viable (red) fragments are visible. A 

number of viable and non-viable cells were also found within the assayed construct. 

These cells may have dissociated from the constituent RFMFs or may be viable primary 

isolate cells that were sodded into the central lumen.  
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Figure 41. Images of day 6 perfused construct assayed for fragment viability. 
4x images of day 6 perfused construct. a) Brightfield image of construct. The ridge at the 
top of the image represents the outer edge of the construct. b) Fluorescent image of the 
assayed construct. green = viable cells, red = non-viable cells, and blue = cell nuclei. 
Many viable fragments are visible within the construct while very few non-viable frag-
ments are apparent. There are a number of non-viable cells distributed throughout the 
construct. However, it is unclear if these dissociated from fragments or are non-viable 
cells that were sodded into the central lumen. The scale bar is 2mm for all images. 
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Viable Fragments Concentrated Around Lumen and Near Outer Surfaces 

 The location of viable fragments within the perfused constructs was investigated. 

It was discovered that RFMFs, located proximal to the central lumen maintained viability 

(Figure 42). However, viability appeared to decrease as distance from the central lumen 

increased (Figure 42a). Near the outer surfaces of the construct, RFMFs again maintained 

viability (Figure 42b). Within the DIP Chamber, viable fragments were found to orient 

parallel (Figure 43a) and perpendicular to the perfusion conduit (Figure 43b).  

 Confocal microscopy has provided more evidence of network development adja-

cent to the artificial lumen. In Figure 44, a network of microvessels developed in the vol-

ume surrounding the central perfusion conduit. In this instance, a larger caliber vessel is 

oriented parallel to the luminal surface while smaller caliber vessels and sprout-like ele-

ments are growing perpendicular to the conduit-construct interface. These neovessels ap-

pear to interconnect other vessels and the artificial lumen. 

Adding to the collected qualitative information of vessel location within the per-

fused construct, viability assessment of the conditioned RFMFs was conducted. Through 

analysis of assayed Day 7 constructs, it was found that 91% (± 0.55%) of fragments 

within 200µm of the central lumen were viable. It was also discovered that viability 

dropped to 55% (± 24%) if fragments were greater than 200µm from the lumen (Figure 

45). Applying a one-tailed Student T-test analysis, these values were statistically signifi-

cant (p = 0.0296, n = 7).
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Figure 42. Fluorescent images of viable fragments within perfused constructs. 
a) 4x image of day 6 viable (green) fragments and cells are seen in close proximity to the 
artificial lumen. As distance increased, more non-viable cells and fragments (red) are ap-
parent. b) Similarly, day 7 viable fragments are found in high concentrations near the 
outer surface of the construct. As distance from the surface increases, fragment concen-
tration appears to decrease. 
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Figure 43. Fluorescent images of viable fragments around central lumen. 
Day 6 viable fragments often concentrate around the central lumen of the perfused con-
struct. They appear to end or begin near the luminal surface and were found to orient both 
parallel (a) and perpendicular (b) to the lumen-construct interface. 
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Figure 44. Confocal microscope image of day 10 RFMF construct. 
Confocal image of day 10 RFMF construct perfused with GS1 (an endothelial cell 
marker). In this image, a network of microvessel fragments (red) developed adjacent to 
the artificial lumen. This image suggests a number of sprouts and vessel elements are 
growing towards the luminal surface. Within this image, the red marker indicates the lo-
cation of endothelial cells while blue denotes cell nuclei. 
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Figure 45. Viability of RFMFs within Day 7 perfused constructs. 
Day 7 perfused constructs were assayed for cell viability. 91% of fragments within 
200µm were viable. This number dropped to 55% if fragments were greater than 200µm 
from the lumen. Applying a one-tailed Student T-test analysis, these two values were sig-
nificantly different. Error bars represent the standard deviation of the means. 



 
 

 

 
146 

Perfused Ink Co-localizes with Conditioned Fragments within DIP Chamber 

Dialyzed ink was used as a tracer within viability assayed constructs. As evident 

in Figure 46, ink permeated the construct. Illustrated in both Figure 46a and b, ink is not 

always found in distinct channels; it often diffuses into the surrounding collagen. This 

phenomena complicates the identification of structures within the construct (Figure 46a). 

Although ink paths may be visible within fluorescent images (Figure 46b), they cannot be 

directly compared to corresponding brightfield images. However, in Figures 46c and d, 

ink veins are visible near the artificial lumen (located in the upper left of each image). 

The ink appears to follow tortuous paths from the lumen out into the construct volume. In 

some instances, there are areas were the ink co-localizes with viable fragments. Ink-

RFMF co-localization is more common in the areas surrounding the lumen. Within some 

constructs, the ink appears to bifurcate, following the patterns of nearby fragments (Fig-

ure 46e and f). As ink travels out into the surround matrix, some small paths span hun-

dreds of microns. At times, the ink appears to be surrounded by viable cells (Figure 47). 

These instances suggest the ink is perfusing patent, microvessel elements. 

 From viability assays of the conditioned DIP Chamber samples, it was apparent 

that fragment-like structures were viable within the constructs. However, there was a pos-

sibility that these elongated cellular elements were clusters of non-endothelial cell types. 

In order to positively identify RFMFs, an endothelial marker (Griffonia simplicifolia 

Lectin I, GS1) was used. After conditioning the DIP Chamber constructs with ten days of 

perfusion, tracers (GS1 and ink) were perfused through the central partition; attempting 

to identify patent, ink-filled microvessel fragments. In Figure 48a, ink is shown to co-
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localize with RFMFs oriented away from the lumen (located to the right of this image). 

Similar to previous viability assay images, thin ink paths were found surrounded by GS1-

positive cells (arrow, Figure 48b). After 10 days of DIP Chamber conditioning, some 

GS1-positive fragments with apparent lumens were found to extend millimeters into the 

collagen surrounding the artificial lumen (Figure 48c). This rampant in vitro microvessel 

growth is unique to DIP Chamber constructs and has not been previously demonstrated in 

the literature. 

With experiments suggesting successful fragment perfusion, there was interest in 

examining the number of perfused vessel elements surrounding the lumen. Within viabil-

ity assayed, ink perfused day 7 constructs, fluorescent microscopy was utilized to investi-

gate RFMF perfusion. An example image is presented in Figure 49. A distance of ap-

proximately 200µm was measured from the luminal surface (a guide line is presented in 

this image, illustrating 200µm from the lumen-construct interface). The total number of 

fragment-like structures was counted in each field of view (arrows). If ink paths appeared 

to overlap viable fragments, they were considered to co-localize (circled asterisks) and 

provided evidence that fragments were perfused by the ink tracer. Between 0-200 µm 

from the lumen, approximately 19.6% of fragments co-localized with ink (Figure 50). In 

regions greater than 200µm, the number decreased to 10.2%. Using a one-tailed Student 

T-test, the difference between these groups was significantly different (p = 0.0443, n = 

7). 
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Figure 46. Brightfield and fluorescent images of ink perfused RFMF constructs. 
10x images of ink-perfused RFMF constructs. In these images, not all ink paths are easily 
visible in bright field (a). Often, ink bled into the construct surrounding the lumen, mak-
ing it difficult to discriminate ink paths from void areas in fluorescent images (b). 
However, evidence was found of ink penetration within the construct where ink paths ap-
pear to begin at the matrix-lumen interface and extend out into the surrounding construct 
(c and d). Of particular interest, there is a great deal of co-localization of ink and viable 
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(green) fragments. This data suggests ink may be flowing around or through the RFMFs 
within the construct. Such behavior continues short distances away from the central lu-
men (e and f). In image f, ink appears to follow a series of networked fragments.  
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Figure 47. Image of viable day 7 construct perfused with ink tracers. 
In this 10x image of a day 7 construct, multiple thin veins of ink are visible and appear to 
be surrounded by viable cells (arrows). This suggests patent microvessels have been per-
fused hundreds of microns from the artificial lumen. The ink veins form long, continuous 
paths through this field of view. 



 
 

 

 
151 

 

 

Figure 48. Images of GS1-positive day 7 and 10 perfused fragments. 
Constructs were perfused with GS1 (red) an endothelial cell marker. a) After 7 days of 
culture, perfused ink appears to co-localize with microvessel fragments oriented away 
from the artificial perfusion conduit (the lumen is located to the right of this image). b) A 
thin ink path appears to be surrounded by GS1 positive cells (arrow). c) After 10 days of 
culture, long fragments, with apparent lumens, stretch millimeters into the collagen sur-
rounding the artificial lumen. The scale bar represents 200µm in all images. 
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Figure 49. Determining fragment number and ink co-localization. 
This day 7 construct was assayed for cell viability. Viable fragments (green, arrows) were 
counted in the regions less than and greater than 200µm away from the central lumen. A 
guide line has been drawn to illustrate the 200µm distance. If ink appeared to exist in the 
same region as the fragments, it was considered to co-localize (arrow head). Non-viable 
fragments were also noted (asterisk). 
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Figure 50. Chart of day 7 fragments co-localized with ink. 
Between 0-200 µm from the lumen, approximately 19.6% of fragments co-localized with 
ink. In regions greater than 200µm, the number decreased to 10.2%. These two groups 
were significantly different (p = 0.0443). Error bars represent standard deviation of the 
means. 
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Confocal Microscopy Shows Ink Surrounded by Endothelial Cells within Construct 

 Stacks of confocal microscope images were acquired of day 7 RFMF constructs 

assayed for viability and then perfused with dialyzed ink tracer. A stack height of 44µm 

was comprised of twentythree 2µm slices. Each image was 651.5µm per side. Confocal 

stacks were rendered to generate a virtual 3D representation of a perfused RFMF con-

struct. An x-y projection and rotated view are presented in Figure 51. In this field of 

view, a perfused ink pathway (black), which has bifurcated within the construct, is sur-

rounded by endothelial cells (red). These images suggest there are patent endothelial 

lined tubes (perfused by ink) within DIP Chamber conditioned constructs. Since the ink 

was perfused through the central lumen, this image would suggest the network is con-

tiguous with a vascular conduit that has inosculated the central lumen.  
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Figure 51. Confocal stacks of ink perfused day 7 RFMF constructs. 
Confocal stacks were rendered to generate a virtual 3D representation of a perfused 
RFMF construct. In this image, the stack height was 44µm with twentythree 2µm slices. 
The image is 651.5µm on each side. In this field of view, the black is perfused ink that 
bifurcated within the construct. It is surrounded by red-stained endothelial cells. These 
images suggest patent endothelial lined tubes exist within the construct and have been 
perfused by ink. Since the ink was perfused through the central lumen, this image would 
suggest the imaged network is contiguous with conduits that have inosculated the central 
lumen. 
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Histology Sections of Perfused RFMF Constructs 

 Histology sections were prepared to investigate the properties of microvessel frag-

ments after seven days of perfusion within the DIP Chamber. A selected histology image 

is presented in Figure 52. Within this construct slide, endothelial cells have been stained 

with a brown marker (GS1-horse radish peroxidase) while perfused ink is represented by 

black. In the presented figure, a number of GS1-positive fragments are surrounding the 

artificial lumen. Upon further investigation, many of these RFMFs are patent, suggesting 

the fragments have maintained their structure after 7 days of conditioning. Two have 

been identified with white arrows. In addition, there is a patent fragment that appears to 

extend and inosculate the central lumen (black arrow). 

 
 



 
 

 

 
157 

 

Figure 52. Histology image of day 7 ink-perfused fragment construct. 
In the presented histology section, endothelial cells were stained with a cell-specific 
lectin marker (brown). Within this image, a number of microvessel fragments are visible,  
surrounding the artificial lumen of the construct. Patent vessels are visible in this field of 
view (white arrows) and one fragment appears to extend and inosculate the artificial lu-
men (black arrow). 
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Perfused Microspheres Imaged Within Microvessel Fragments 

 In an attempt to provide further evidence of patent in vitro microvessel fragments, 

microsphere tracers were perfused through DIP Chamber constructs. Initially, 10µm di-

ameter green fluorescent microspheres were used as tracers within the perfusion system. 

Utilizing confocal microscopy, microspheres were found to co-localize with microvessel 

fragments  (Figure 53). In Figures 53a and b, x-y plane projections of confocal stacks are 

presented. Visible within these images, green microspheres appear to be inside the 

microvessel fragments (stained red). In following experiments, both 2.5µm blue and 

10µm green fluorescent microspheres tracers were perfused through the conditioned DIP 

Chamber constructs. An example image is presented in Figure 54. In these two-

microsphere examples, only blue microspheres were found within microvessels. After 

analyzing one- and two-microsphere samples, approximately 7.3 +/- 4.3% of fragments 

within selected high powered views contained microspheres within their lumens.  
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Figure 53. Confocal microscope projections of microsphere perfused constructs. 
Confocal images were collected and rendered from day 10 conditioned constructs per-
fused with an endothelial cell marker (red) and green fluorescent microsphere tracers. 
These images are both examples of x-y plane projections of confocal stacks. In each im-
age, green microspheres appear to be inside red microvessel fragments. a) each side is 
230.34µm. b) each side is 460.68µm. From the endothelial markers, fragment structure 
appears intact – RFMF lumens appear continuous. 
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Figure 54. Fluorescent image of day 10 construct perfused with microspheres. 
10x image of day 10 construct perfused with 2.5µm blue and 10µm green microsphere 
tracers. In this image, a blue microsphere appears to be within a microvessel fragment 
(white arrow). Microvessels have been marked red with GS1. 
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Total Fragments and Perfused Fragments within DIP Chamber Constructs 

To provide further insight into DIP Chamber perfusion, the number of fragments 

(perfused and not perfused) around the DIP Chamber lumen were counted. In selected 

high power views around the artificial lumen, the total number of GS1 positive fragments 

was counted. Values were compared for day 7 and day 10 constructs (Figure 55). The day 

7 average of 14.4 RFMFs per high power field was not significantly different than the 

day 10 average of 12.6 (two-tailed Student T-test, p = 0.5630, n = 14).  

The fraction of perfused fragments in day 7 and day 10 constructs was also deter-

mined (Figure 56). Day 7 constructs were considered perfused if GS1 positive fragments 

co-localized with ink. Day 10 constructs were considered perfused if GS1 positive frag-

ments appeared to contain at least one microsphere. The average perfused vessel fractions 

for day 7 and 10 fragments were 0.149 +/- 0.077 and 0.0833 +/- 0.034 respectively. With 

a two-tailed Student T-test analysis, these differences were nearly significant (p = 0.0541, 

n=14). 
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Figure 55. Number of fragments in day 7 and 10 constructs. 
The total number of GS1-positive fragments was counted in selected high powered views 
around the lumen of day 7 and day 10 constructs. The day 7 average of 14.4 RFMFs was 
not significantly different than the day 10 average of 12.6 fragments (p = 0.5630). Error 
bars represent standard deviation of the means. 
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Figure 56. Number of perfused fragments in day 7 and 10 constructs. 
The fraction of perfused fragments was counted in selected high powered views around 
the lumen of day 7 and day 10 constructs. The day 7 average of 0.149 was nearly signifi-
cantly different than the day 10 average of 0.0833 (p = 0.0541). Error bars represent stan-
dard deviations of the means. 
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Discussion 

As researchers step closer to engineering tissues, new methods are required to de-

velop larger artificial tissue volumes (Ko, Milthorpe et al. 2007). Techniques are also 

needed to increase the likelihood of host incorporation of implanted constructs. Both of 

these key challenges may be addressed through the fabrication and investment of in vitro 

microvasculatures. Recent groundwork has been achieved through static cell-based sys-

tems. In vitro networks of cord-like structures have been developed within 3D matrices 

(Hirschi, Rohovsky et al. 1999; Darland and D'Amore 2001; Kurzen, Manns et al. 2002; 

Tille and Pepper 2002; Nakatsu, Sainson et al. 2003), allowing limited flexibility in con-

struct geometry and constituent cells. However, these models do not provide a solution to 

increase engineered construct thickness; no patent, perfusate carrying lumens are formed 

in vitro. Therefore, cells located towards the periphery of these engineered volumes may 

not receive the nutrients and gasses required to maintain viability. Therefore, the geo-

metries of current in vitro engineered tissues are still diffusion limited and may not ex-

ceed 200µm in thickness without inducing interior cell apoptosis or necrosis. 

 In a different approach, investigators have excised tissues in order to isolate mi-

crovascular networks. Myocardial tissue (Watzka, Steiner et al. 2004), small bowel seg-

ments (Schultheiss, Gabouev et al. 2005), placentas (Flynn, Semple et al. 2006), and reti-

nas (Yu, Su et al. 2003) have all been utilized to harvest microvessel networks. Although 

these models retain patent microvasculatures for in vitro perfusion, the networks are or-

gan and tissue specific. The vessel concentration and topology was optimized within the 

original tissue and offer limited opportunity to direct neovessel growth or modify vessel 
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location. Therefore, these systems may not be conducive to the development of different 

tissue types. They may also limit potential construct designs by requiring future engi-

neered tissues to be designed around the available vessel topology of the excised net-

work.  

From a tissue design perspective, it would be more advantageous to fabricate con-

duits to meet the needs of a desired geometry. Groups are beginning to investigate this 

approach through the development of blood vessel mimics (BVMs). Researchers have 

designed biochambers that assist the fabrication of replacement arteries and models to 

help understand vessel formation (Williams and Wick 2005; Cardinal, Bonnema et al. 

2006; Chrobak, Potter et al. 2006; Frerich, Zueckmantel et al. 2006; Takei, Sakai et al. 

2006; Aper, Schmidt et al. 2007). These systems provide methods to create single vessel 

constructs that allow diverse cellular and material incorporation. For most experimental 

models, individual BVM development is paramount (Williams and Wick 2005; Cardinal, 

Bonnema et al. 2006; Chrobak, Potter et al. 2006; Aper, Schmidt et al. 2007). Research-

ers have developed conduits with inner diameters of millimeters down to hundreds of mi-

crons. Two groups have furthered the use of endothelialized lumens as a precursor for 

network development (Frerich, Zueckmantel et al. 2006; Takei, Sakai et al. 2006). These 

systems depended on the outgrowth of endothelial cells to form capillary like extensions 

into the surrounding matrix. However, within the studies, there was little evidence to 

suggest patent networks surrounded the perfused central conduit. There is still work to be 

done in order to perfuse these vessel-like projections. 
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 In the presented work, the best attributes of the aforementioned experimental 

models have been combined. A system has been designed to form an artificial conduit 

within a 3D construct containing isolated microvessel fragments. The intention of this 

system is to provide an environment where the constituent RFMFs will autonomously 

inosculate the central lumen and each other. These connections provide perfusion paths 

around the artificial conduit; allowing fragment elements to transport the perfusate and 

deliver it out into the surrounding matrix (Figure 21). The described experiments have 

provided promising initial results suggesting that microvessels within the DIP Chamber 

system can be perfused in vitro. 

 In Chapter 3, the development of the DIP Chamber and methods to form and per-

fuse a conduit within a collagen volume were described. Using this protocol, perfusion 

conduits were successfully fabricated within RFMF constructs. Artificial lumen patency 

and its connection to surrounding perfusion circuits were maintained for at least one 

week. The system also successfully maintained fragment viability. After 7 days of cul-

ture, 91% of fragments within 200µm of the artificial lumen were viable. Healthy frag-

ments were also observed to stretch millimeters into the surrounding matrix. These re-

sults compare favorably to other experimental systems currently in use.  

Recently, two perfusion models have been developed (Frerich, Zueckmantel et al. 

2006; Takei, Sakai et al. 2006). They each focus on first establishing an endothelial mon-

olayer within an artificial lumen. They then rely on these sodded ECs to migrate into the 

surrounding matrix and form capillary-like structures. After 14 days of culture, the Takei 

group found endothelial cells had migrated 250µm from their artificial lumen into the 
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surrounding matrix (Takei, Sakai et al. 2006). This distance increased to 800µm with the 

use of VEGF in the culture medium. In some cases, constituent cells formed capillary-

like structures. The Frerich group perfused samples for 16 days. They showed increased 

density of capillary-like structures within 200µm and lower concentrations out to 600µm 

and 800µm (Frerich, Zueckmantel et al. 2006). Their research was interested in the num-

ber of “capillary entrances,” where small cell-lined cavities projected into the surround-

ing collagen matrix. Often, these entrances were less than 100µm in length and presented 

a wide range of internal diameters. The high viability of fragments near the DIP Chamber 

lumen compares well with these abovementioned models. Likewise, the presented ex-

periments found decreased fragment viability and vessel concentration as distance from 

the lumen increased. Again, this data parallels the behavior of the Frerich and Takei 

models.  

The design of the other existing perfusion systems is focused on a single, perfused 

lumen (Frerich, Zueckmantel et al. 2006; Takei, Sakai et al. 2006). Therefore, only the 

tissue volume adjacent to this conduit was exposed to perfused media. Large volumes of 

their respective systems were unused and unable to support cellular growth and develop-

ment. The DIP Chamber, on the other hand, provides the opportunity for interstitial flow 

to the external surfaces of the construct. As a result, high concentrations of viable frag-

ments were found near the top and bottom surfaces of experimental RFMF constructs. 

These areas were millimeters away from the central lumen. With viable fragments within 

and around the 2.5mL construct, the presented system efficiently uses more of the engi-

neered tissue volume than other models. 
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Microvessel perfusion was also investigated within the DIP Chamber. After 

construct conditioning within the perfusion system, dialyzed ink was introduced to the 

system as a tracer to identify patent RFMFs. When investigating day 7 constructs, a num-

ber of ink paths were visible within the perfused RFMF constructs (Figure 57). They ap-

peared to branch out into the surrounding matrix. These ink patterns were not visible in 

collagen-only constructs after similar conditioning times. From initial experiments, less 

than 20% of fragments around the lumen were found to co-localize with ink. It was also 

apparent within sample constructs that all of the ink paths did not co-localize with frag-

ments (Figure 46). This suggests RFMFs may be contracting the matrix, forming cre-

vasses for media perfusion. This mechanism of creating perfusion paths may add to the 

distribution and transport of media from the lumen out into the matrix; providing an addi-

tional and unexpected means of increasing fragment viability throughout the construct. 

Similar observations were not found in either the Takei nor Frerich systems.  

Through further examination of conditioned constructs, it appears that the number 

of fragments within the constructs was inconsistent from day 7 to day 10 (Figure 55). Al-

though the calculated values were not significant, the general trend suggests the number 

of RFMFs around the artificial lumen decreases over time. One possible explanation is 

fragment dissociation into single cells. Perhaps some fragments within the construct 

could not maintain their structure and dissociated into constituent cells. These cells would 

then migrate into the surrounding matrix. Supporting this hypothesis, isolated endothelial 

cells have been found distributed throughout the DIP Chamber constructs (Figure 48). 

Another possible explanation for decreased RFMF number is fragment apoptosis or ne-
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crosis. As evident in Figure 52, all fragments do not maintain patency. If an RFMF lumen 

collapsed proximal to the artificial lumen, media may not enter the fragment. In this sce-

nario, distal vessel elements may not have access to nutrients and gas exchange and 

therefore, cannot maintain viability. Similarly, fragment contraction of the collagen ma-

trix could close perfusion paths that previously existed within the construct. RFMFs that 

relied on these perfusion conduits would then be denied access to fresh media and may 

not remain viable. Other comparable mechanisms may further explain the decreased 

number of perfused vessels from day 7 to day 10 (Figure 56). 

In order to provide additional evidence of perfused microvessels within the DIP 

Chamber, two other tracers were used: 2.5µm and 10µm diameter fluorescent micro-

spheres. After conditioning DIP Chamber constructs for 7 and 10 days, microspheres 

were circulated through the central partition of the bioreactor. Both diameter micro-

spheres were found within construct fragments. In all cases, the RFMF architectures 

seemed intact; there were no obvious signs of lumen disruption. These observations sug-

gest the microspheres were either pushed into the fragment lumen via convection or the 

microvessels grew around a nearby microsphere within the 12-hour tracer perfusion time. 

In Figures 53 and 54, microspheres are visible near the fragment ends. However, other 

microspheres appear to be tens to hundreds of microns from the end of the fragments. In 

Figure 53a, microspheres are distributed throughout the length of the RFMF. These are 

large distances for fragments to grow in 12 hours and suggest convection is the most 

probable explanation for microsphere delivery to the RFMFs. 
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After analyzing the ink and microspheres perfusion of a microvessel fragment, it 

is suggested that media must to travel through a blunt-ended sprout (Figure 58). The per-

fusion of a fragment can be approximated by calculating the fluid filtration rate per cross-

sectional area of the vessel element: 

 

u = (π d L) Lp Po  
        0.25 π d2 
 
or 
 
 
u = 4 L Lp Po  
            d 
 

u = media velocity through microvessel 
d = microvessel internal diameter, approximately 10µm  
L = microvessel length, approximately 100µm 
Lp = microvessel hydraulic conductivity, approximately 10-2 µm/s/mmHg (Gore 1982) 
Po = pressure within artificial lumen, approximately 0.1mmHg 
 

Using the provided approximate values, u = 0.04 µm/sec. This value would suggest me-

dia could flow the length of a 100µm fragment in 2500 seconds or 42 minutes. Since ink 

was perfused through the DIP Chamber for 45 minutes, it seems reasonable that the ink 

tracer could enter and pass through patent microvessel fragments within the experimental 

timeframe. Similarly, microspheres were perfused through the DIP Chamber for 12 

hours. Therefore, if the vessel elements maintained internal diameters larger than 2.5 or 

10µm, there would be ample time for microspheres to enter the microvessel fragments. 

In this chapter, histological evidence has been provided, illustrating patent mi-

crovessel fragments surrounding and inosculating the artificial lumen. Constructs were 
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also perfused with ink, showing co-localization of ink paths with viable fragments and 

RFMFs positive for an endothelial cell marker. Confocal stacks have been provided, il-

lustrating ink paths surrounded by endothelial cells and RFMFs containing fluorescent 

microspheres. None of these techniques are individually definitive. However, collec-

tively, they strongly suggest the successful perfusion of in vitro microvessel fragments. 

This data also suggests the formation of continuous, perfused networks that connect an 

artificial lumen to nearby conduits. These pathways also stretch hundreds to thousands of 

micrometers into the surrounding matrix; providing distal microvessels access to perfused 

media. To the knowledge of the author, these experiments provide the first examples of in 

vitro perfused microvessel elements within an engineered construct.  
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Figure 57. Images of day 7 perfused collagen and RFMF-collagen constructs. 
After 7 days of perfusion, very few ink paths (black) are visible within the collagen-only 
constructs at 5x (a) and 10x (b) magnifications. Constructs that contain RFMFs tended to 
show more ink veins and increased branching throughout the construct in 4x (c) and 10x 
(d) images.  
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Figure 58. Schematic diagram of blunt-ended microvessel element. 
This schematic presents a diagram of a blunt-ended microvessel element within the DIP 
Chamber. This element of length L and uniform diameter d inosculates the artificial lu-
men. The lumen is assumed to maintain a pressure Po, resulting in a fluid velocity of u 
into the microvessel element. The RFMF has a hydraulic conductivity of Lp. 
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5. SUMMARY, CONCLUSIONS, AND FUTURE WORK 

 
 Humans rely on a complex system of interconnected conduits to maintain homeo-

stasis. Our circulatory system provides three fundamental functions necessary to ensure 

the viability of every cell in the body; gas exchange, nutrient distribution, and waste re-

moval. Unfortunately, the systems are not perfect. In the event of damage or disease, the 

circulatory system may not meet the needs of the affected tissues. This could result in lo-

calized or systemic dysfunction and depending on the extent of damage, tissue failure. 

Major diseases such as Alzheimer’s Disease (Kitaguchi, Ihara et al. 2007), pancreatitis, 

diabetes (Unnikrishnan, Gowri et al. 2007), hypertension, pulmonary vascular disease, 

and cirrhosis (Herve, Le Pavec et al. 2007) present pathologies that can escalate from lo-

calized tissue dysfunction to life threatening systemic failure. Even with the breadth of 

current medical diagnosis, pharmaceuticals, and surgical techniques, not all affected tis-

sues may be repaired. In many cases, dysfunctional tissues must be replaced with trans-

planted tissues or organs. However, current transplant lists are far greater than donor or-

gan supply (Kaserman 2007). If a patient is fortunate enough to receive a transplant, she 

or he faces a new set of challenges, such as rejection and complications associated with 

immunosuppressive drugs (Dharnidharka 2005). In response to these issues, investigators 

have searched for other possible solutions. One promising alternative is the field of tissue 

engineering. 

 Future engineered tissues and organs may provide patients with autologous or 

immune-compatible replacements for damaged or dysfunctional systems. Such tissues, if 
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fabricated as needed, would alleviate the discrepancy between donor organ supply and 

demand. It would also address the issues related to donor-recipient compatibility. Unfor-

tunately, tissue engineering is still in its infancy. Most current engineered tissues have 

thin geometries, such tissue patches (Bouhadir and Mooney 2001), heart valves (Mann 

and West 2001), and skin (Andreadis 2004). They rely on gas and nutrient diffusion 

(Chaikof 1999) or infiltration of host blood vessels (Okano and Matsuda 1998) to main-

tain construct viability. As a result, current technologies are limited to thicknesses of 

hundreds of microns. In order to overcome the diffusion limits of current experimental 

models and produce engineered constructs of larger dimensions, researchers must de-

velop methods to fabricate in vitro networks of blood vessels (Gonen-Wadmany, Gep-

stein et al. 2004; Ko, Milthorpe et al. 2007). 

 In the presented work,  attempts to fabricate in vitro microvasculatures have been 

outlined. First, soft lithography techniques were utilized to pattern networks of microvas-

cular cells and isolated microvessel fragments. Efforts moved on to engineer a novel bio-

chamber to directly perfuse an in vitro construct containing microvessel fragments. Fi-

nally, this new biochamber was used experimentally and provided initial evidence of suc-

cessful in vitro perfusion of engineered microvascular constructs.  

 

Planar Patterning of 3D Microvasculatures 

 Many researchers have developed experimental models to fabricate in vitro blood 

vessels. A promising technique relies on the use of a high precision, high resolution sys-

tem of mold fabrication called soft lithography (Kane, Takayama et al. 1999; Tan and 
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Desai 2005). Soft lithography allows the formation of planar patterns with a variety of 

synthetic and biological materials (Reyes, Perruccio et al. 2004; Gafni, Zilberman et al. 

2006; Helm, Zisch et al. 2007). To date, most researchers have used this technology to 

pattern various cell types on substrates (Kane, Takayama et al. 1999; Tille and Pepper 

2002; Thakar, Ho et al. 2003; De Silva, Desai et al. 2004; Kulig and Vacanti 2004; Wang 

and Ho 2004; Nahmias, Arneja et al. 2005; Norman and Desai 2005; Leclerc, David et al. 

2006; Kobayashi, Miyake et al. 2007). Investigators often use growth factors (Tille and 

Pepper 2002) or carcinoma derived matrices (Kobayashi, Miyake et al. 2007) to induce 

cellular growth in two dimensions. Through these methods, researchers attempt to control 

cellular growth and spatial organization in planar experimental models. 

 A very different approach to patterning in vitro microvessels was taken by the 

presented work. Efforts focused on establishing a physiologic 3D environment conducive 

to cellular viability. In previous work, isolated microvessel fragments have been found to 

maintain viability and angiogenic potential within a 3D collagen matrix without the use 

of exogenous growth factors and cell signals (Hoying, Boswell et al. 1996; Shepherd, 

Chen et al. 2004). Using the Hoying model as a foundation, a simple method to pattern 

cells and fragments within a designed 3D environment was developed. Instead of at-

tempting to control cellular growth, the described experimental model aimed to direct the 

topology of the surrounding matrix. Through this methodology, the microvessel networks 

were allowed to develop autonomously. Using these techniques, microvascular cells were 

directed to grow into cord-like morphologies; forming simple network topologies pat-

terned by the surrounding elastomer mold. Similar results were experienced when  mi-
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crovessel fragments were patterned. These experiments provided the first examples of 

directed endothelial sprouting and bifurcation within an in vitro engineered construct. 

 Although success was achieved directing the growth of microvessel fragments in 

vitro, this experimental model limited future application. First of all, the mold was a resil-

ient elastomer. It was not amenable to manipulation; changing the number of patterns, 

pattern thickness, or number of pattern layers was difficult and time consuming. In addi-

tion, further development of in vitro microvessels required exposure to flow (Koike, Fu-

kumura et al. 2004; le Noble, Moyon et al. 2004; Shepherd, Chen et al. 2004). Due to the 

mold dimensions and utilization of a high-resistance material (collagen) within the chan-

nels, flow incorporation was extremely difficult. These inherent obstacles called for the 

development of a new perfusion-based experimental model for in vitro microvessel de-

velopment. 

 

Engineering a Novel Biochamber 

 A number of researchers have investigated in vitro vessel development. Most 

have concentrated on the development of blood vessel mimics (BVMs) within custom-

made biochambers. Most biochambers have been engineered to fabricate a single experi-

mental perfusion conduit. A wide range of materials and vessel dimensions have been 

utilized in order to realize artificial vessel like constructs. BVMs have been fabricated 

with 4mm inner diameters from processed patient blood (Aper, Schmidt et al. 2007) and 

2mm inner diameters by sodded polymer grafts with isolated adipose derived vascular 

cells (Cardinal, Bonnema et al. 2006). Other groups have perfused collagen sponges 
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(Frerich, Zueckmantel et al. 2006) and custom collagen conduits (Chrobak, Potter et al. 

2006; Takei, Sakai et al. 2006) to form lumens down to 150µm. Most of these systems 

focused on the development of the lumen and adjacent construct volumes . Only two 

groups modified chambers to provide media to external, abluminal surfaces of their 

BVMs (Williams and Wick 2005; Cardinal, Bonnema et al. 2006).  

After evaluating the previously described soft lithography patterning system, a 

number of drawbacks prevented its continued use. Therefore, current perfusion biocham-

ber systems were investigated. None of these models provided all of the characteristics 

desired to further the development of in vitro microvasculatures. Therefore, it was de-

cided to design a new biochamber system from the ground up. 

 Biochamber development began with three paramount goals. First, it must ac-

commodate an RFMF construct. Second, it must provide a means to directly perfuse the 

invested construct. Third, it needed open volumes above and below the construct to allow 

interstitial flow to the surfaces away from the central perfusion port. Through the devel-

opment of two prototypes and a series of design considerations, the Dynamic In vitro 

Perfusion chamber, or DIP Chamber (Figure 33) was developed. 

 The DIP Chamber provides a number of advantages over other biochambers cur-

rently in use. First of all, its construction is very simple. The chamber is composed of 

three identical partitions. Each one is fitted with standard silicone o-rings and accommo-

dates standard perfusion tubing connectors. All of these components can be exchanged or 

replaced when desired. When ready to use, the three partitions, the top, the center, and the 

bottom are stacked and bolted together. This assembly is easily conducted aseptically 
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within a sterile tissue culture hood. In addition, all chamber components are compatible 

with autoclave processing. Therefore, sterilization is faster and less expensive than other 

techniques (such as gas sterilization). The DIP chamber is also modular. In the presented 

research, multiple partitions allowed media to be provided to the top and bottom surfaces 

of the perfused RFMF constructs. Further potential for the modular design of the DIP 

Chamber will be discussed in the Future Applications section of this chapter. 

 Experiments investigated fundamental fluid dynamics of the perfusion paths 

within the DIP Chamber. Specifically, there was interest in calculating the pressure 

change across the chamber’s artificial lumen. In addition, a method to experimentally 

measure pressure within the DIP Chamber was developed. Through calculations and 

measurements, it was found that the presented perfusion system provided pressures and 

shear forces less than typical physiologic conditions. However, the model’s fluid dynam-

ics were comparable to other experimental in vitro perfusion systems. 

 Through initial experiments, a protocol was developed to incorporate a perfused 

collagen construct within the central partition of the DIP Chamber. Baseline flow charac-

teristics were also developed. These included designing perfusion paths for each chamber 

partition and investigating compatible flow rates and flow paths through the three cham-

ber partitions. With these design elements in place, efforts moved on to perfuse RFMF 

constructs within the DIP Chamber. 
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Perfusion of In Vitro Microvascular Constructs 

 There are currently two different methods for perfusing in vitro vessels. The first 

method uses harvested tissues, such as myocardial tissue (Watzka, Steiner et al. 2004), 

small bowel segments (Schultheiss, Gabouev et al. 2005), placentas (Flynn, Semple et al. 

2006), and retinas (Yu, Su et al. 2003). Investigators isolate these tissue beds and mi-

crovasculatures, de-cellularize, and then re-sod the networks with microvessel derived 

cells. These microvasculatures, although patent, retain their original topology and there-

fore, may limit the configuration, size, and type of engineered tissues that may be devel-

oped. The second type of in vitro perfused vessel is the blood vessel mimic (BVM). In 

these systems, artificial lumens are fabricated by a variety of methods; grafts formed 

from proteins and progenitor cells derived from peripheral blood (Aper, Schmidt et al. 

2007) and synthetic (Williams and Wick 2005; Cardinal, Bonnema et al. 2006) or bio-

polymer scaffolds (Chrobak, Potter et al. 2006; Frerich, Zueckmantel et al. 2006; Takei, 

Sakai et al. 2006). After forming lumens, they all require sodding of microvascular cells. 

Only two groups were interested in developing a microvessel network around engineered 

lumens (Frerich, Zueckmantel et al. 2006; Takei, Sakai et al. 2006). These research mod-

els relied on migration of microvascular cells to form capillary-like structures 

surrounding the perfused conduit. However, the Frerich and Takei systems did not pro-

vide evidence of perfused microvessels within their experimental models.  

 The presented bioreactor system, the DIP Chamber, was designed to perfuse en-

gineered constructs in a fundamentally different way than currently existing models. It 

does not rely on sodded cell migration from an artificial lumen to form capillary-like ves-
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sels and networks. Instead, a construct is fabricated with a perfusion conduit surrounded 

by isolated microvessel fragments. This inherent difference provides two initial advan-

tages; microvessel structure and angiogenic potential.  

DIP Chamber engineered constructs contain tens of thousands of microvessel ele-

ments. Each has maintained its structure – a lumen surrounded by endothelial cells and 

often, perivascular cells (in the case of harvested arterioles and venules). In other experi-

mental systems, time and energy must be spent to organize and develop similar topolo-

gies from cells (Frerich, Zueckmantel et al. 2006; Takei, Sakai et al. 2006). To date, those 

models have yet to show functional, microvessel network formation within a 14-day ex-

perimental timeframe in vitro. 

In past work, it has also been shown that the Hoying model RFMF constructs 

maintain angiogenic potential in vitro (Hoying, Boswell et al. 1996; Shepherd, Chen et al. 

2004). Fragments autonomously sprout and form networks of neovessel within 7 days of 

culture. By comparison, the Frerich and Takei models provide no parallel mechanisms 

(Frerich, Zueckmantel et al. 2006; Takei, Sakai et al. 2006). Instead, they present exam-

ples of cellular migration, growth, and cord formation - mechanisms that are very differ-

ent than the angiogenesis exhibited within the Hoying model. 

RFMF constructs incorporated into the DIP Chamber perfusion system main-

tained viability for at least 10 days. Networks of microvessels were found adjacent to the 

artificial lumen. Presented histology sections provide evidence of patent microvessel 

fragments surrounding and inosculating the artificial perfusion conduit. Evidence of per-

fused ink paths extending into the surrounding collagen matrix were provided. In some 
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areas, these ink paths co-localized with viable microvessels. Through confocal micros-

copy, bifurcated ink paths surrounded by cells positive for endothelial markers were pre-

sented. In addition, tracer microspheres were perfused into the constructs. Fluorescent 

images of these microspheres illustrated their location within microvessel fragments. 

These results provide proof-of-concept evidence that the DIP chamber is a 

suitable system for the development of an engineered construct.  

Inherent to the DIP Chamber system is a method to directly perfuse an artificial 

lumen and transport perfusate to areas hundreds of micrometers away from the lumen-

construct interface. By design, it provides external construct surfaces access to circulating 

media via the top and bottom perfusion partitions. Through these mechanisms, the DIP 

Chamber supports the maintenance of large construct viability for at least 10 days. None 

of the presented results definitively provide evidence of microvascular development and 

perfusion. However, they collectively support the successful perfusion of in vitro mi-

crovessel fragments. The data also suggests continuous networks have been formed that 

connect a perfused, artificial lumen to surrounding, patent RFMFs. These vessel elements 

have been found to stretch hundreds to thousands of microns into the surrounding matrix. 

To the best knowledge of the author, these experiments provide the first examples of in 

vitro perfused microvessel elements within an engineered construct. Moreover, it is be-

lieved that the DIP Chamber model will provide a unique experimental system and fun-

damental platform for the development of future engineered tissues.  
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Future Research Directions of the DIP Chamber and Perfusion Model 

 The presented work has described the development of novel technologies to pat-

tern and perfuse in vitro microvessels. A main component of this work was the develop-

ment and application of a perfusion-based bioreactor, the DIP Chamber. As this bio-

chamber was designed, a system was envisioned that would allow the direct perfusion of 

a 3D construct containing suspended microvessel fragments. In the presented work, evi-

dence was provided that DIP Chamber RFMFs were successfully perfused and formed 

contiguous perfusion paths with an artificial lumen. This initial success has been very ex-

citing. Moreover, these experiments have provided a strong foundation for novel future 

experiments. Many of these experiments will continue to address and investigate mi-

crovessel construct development. 

 A question that arose during the microsphere perfusion experiments was, “How 

long should constructs be conditioned within the DIP Chamber?” A timeframe of 10 to 

14 days was selected based on previous experience with cultured RFMFs. Within in vitro 

constructs, fragments begin sprouting at day 4 and continue developing into neovessel 

networks past day 7. Therefore, it was decided that a 10 to 14 day time point would 

provide enough time for DIP Chamber fragments to sprout and possibly inosculate the 

central lumen. In past in vivo studies (Shepherd, Chen et al. 2004), day 7 and 14 con-

structs are still developing. It takes 21 to 28 days for an implanted construct to develop 

into a mature vasculature. Therefore, it would be interesting to allow the DIP Chamber 

constructs to culture for 3 or 4 weeks and compare network development to the results 

from the presented work. Would further development of the in vitro fragments be 
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achieved? Would lumen diameters increase? Would more fragments inosculate the cen-

tral lumen? 

 Another concern related to the current perfusion system is the “leakiness” of the 

DIP Chamber artificial lumen. Currently, the lumen is simply formed within a collagen 

construct. There is no barrier to prevent media from diffusing and convecting into the 

surrounding construct. This may provide a benefit for maintaining the viability of RFMFs 

further away from the lumen-construct interface. However, the open structure of the col-

lagen makes ink perfusion and microsphere studies difficult – the markers can simply 

flow out into the construct, complicating experimental analysis. Every other construct 

perfusion group sods their lumens with endothelial cells (Williams and Wick 2005; Car-

dinal, Bonnema et al. 2006; Chrobak, Potter et al. 2006; Frerich, Zueckmantel et al. 2006; 

Takei, Sakai et al. 2006; Aper, Schmidt et al. 2007). The DIP Chamber lumen formation 

process could be modified to incorporate a cell sodded perfusion conduit.  

As outlined in Figure 59, it would be possible to fabricate an endothelialized lu-

men within the DIP Chamber. In one approach, a vessel mimic would first be formed 

within the central partition. After development, it could then be surrounded by an RFMF 

construct. This approach would provide a functional BVM within the perfusion construct. 

RFMF inosculation of the lumen could then be investigated at various time points by per-

fusing ink, fluorescent dextran, or microspheres. The barrier provided by the endothelial 

monolayer may allow more precise characterization of network development. In addition, 

the added endothelial monolayer may provide increased structural integrity for the engi-

neered construct. This may allow greater pressures to be imparted to the invested RFMF 
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construct. A variety of pressure experiments could provide a wealth of information re-

garding fluid dynamic effects on angiogenesis, angioadaptation, and microvascular de-

velopment. 

 In the experiments described in Chapter 3 and 4, a single perfusion conduit was 

used. It would be interesting to investigate multiple conduits within the DIP Chamber. 

Example schematics are presented in Figure 60. The lumen orientations could be parallel 

(Figure 60a) or perpendicular (Figure 60b). They could also intersect to form a single lu-

men or diverge to form two conduits (Figure 60c). These new experimental set-ups could 

provide insight into the organization of surrounding microvessel fragments. Would they 

grow between the two lumens, possibly interconnecting the two perfusion paths? Is there 

a particular distance between these paths that is ideal for fragment development? Could 

that distance be identified by using a lumen configuration like Figure 60a and b?  

The modular aspect of the DIP Chamber allows further opportunity to expand the 

capabilities of this new technology. The design would allow multiple layers of perfused 

constructs to be stacked. Single lumens may be arranged parallel or perpendicular in the 

vertical dimension (Figure 60d-e). Vias could be used to interconnect perfusion paths of 

different layers (Figure 60f). In addition, any of the patterns from Figure 60a-c could be 

stacked to create more complex perfusion paths within the system. This variety of con-

figurations would allow investigations into more complex perfusion paths and the devel-

opment of more complicated networks of microvessel within larger engineered con-

structs. 
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 In parallel with the previously mentioned experiments, the pressures within the 

DIP Chamber could be modified. In Chapters 3 and 4, similar pressures were used for all 

three partitions. Since each partition has its own reservoir and perfusion system, the DIP 

Chamber inherently allows the application of different pressures to each perfusion path 

simultaneously. For example, by increasing the pressure within the central lumen and de-

creased the pressure in the upper and lower chambers, a transmural pressure could be es-

tablished across the luminal wall. This would more closely model the pressure difference 

between vessels and the surrounding matrix in vivo. If multiple conduits were incorpo-

rated into a construct, each lumen could be perfused at different rates, mimicking a vein-

artery pair. Such experiments could further elucidate the fluid dynamic conditions re-

quired to fabricate simple and complex in vitro microvasculatures. It could also lead to 

new design parameters to guide the development of future tissue engineered constructs. 

With all of these pressure-related experiments, greater precision and control over 

systemic pressure would be very useful. This could be achieved by using a more ad-

vanced system of pressure transducers. The transition from the presented manometer set-

up to a transducer system provides many advantages. Transducers are much smaller and 

much more accurate than the current manometer equipment. These sensors can also be 

interfaced with a computer, allowing continuous acquisition of pressure data for every 

perfusion line. Automated data collection would minimize the disturbance of the pressure 

set-up and decrease the likelihood of contamination. Transducers could also be config-

ured as a feedback system, allowing the application of dynamic temporal pressure 
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changes to invested constructs. Such experiments could model the effects of hyper- and 

hypotension on engineered microvasculatures. 

 The DIP Chamber system will be a useful tool for the continued investigation of 

tissue engineered microvascular constructs. This simple, modular design provides a 

wealth of opportunities for investigating fundamental microvessel biology, microvessel 

fluid dynamics, and physiological mechanisms related to developing in vitro tissues. The 

presented work has developed a novel solution to the diffusion limitations of current tis-

sue engineering technologies. Although initial success has been described, the presented 

work has only scratched the surface of the DIP Chamber’s capabilities. In the opinion of 

the author, this experimental model will provide a useful foundation for in vitro mi-

crovascular development for years to come. 
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Figure 59. Forming an endothelialized lumen within the DIP Chamber. 
This schematic presents a method to create an endothelialized lumen within the DIP 
Chamber. a) An insert is fabricated to form a small cylindrical volume around the central 
lumen. b) When assembled, the insert would provide a collagen-proof seal around the 
mandrel. c) This cylindrical volume would be filled with collagen and allowed to polym-
erize. d) The mandrel would be removed and the artificial lumen would be sodded with 
microvascular cells. e) After an incubation period, an endothelial monolayer would be 
formed and the insert would be removed. f) The DIP Chamber volume could then be 
filled with an RFMF construct. 
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Figure 60. Future directions for DIP Chamber perfusion. 
This schematic represents different possibilities for future perfusion conduits within the 
DIP Chamber. Each partition could contain additional lumens. These lumens could run 
parallel (a), intersect (b), or bifurcate (c). The modular capabilities of the partitions allow 
the fabrication of larger constructs with multiple stacked lumens as well. Lumen stacks 
could be oriented in any direction (d-e). Vias could be incorporated to connect lumens in 
different layers (f). In addition, any stacked layer could contain the complex lumens of a-
c in any combination.  
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Abstract 

 Diffusion limitations are a significant challenge for tissue engineered geometries. 

An ability to incorporate a pre-made vasculature would overcome this difficulty and 

promote construct viability. In the presented work, microvascular cells and isolated mi-

crovessel fragments were successfully suspended within collagen and then microfluidi-

cally driven into fabricated network topologies. By avoiding the addition of exogenous 

growth factors, this work presents a more physiologically relevant system for in vitro mi-

crovascular development. We present the first examples of microvessel-scale, three-

dimensionally patterned microvascular cells and fragments. We believe this system may 

serve as a foundation for future in vitro fabrication of microvascular networks. 
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Introduction 

Researchers are developing a variety of tissue engineered (TE) constructs, incor-

porating various cellular genotypes within biocompatible materials [1]. Although groups 

have successfully fabricated membrane-like tissues, such as heart valves [2], arteries [3], 

and skin [4], larger artificial tissues have been difficult to realize. Engineered tissue de-

velopment has been hindered by diffusion limitations of construct geometries; constituent 

cells lack adequate transport of oxygen, nutrients, and wastes to maintain viability [5]. 

Future artificial organs will require prevascularization to rapidly perfuse the constructs 

and efficiently meet the metabolic needs of the incorporated cells once implanted [6].  

Responding to these limitations, many investigators are developing in vitro mi-

crovascular systems [7]. In one approach, microelectromechancial systems (MEMS) [8] 

and soft lithography techniques [9] are used to fabricate planar micropatterns of cells. 

Silicon wafers and elastomers are patterned and then coated with extracellular matrix 

(ECM) [10] and synthetic proteins [11]. Although cells attach to these microfabricated 

surfaces and grow on the designed patterns, the techniques have presented problems. In 

some instances, heterogeneous surface treatments and non-conformal substrate properties 

limit cell growth [12]. In addition, it is inherently difficult to correlate two-dimensional 

experiments to three-dimensional systems [13]. Other researchers have focused efforts 

developing in vitro three-dimensional (3D) microvascular systems. In these constructs, 

cells are suspended in a 3D scaffold or matrix and spontaneously organize into cords or 

capillary-like structures in vitro [14]. This behavior is often induced by doping matrices 

with growth factors and/or ECM proteins [15] [14, 16-20]. Within these 3D environ-
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ments, vascular cells form native structures that are not constrained artificially. However, 

the cell-cords that form are randomly oriented within the matrices.  

In order to create more defined cell constructs, suspended microvascular cells 

have been patterned via microfluidics (µF) [21] and solid free-form fabrication (SFF) 

[22]. These techniques require complicated experimental set-ups and variable specimen 

examination times to achieve multilayer constructs . Likewise, µF and SFF systems have 

demonstrated pattern resolutions greater than 300µm. Therefore, microvessel-scale cell 

patterning is not possible.  

We have developed a unique method to fabricate in vitro microvessel networks 

using rat fat microvessel fragments (RFMF) [23, 24]. RFMFs are isolated from epididy-

mal fat pads and then suspended in rat tail type I collagen. In vitro, fragments maintain 

their vessel structure and develop sprouts that extend into the surrounding collagen bed; 

analogous to typical angiogenesis behavior. When implanted into severely compromised 

immuno-deficient mice, the fragment constructs inosculate with the host circulatory sys-

tem and develop into a perfused, mature, and stable vasculature within 28 days. In these 

mature microvasculatures, vessels of different caliber and function arise, presumably due 

to hemodynamic and other influences leading to vessel adaptation and remodeling [25]. 

Although successful microvasculatures were developed, there was no control over net-

work geometry; vessel elements formed and assembled randomly. 

In the present work, we provide a method to reproducibly pattern microvascular 

cells and RFMFs suspended in 3D collagen into simple, predefined networks. The core 

strategy is to fabricate patterns that direct collagen suspensions without directly con-
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straining vessel diameter. In this way, vascular cells or fragments can form all necessary 

vessel structures for a stable microcirculation within the geometries of a predetermined 

network pattern.  



 
 

 

 
198 

Materials and Methods 

Soft Lithography (SL).  

Poly(dimethyl siloxane) (PDMS) molds were fabricated via traditional soft lithog-

raphy techniques [9]. Microchannel patterns were designed using Adobe Illustrator and 

processed onto a transparent film with an AGFA Rip/Setter (Quiet Graphics, Tucson, 

AZ). Silicon wafers were uniformly spin-coated with SU-8 (MicroChem), exposed 

through the transparency with UV light, and then developed in SU-8 Developer (Micro-

Chem). The processed wafer was treated with tricholorosilane (United Chemical Tech-

nologies) to facilitate mold release. PDMS (Sylgard 184 Elastomer Kit, Dow Corning) 

was mixed with a resin to catalyst ratio of 10:1 by volume, degassed for 30 minutes, and 

then cast on the SU-8 master. After degassing for 30 minutes, the PDMS cured at 80°C 

for 90 minutes. The wafer and polymer cooled to room temperature for 15 minutes before 

the PDMS was peeled from the SU-8 master.  

 

Cell and microvessel fragment isolation and culture.  

Rat microvessel endothelial cells (RMVEC) were isolated by collagenase (2 

mg/ml ) digestion from epididymal fat pads and cultured as previously described [26]. 

Collagenase (Worthington Biochemical Company, Lakewood, NJ) was lot tested to opti-

mize cell yield, viability and morphology. RMVECs were cultured on gelatin-coated 

polystyrene in Rat Complete culture medium (DMEM supplemented with 10% FBS, 

200mM L-glutamine, ECGS, heparin (28 µg/mL), penicillin (100U/mL), streptomycin 

(100µg/mL), and 10mM N-[2-hydroxyethyl] piperazine-N'-[2-ethanesulfonic acid] 
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(HEPES)). RMVECs were passed 1:4 and not used over passage number 10. 10T1/2 cells 

(ATCC, cat# CCL-226) were cultured in 10T1/2 complete medium, passed below 40% 

confluency, and used between passage 9 and 15 as described [27]. RFMFs were isolated 

from epididymal fat pads of retired breeder Sprague-Dawley rats (Harlan) by limited 

collagenase digestion as previously described [24].  

 

Cell and RFMF Suspension in Collagen.  

Ice cold, sterile, acidified rat tail collagen type I (Collaborative Biomedical) 

(>4mg/mL) was mixed with ice cold 4x DMEM to yield a final concentration of 3mg/mL 

collagen and 1x DMEM [24]. The collagen pH was adjusted to 7.4 by addition of 1N 

NaOH. RMVECs and/or 10T1/2 cells were harvested from tissue culture flasks with tryp-

sin and suspended in collagen at 10 to 20 x 106 cells/mL. RFMFs were suspended in the 

cold collagen solution at a density of 2 x 105 fragments/mL immediately after isolation. 

Collagen suspensions were then delivered to PDMS molds. 

 

Applying Collagen Suspensions to PDMS Microchannels.  

Each mold was sterilized by autoclave and either used as is or placed in an RF 

plasma for at least 10 minutes [9]. In a sterile hood, thin PDMS sheets were placed over 

the molded channels, covering the open channels but allowing access to entry and exit 

reservoirs. 2-3 µL of collagen suspension with cells or fragments was deposited into the 

mold reservoirs. After surface forces pulled the suspension through the channels, the 

molds were incubated (37°C, 5% CO2) for 5 minutes to polymerize the collagen. With 
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sterile tweezers, the PDMS cover-strips were removed and the patterns were covered 

with media. Samples remained in a tissue culture incubator for the duration of the ex-

periment. 

 

 

 

Network characterization.  

All samples were initially incubated with MTT (3-[4,5-Dimethylthiazol-2-yl]-2,5-

diphenyltetrazolium bromide) (M-2128, Sigma) for four hours. After a DCF-PBS rinse, 

samples were fixed with 2% paraformaldehyde and then incubated in DCF-PBS for 15 

minutes at 4°C, rinsed, and agitated for 5 minutes in 0.5% Triton X-100 in preparation 

for immunostaining. After three DCF-PBS washes, the samples were blocked (5% milk, 

1.5% BSA) for 45 minutes at 25°C, rinsed for 20 minutes and incubated overnight at 4oC 

with a monoclonal antibody against anti-α-smooth muscle actin (ClonelA4, Sigma) la-

beled with Zenon Alexa Fluor (Z-25105, Molecular Probes) and biotinylated Griffonia 

simplicifolia Lectin I (GS1) (B-1105, Vector Labs) in DCF-PBS. After three rinses, sam-

ples were incubated in 0.25% NeutrAvidin Oregon Green (A-6374, Molecular Probes) 

for 2 hours followed by three washes and staining with 1µg/mL bisbenzimide (BBI) for 1 

minute. The specimens were rinsed and examined via epifluorescent microscope. 
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Results 

Collagen Microfluidically Driven into PDMS Channels 

 Each mold contained three common network architectures (Figure 1A) prepared 

with different channel widths. Utilizing scanning electron microscopy (SEM), the aver-

age channel widths were determined to be 47 ± 4.5 µm, 68 ± 3.1 µm, and 80 ± 2.1 µm 

while all channels had an average depth of 60 ± 3.1 µm (average ± standard deviation). 

Channel walls were relatively smooth, forming square corners (Figures 1B and 1C).  

Initially, acidic collagen (without suspended cells) dyed with trypan blue was 

used to assess the ease by which the microchannels could be filled. When delivered to the 

channels, acidic collagen (4.79 mg/mL) failed to enter via capillary action (Figure 1D). 

Since PDMS is inherently hydrophobic [28], it is likely that the collagen did not wet the 

surfaces of the mold, preventing filling. In order to modify channel properties, molds 

were exposed to RF plasma. This technique charges the surface making it hydrophilic 

[29]. After plasma-treatment, acidic collagen solutions rapidly and uniformly filled the 

network-shaped channels. (Figure 1E). Subsequent experiments used only plasma 

cleaned molds. 

 

Cell-Collagen Suspensions Remain Viable and Develop Cord Morphologies After Pat-

terned With PDMS Molds 

Next, the plasma-treated network patterns were filled with collagen-suspended 

cells. When applied to the molds, cells remained suspended within the collagen (Figure 

2A).  Initially, cells tended to clustered together, especially in bifurcation regions of the 
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network (Figures 2B). After 1 day of culture, most cells began to form cord-bundle mor-

phologies (Figure 2C). At Day 4, cord diameters seemed to decrease to one or two cells 

(Figure 2D). After 7 days of culture, cellular cords remained viable but reduced to a sin-

gle-cell diameter (Figure 2E and 2F). Occasionally, in microchannel bifurcations, cells 

took on stellate morphologies. After 7 days of culture, this morphology was present in 

RMVEC-10T1/2 co-cultures (Figure 3A) and solo-RMVEC cultures (Figure 3B) but not 

in solo-10T1/2 cultures (Figure 3C). As assessed by either a LIVE/DEAD (Molecular 

Probes) or MTT assay, cell viability was maintained throughout the time course exam-

ined for RMVEC alone, 10T1/2 alone, and 10T1/2-RMVEC co-cultures to assess cell vi-

ability (Figures 2B and 2G).  

 

Patterned RFMF-Collagen Suspensions Remain Viable and Develop within PDMS Molds 

 Previous work has shown that 3D cultures of isolated microvessel fragments can 

rapidly form a randomly organized, perfused vessel network [24]. Consequently, we ex-

plored the possibility of fragment incorporation into the patterned PDMS molds. Initial 

distributions of RFMFs within the microchannels was heterogeneous, with fragments 

preferentially collecting at pattern bifurcations (Figure 4A). Independent of fragment lo-

cation, construct vessels remained viable up to seven days (Figure 4B and 4C).  

By immunostaining, it is evident that vessel architectures have been maintained; 

both essential vascular cell types, endothelial cells and perivascular cells remain associ-

ated (Figure 5A). After 4 days, fragments began to sprout endothelial cell projections 

into the nearby collagen volumes which could be directed by the surrounding PDMS 
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mold (Figure 5B). In other constructs, nearby RFMFs seemed to develop interconnecting 

sprouts (Figure 5C). Occasionally within the patterns, fragments would dissociate into 

constituent cells. In these cases, ECs and SMCs developed into elongated morphologies 

analogous to previously described patterned cell cultures. (Figure 5D). 
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Discussion 

Our simple plasma-exposed molds successfully fabricated small planar three-

dimensional microvascular constructs. Central to our approach is the use of collagen cell 

suspensions formed into a pattern by an elastomer mold. By patterning the collagen, cells 

were permitted to establish native morphologies without the influences of polymer sur-

faces [8, 9, 30, 31]. The mold geometries were designed to allow ample room for cell and 

RFMF self-organization; they did not define the dimensions of individual cord or vessel 

elements within the patterned collagen volumes. In this way, we believe that inherent bio-

logical mechanisms (e.g. angiogenesis) are able to occur spontaneously leading to opti-

mized construct dimensions and network behavior.  

Three different channel widths were examined in the study. These geometries 

were not selected to determine vessel dimensions. Rather, they provided sufficient vol-

ume for collagen and cells, allowing unadulterated cell behavior. We found no qualitative 

difference in the extent or character of cord formation (with cultured cells) or sprout for-

mation (with RFMFs) among the different mold configurations. Although the channel 

dimensions used in patterning the networks did not constrain cord or vessel diameter in 

vitro, it is likely that channel dimensions will impact vessel behavior in vivo.  Once per-

fusion has occurred, the network must adapt and remodel to include vessels of differing 

dimension. However, we can remove the collagen “casts” from the PDMS molds (data 

not shown). This step, prior to construct implantation, would likely alleviate the afore-

mentioned concern and permit the network to refine as needed.  
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Within our experiments, suspended cells spontaneously elongated into cord-like 

morphologies. In less than one day, all 10T1/2 and RMVEC solo- and co-cultures formed 

multi-cellular cord-bundles. The cells later developed into single cell cords after 7 days of 

culture. This behavior is consistent with commonly used angiogenesis assays involving 

the formation of cord networks [16, 32]. In previous experiments, other researchers have 

used EC:10T1/2 ratios of 1:1 to 1:4 [17, 32, 33] in order to prevent 10T1/2 regulation of 

EC growth [15]. In our initial experiments, we found 10T1/2 cells to grow quite vigor-

ously within the microchannels, in both solo- and 10T1/2-RMVEC co-cultures of various 

cell ratios. Therefore, to prevent 10T1/2 overgrowth of patterned constructs, we seeded 

RMVECs and 10T1/2 cells at a ratio of 20:1. Regardless, the cell populations present in 

the patterned collagen behaved similar to those in free collagen matrices [16, 17]. 

Patterned cells tended to concentrate on interior features of the polymer mold. We 

believe this behavior may be explained by intercellular tension and traction associated 

with the surrounding collagen. In previous work [13, 34], endothelial and fibroblast cells 

induced tractional forces on collagen matrices in vitro. These exerted forces (occurring 

within 1 hour) [35] aligned intercellular collagen fibrils along endothelial cord orienta-

tions. Cells continued to grow along these directions and anastomosed into multi-cellular 

cords. This behavior is concurrent with cell development within our constructs. From 

days 1 to 4, as suspended cells elongated into cords, intercellular tension would cause 

cells to migrate away from external mold features, such as outer walls and corners. Cells 

would align into cords of shortest path length and therefore concentrate on internal pat-

tern features.  
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Isolated fragment growth was also successfully directed by our channel networks. 

In previous work, RFMFs formed angiogenic sprouts after 4 days of culture [23, 24]. 

These sprouts interconnect parent vessels within the collagen matrix, spontaneously 

forming random, in vitro networks. Patterned RFMFs exhibited similar behavior. After 4 

days of culture, endothelial sprouts developed from the ends of parent fragments. These 

sprouts extended into the surrounding collagen, directed by the surrounding mold. 

Sprouts also divided into branches of channel bifurcations. To our knowledge, this is the 

first example of patterned angiogenesis in vitro. 

We believe our patterning system may facilitate development of in vitro mi-

crovasculatures. In past work [24] and unpublished data, in vitro pre-culturing of vessel 

fragments accelerates inosculation with host vasculature when constructs are implanted. 

It also seems reasonable that randomly oriented fragments would require energy to re-

orient themselves into a perfusion pathway. Therefore, by aligning RFMFs within a pre-

defined geometry, we would expect accelerated vessel anastamosis and maturation. In the 

present work, we have demonstrated that RFMF growth and development can be directed 

within PDMS microchannels. Further studies will be conducted to compare and contrast 

the relative development of patterned and random fragment networks both in vitro and in 

vivo. 
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Figures 
 

 
 
Figure 1. Images of PDMS molds used to pattern cells.  
A) Composite phase image of a simple network pattern used to direct cell growth. B) 
SEM image of 68µm channel pattern cut in cross-section to illustrate channel depth. C) 
Magnified SEM view of 47µm channel. D) Image of non-treated 80µm PDMS molds, 
arrow indicates edge of applied collagen (dyed with trypan blue) which does not fill the 
channel. E) Image of plasma-treated 68µm PDMS mold uniformly filled with dyed colla-
gen.  
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Figure 2. Images of viable cells patterned by PDMS molds.  
A) Freshly filled 60µm channels with collagen-suspended RMVEC (green) and 10T1/2 
cells (red). B) Day 1 co-cultured RMVEC-10T1/2 cells assayed with Live/Dead and BBI 
in 80µm channels. Green = cell viability, red = non-viable cells, blue = nuclei. C) Day 1 
patterned RMVECs elongate into cord-bundles. D) Day 4 RMVEC cords remain concen-
trated on interior mold structures. E) Day 7 RMVECs continue to elongate into single-
cell diameter cords. F) Day 7 10T1/2 cells patterned in 80µm PDMS channels, were as-
sayed with MTT, purple = cell viability. In Figures C-E, green = RMVEC, red = α-actin 
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positive cells, blue = nuclei, yellow = overlapping cells or cells that stained positive for 
both RMVEC and α-actin markers. 
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Figure 3. Patterned cells in bifurcations of 80µm channels after 7 days of culture.  
In both RMVEC-10T1/2 co-cultures (A) and solo-RMVEC cultures (B) cells occasion-
ally developed stellate morphologies. In solo-10T1/2 co-cultures (C), cells remained in 
cords and cord bundles.  
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Figure 4. Viable microvessel fragments patterned by PDMS molds.  
A) Freshly filled RFMFs within 60µm channels (green = RMVECs, red = SMCs). The 
circumferentially oriented SMCs suggest these are arteriole fragments. B) Day 1 sus-
pended fragments assayed with MTT (purple = cell viability). C) Day 7 suspended frag-
ments assayed with MTT. Arrows indicate sprouts extending from parent fragments.  
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Figure 5. Immunostained images of fragments patterned by 68µm PDMS channels.  
A) Day 1 image of patterned RFMFs. Two different fragment types have collected at a 
mold bifurcation; a smaller, SMC lacking capillary (cap) and a larger arteriole (art) with 
an EC lumen surrounded by circumferentially oriented SMCs. B) Day 7 image of a frag-
ment within PDMS molds. Arrow illustrates an EC sprout that has been directed to bifur-
cate by the surrounding PDMS mold. C) Day 7 EC sprout (arrow) that seems to intercon-
nect nearby RFMFs. D) In some Day 7 constructs, fragments dissociated into constituent 
cells. In these cases, RMVECs and SMCs formed cords directed by the PDMS molds 
(similar to patterned cell behavior). In all images, green = RMVECs, red = SMCs. In B-
D, blue = cell nuclei. 
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APPENDIX 2. RFMF ISOLATION PROTOCOL 
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APPENDIX 3. ANTIBODY IMMUNOSTAIN PROCEDURE 
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APPENDIX 4. SU-8 PROCESSING AND DEVELOPMENT 

SU-8 50 Prep (from microchem pdf) 
 
1.  pretreat/clean wafer: 
 a.  solvent clean or rinse with dilute acid on wafer surface 
 b.  rinse with DI water 
 c.  if possible, piranha etch (short time, a few minutes) 
 d.  to dehydrate, bake at 200ºC for 5 min 
 
2.  spin SU-8 50 onto wafer 
 a.  center wafer on spin coater 
 b.  press vacuum 
 c.  press start, make sure wafer is centered 
 d.  check spin speeds 
  spread = 500 rpm for 10 seconds 
  dispense = 1500 rpm (approximately 75µm thickness) 30 seconds 
 e.  cut end from larger pipette, add 5-7 mL of SU-8 (get rid of bubbles!) 

f.  spin wafer 
g.  using bottle of acetone, remove edge bead 
 - spin wafer, point bottle nozzle in direction of rotation 
 - from outside in, slowly squirt acetone, remove ~3mm from edge 

 
3.  soft bake 
 a.  pre-bake @ 65ºC for 8 min 
 b.  soft-bake @ 95ºC for 25 min 
 c.  cool down @ 65ºC for 4 min 
  
4.  exposure 
 a.  using aligner, pull out wafer loading chuck 

b.  place wafer (SU-8 up) onto chuck 
c.  place mask on top of wafer (if using transparency, put ink side down 
 cover with clean piece of glass) 
d.  slide back into aligner 
e.  flip switch (lower left) forward, look for blue "contact" light 
f.  expose for 99 seconds (if 3.7mW/cm2 of UV intensity, want 
 ~300 – 400 mJ/ cm2 of energy for 75µm of SU-8) 

 
5.  post exposure bake 
 a. bake @ 65ºC for 10 min 
 b. bake @ 95ºC for 20 min 
 c.  cool down @ 65ºC for 10 min 
 wait 5 min to cool to room temp 
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6.  development 
 a.  develop in SU-8 AGITATE developer for  
  ~8-9 minutes for raised channels 
  ~25 minutes for channels in SU-8 
 b.  rinse briefly with IPA 
  --if white film appears, underdeveloped!! – just put back in developer 
 c.  dry with N2 
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APPENDIX 5. PEROXIDASE IMMUNOSTAIN CHECKLIST 
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APPENDIX 6. MOUSE COLLAGEN PROTOCOL 
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APPENDIX 7. IACUC PROTOCOLS EXTENSIONS 
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APPENDIX 8. IACUC NUMBER 
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