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Abstract 

The single greatest restraint in tissue engineering is the inability to create 

and perfuse functional microvasculature in dense engineered tissues of 

physiological stiffness. Without active delivery of nutrients and oxygen, tissue size 

is diffusion-limited to thicknesses of around 400 µm, or much less for highly 

metabolic tissues. Thus, the creation of pre-vascularized tissues that have a high 

density of organized microvessels that could be perfused is a major goal of tissue 

engineering. The present work makes significant advances toward this goal. 

Tissue patches containing a high density of human microvessels that were either 

randomly oriented or aligned were placed acutely on rat hearts post-infarction 

and in both cases, inosculation occurred and perfusion of the transplanted 

human microvessels was maintained, proving the in vivo vascularization potential 

of these engineered tissues. In vitro, a high-throughput assay was developed to 

investigate optimal conditions for angiogenic sprouting, vasculogenic 

microvascular network formation, and inosculation of the sprouts and 

microvessels in 3D fibrin gels. Samples loaded with vascular endothelial growth 

factor and fibroblast growth factor exhibited enhanced angiogenic sprouting, and 

a hybrid medium culture regimen resulted in enhanced sprouting, well-developed 

microvascular networks, and inosculation of the microvessels and sprouts. These 

results showed potential for the in vitro perfusion of larger-scale microvascular 
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tissues. An engineering strategy was developed to perfuse endothelialized 

microchannels that could form sprouts into fibrin gels containing a microvascular 

network. An in vitro perfusion bioreactor was designed and tested that enabled 

these microvascular tissues to be cultured, compacted, and aligned to form a 

dense network of microvessels that also contained perfusable microchannels 

with sprouts. Different microchannel seeding regimens and perfusion regimens 

were applied and it was determined which conditions ultimately led to 

microchannel endothelialization, sprouting, perfusion, and maintenance during 

gel compaction. While inosculation and perfusion of the microvessels has yet to 

be achieved, this work presents the building blocks for a potential strategy that 

could ultimately enable the perfusion of a dense, aligned microvascular network 

through anastomoses of sprouts and microvessels. Achievement of this goal 

would unlock a number of tissue engineering opportunities in the development of 

large engineered tissues for regenerative therapies. 
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Chapter 1. Introduction 

The largest restraint in the field of tissue engineering is the complete lack 

of robust methods for developing functional microvasculature that can be 

perfused in vitro and support transplanted tissue survival in vivo.1–4 Non-

vascularized engineered tissues are restricted by oxygen diffusion limits that 

cannot keep up with consumption rates of highly metabolic cells. This limits the 

development of functional native-like tissues to thicknesses of approximately 400 

µm or less, restricting clinical tissue engineering applications to skin and other 

very thin tissues.5 Native myocardium, the most oxygen-demanding tissue in the 

body, is supplied by approximately 2,000 capillaries per square millimeter in 

humans with a distance between capillaries of around 20 µm.6 These capillaries 

supply all of the oxygen and nutrients needed for survival by the cardiomyocytes 

and other cells found in the myocardium.7 For an engineered tissue to meet the 

demands of cardiac or other highly metabolic tissues, the incorporation of a 

microvascular network to deliver oxygen and nutrients will be critical, and unless 

the microvascular network can be perfused in vitro, the potential for engineered 

tissues such as these is severely limited.  
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1.1 Microvascular network formation 

 The formation of microvascular networks has been studied to great 

length.8–14 When endothelial cells (ECs) are entrapped in a 3D extra-cellular 

matrix (ECM), ECs will self-assemble into a network and intracellular vacuole 

formation and coalescence will result in the formation of a continuous 

lumen.8,12,15 This occurs without need to pattern or direct the network 

morphology, though network properties can be tuned by altering the chemical or 

physical stimuli presented to the cells.16–18 Capillary-like microvascular networks 

can be self-assembled in vitro in a variety of 3D matrices.  

1.1.1 Microvessel assembly in vitro 

 There are three basic approaches to creating microvessels in vitro. The 

first is via the patterning of ECM to create microchannels that can be lined with 

ECs to create endothelialized microchannels. This method is relatively simple in 

execution, allows for geometric control over the network morphology, and 

enables easy connection to flow circuits. However, it does not allow for the 

creation of capillary-sized microvessels. These microchannels are on the order of 

100 - 500 µm in diameter,19,20 and are thus, not considered true capillary 

networks, which have capillary diameters on the order of 10 µm.6  

 The second approach to creating microvessels involves angiogenic 

sprouting from an endothelialized surface. Angiogenesis is the sprouting of a new 
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vessel from an existing one. In the angiogenic approach, new capillaries are 

formed via sprouting from an existing vessel or channel that is lined with ECs. 

With this approach, the network morphology is not patterned or fabricated (with 

the exception of the larger-diameter parent vessel), but instead it is determined 

by the self-assembly of the ECs, with the resulting sprouts and microvessels 

having capillary-like diameters.17 

 The third approach to creating in vitro microvessels involves vasculogenic 

tubulogenesis. Vasculogenesis is the de novo formation of microvessels from 

randomly dispersed ECs. With this method, ECs are entrapped in a 3D matrix 

and the cells spread and connect, forming a network.17 The cells then form 

vacuoles that merge and span across multiple cells to form a continuous tubular 

network.15 

1.1.2 Endothelial cell sources 

In choosing an EC type for the development of engineered microvascular 

networks for potential therapies, it is important to consider autologous sources, 

when possible, and critical to use human cells. However, many studies are still 

using human umbilical vein endothelial cells (HUVECs),21–23 a non-autologous 

source, as they are a readily available and well-characterized EC. There are 

several potential autologous EC sources including embryonic derived stem cell 

endothelial cells (which have ethical issues to consider and are rarely used in 



 

 4 

microvascular tissue engineering), induced pluripotent stem cell endothelial cells 

(iPS ECs), adipose-derived stem cell endothelial cells24, endothelial progenitor 

cells (EPCs)9, and blood outgrowth endothelial cells (BOECs)25, to name a few. 

While other labs have had success with iPS ECs26, this work will focus on 

BOECs for the formation of microvascular networks due to their high proliferative 

potential, autologous nature, and availability. Although both BOECs and EPCs 

are derived from circulating cells, BOECs, unlike EPCs, exhibit a late-stage 

phenotype, and are characterized by expression of VE-cadherin, flk-1, vWF, 

CD36, and CD14 (negative), all markers for mature endothelial cell phenotype. 

BOECs are isolated and expanded through collaboration with Robert Hebbel 

from the University of Minnesota.25 

1.1.3 Support cells 

Capillaries, in vivo, are supported by pericytes (PCs), a perivascular cell 

type that extends cytoplasmic processes along the outer surface of capillaries.27 

PCs are known to play a role in vascular stability, and interactions between ECs 

and PCs play a role in maturation, remodeling, and maintenance of the 

microvasculature.28,29 These functions involve the secretion of growth factors and 

remodeling of the surrounding ECM.27 Not surprisingly, PCs do an excellent job 

of stabilizing engineered microvessels in vitro as well, by encouraging basement 

membrane deposition and preventing regression of the microvessels over 
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time.30–32 PCs also have the potential to be an autologous source, as they can be 

harvested from the skin.33 

Some studies have also shown success using non-pericyte cells such as 

bone marrow-derived mesenchymal stem cells,21,34,35 adipose-derived stem 

cells,34–36 and fibroblasts37,38 as support cells for engineered microvascular 

networks, but the work presented here will focus on pericytes, obtained from the 

laboratory of George Davis (University of Missouri).12 

1.1.4 Matrices for engineered microvasculature 

Matrices used for EC tube formation include collagen I, fibrin, Matrigel™, 

and a variety of poly(ethylene) glycol or poly(L-lactic acid)/poly(DL-lactic-co-

glycolic acid) hydrogels.1 Collagen I and fibrin are known to be pro-morphogenic 

stimulators for vasculogenesis in 3D matrices.8 Collagen I gels have been used 

in a variety of vasculogenic studies.13,39,40 

Fibrin has been established as one of the primary matrices used for the 

construction of microvascular tissues.8,17 Fibrin gel is used extensively in the 

Tranquillo lab for engineered tissues41–47 and is known to stimulate tissue growth, 

encourage collagen deposition (more so than in collagen gels), and can be 

compacted by cellular traction forces to increase the density of engineered 

tissues.30 It is known to retain growth factors added into the gel formulation, and 

release them over a several day period.48 The work presented here will use fibrin 
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for its greater potential in the creation of dense, cell-remodeled tissues and it’s 

pro-vasculogenic properties. 

1.2 Microvascular tissue engineering 

Microvascular tissue engineering is a rapidly growing field, with many 

researchers creating microvessels and microvascular networks in 3D matrices in 

the lab for the study of disease, the testing of drugs, and the development of 

engineered tissues for regenerative therapies. 

1.2.1 Engineered microvascular networks in vitro 

Current techniques in the development of engineered microvasculature 

generally follow one of two paths. The first path involves lining pre-fabricated 

channels with endothelial cells (ECs).49,50 Advantages to this method are that it is 

simple to connect the channels to fluid flow, and that many pre-determined 

channel patterns can be used. However, it is impossible to fabricate channels at 

physiologically relevant dimensions for capillaries, and the appropriate 

microvascular patterning must be determined.  

The second path involves exposing cells to stimuli and inducing EC 

morphogenesis to form a capillary network. While this method is physiologically 

complex, the technical aspects are relatively straightforward because the 

microvascular network morphology is entirely determined by the cells. The two 
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main approaches for inducing capillary network formation use either angiogenic 

or vasculogenic engineering strategies. When an angiogenic approach is used 

for in vitro formation of engineered microvasculature, ECs sprout into a gel from 

either an EC monolayer on the surface of the gel or from entrapped 

endothelialized beads. In the gel (typically collagen or fibrin), they proliferate, 

migrate, and form capillary networks.16,37,51–56 With vasculogenic strategies ECs 

and, often, support cells such as pericytes or fibroblasts, are entrapped in 

collagen or fibrin gels and the cells self-assemble into a microvascular 

network.5,30–32,57–60 In this proposed work, a combination of all of the described 

techniques will be employed. 

1.2.2 Pre-vascularized engineered tissues in vivo 

There is a great need for engineered vascular tissue that can be rapidly 

perfused following implantation and can sustain a high density of metabolically 

active cells.  Applications, such as for engineered cardiac or liver tissue, 

especially depend on a dense network of perfusable microvessels for survival. 

While recruitment of host vessels via angiogenesis to the transplanted patch is a 

common method for vascularizing state-of-the-art cardiac patches,41,46 this 

method only works for thin tissues that are already within the diffusion limits. For 

thicker, more functionally relevant tissues to survive transplantation, a perfusable 

microvascular network must be co-transplanted with the cardiomyocytes.  
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A few groups have made initial advances in the implantation of pre-

vascularized engineered tissues in animals.21,38,40,61–63 These tissues all contain 

self-assembled microvessels cultured in vitro, and then implanted in vivo to 

determine their potential to be perfused. An example of such advances is the 

implantation of pre-cultured human microvessels into the subcutaneous space of 

immune-compromised mice.38 These microvessels inosculated with the host and 

were perfused as early as 1 day. A more recent study implanted pre-vasularized 

tissues into dorsal window chambers in mice and visualized anastomosis with 

host vessels after 2-6 days with subsequent thrombosis, and then later, re-

perfusion of some of the microvessels.40  

While these results demonstrate the advances and challenges in the field, 

their applications are limited. In order to truly test the vascularization potential of 

microvascular engineered tissues, they must be transplanted into the target 

environment, which is often infarcted or diseased, rather than the highly 

vascularized subcutaneous environment used in previous studies. Only then, can 

the results indicate the potential for future tissue engineering therapies. 

1.2.3 Need for in vitro perfusion 

 While the in vivo perfusion of microvascular tissues is critical to the 

viability of transplanted engineered tissues, their in vitro perfusion is, perhaps, 

even more crucial. In order to create dense, highly metabolic engineered tissues 
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in the lab, they will need to begin as large-volume gels that are later compacted 

and remodeled to form a dense, organized, functional tissue. This requires both 

engineering manipulations as well as time to allow cells to remodel the ECM. In 

order to keep the cells alive during in vitro culture, they will need a 

microcirculation to perfuse the culture medium and growth factors necessary for 

tissue development.  

 While larger diameter vessels or endothelialized channels may suffice for 

low-density tissues, the presence of a microvascular network will become more 

and more important as these tissues compact. This is because capillaries have a 

larger surface area to blood-volume ratio, and are able to be packed more 

densely and deliver nutrients more efficiently. Ideally, microvascular tissues 

would integrate higher-order vessels and capillary-like microvessels for efficient 

perfusion and ease of connection to flow of blood or culture medium. 

In vitro perfusion of tissues containing microvascular networks would also 

help prime the microvessels for flow prior to implantation. By having a functional, 

perfusable network at the time of implantation, the time between inosculation and 

complete tissue perfusion could be greatly reduced. It is even possible that early 

thrombosis, which has been shown to occur with transplanted pre-vascularized 

tissues40, could be avoided by in vitro perfusion prior to implantation.  



 

 10 

1.2.4 Microfluidic perfusion of engineered microvessels 

Despite the urgent need for large-scale, perfusable microvascular tissues, no 

one has been able to achieve in vitro perfusion of microvascular engineered 

tissues. Perfusion of microvascular networks in low-density hydrogels, however, 

has been accomplished using microfluidic devices. Microvessel perfusion in 

microfluidic devices has been motivated by a need for more efficient drug 

screening as well as the need for more accurate vasculogenesis models for the 

study of microcirculatory diseases and cancer.  

Microfluidics have the advantage of enabling the establishment of complex 

microenvironments by precisely regulating both chemical and mechanical stimuli. 

These platforms typically seed ECs in microfluidic channels containing pores 

leading to 3D micro-tissues, where ECs and a support cell type are entrapped 

and self-assemble into a microvascular network. Interstitial flow through the 

micro-tissue encourages sprouting from the endothelialized channel through the 

pore and anastomosis with the microvascular network in the 3D micro-

tissue.5,18,23,26,64–68  

The laboratory of Steven George (University of Washington, St. Louis) has 

reported in vitro perfusion of engineered microvascular networks5 and their 

efforts have continued to demonstrate the consistency of these systems for their 

ability to create perfusable microvascular tissues.59,64,69 This research platform, 
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with collaboration from Chris Hughes (University of California, Irvine), is using 

these techniques for the development of organ-on-a-chip models and studies of 

tumor microvasculature perfusion, and recently demonstrating the ability to 

perfuse these 3D microvessel networks without leakage between the 

endothelialized channel and the microvascular network.66  

Other groups, such as the laboratory of Roger Kamm (Massachusetts 

Institute of Technology) are also making major strides in the in vitro perfusion of 

microvascular tissues, also using microfluidic platforms. Their design of a 

modular microfluidic system used alginate beads to serve as carriers for potential 

co-culture cell-types and demonstrated perfusion of microvessels by directing 

angiogenic sprouting and subsequent inosculation.18 Their recent studies have 

validated the use of human iPS ECs for their ability to be perfused in microfluidic 

platforms.26 

1.2.5 Scale up from microfluidic devices to perfusing microvascular 

engineered tissues 

Although significant advances have been made in the field of 

microvascular tissue engineering, they have many limitations. Most of the 

methods for creating self-assembled engineered microvasculature use very small 

volumes of highly porous gel. Without increasing the tissue density, these 

constructs lack the necessary stiffness to be implanted in vivo.70 They also fall 
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short of obtaining capillary densities comparable to native tissues.6 Successful in 

vitro perfusion of engineered microvessels has exclusively been in microfluidic 

platforms rather than an environment suitable for culturing engineered tissues of 

a clinically relevant size and stiffness.5  These shortcomings of the current state-

of-the-art strategies limit their use in tissue engineering.  

The ability to create perfusable microvessels in engineered tissue would 

revolutionize the field, unlocking opportunities for the design and fabrication of 

much larger tissues or organs. In this work, engineered microvascular tissues 

were designed, developed, and tested for their ability to function as pre-

vascularized tissues that could be perfused in vitro or implanted and perfused in 

vivo. These studies evaluate the potential of tissue engineering strategies to 

create dense, functional microvascular tissues that could ultimately support the 

culture and transplantation of other highly metabolic cell types, such as 

cardiomyocytes, with cell densities similar to native myocardium.  
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Chapter 2. Inosculation and Perfusion of Pre-

Vascularized Tissue Patches Containing Aligned Human 

Microvessels after Myocardial Infarction 

Reprinted with permission: Riemenschneider et al. Biomaterials, 97, 2016. 

2.1 Introduction 

The creation of engineered tissues containing microvascular networks that 

can be rapidly perfused within a few days following implantation remains a major 

goal of tissue engineering.1,3 Applications that involve highly metabolic tissues, 

such as myocardium and liver, are especially dependent on the presence of a 

rapidly perfusable microvascular network to prevent the formation of a necrotic 

core beyond the diffusion limit in the implanted tissue.4,71,72 Recruitment of 

vasculature via angiogenesis is a common method for vascularizing tissue 

engineered constructs in vivo, but this vascularization strategy is too slow to 

permit the survival of thick, highly metabolic tissues.3 Implantation of tissues with 

pre-formed microvascular networks could enable rapid perfusion of thick 

engineered tissues by inosculation of the implanted microvessels with adjacent 

host blood vessels. 

Many examples of creating “engineered microvessels” exist,5,13,14,16,43,73 

and many groups are striving to create functional microvessel patches in 
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macroscopic, implantable materials.9,21,38,43,61,74–76 The most impressive of these 

studies demonstrate that implantation of pre-cultured human microvessels in 

immune-compromised mice can result in inosculation with the host vasculature 

and perfusion of the human microvessels.21,38,61 However, these studies were 

carried out in the healthy subcutaneous environment, and no study has 

implanted pre-cultured human microvessels in the especially challenging 

myocardial infarct environment. With the ultimate goal of treating myocardial 

infarctions and heart disease with a perfusable, beating cardiac patch containing 

both microvessels and cardiomyocytes, the only fair way to assess the 

vascularization potential of a precursor patch containing only microvessels would 

be to implant it at the site of a myocardial infarction. This way, the insights gained 

from such a study could be leveraged in the future development of a patch that 

also contained cardiomyocytes. 

Many studies in rodents have administered tissue-engineered heart 

patches onto myocardial infarcts containing various cell types,41,46,77 but 

implantation of human microvessels has not yet been reported. The Okano 

Group has shown that thin microvascular cardiac patches made from neonatal 

rat cardiomyocytes and rat endothelial cells can be perfused by the host and 

result in improved cardiac function after 4 weeks.62 In our lab’s prior studies we 

have implanted heart patches made from either neonatal rat heart isolates or 
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human induced pluripotent stem cell derived cardiomyocytes co-entrapped with 

human pericytes. These heart patches were made in fibrin gel and cultured for 1-

2 weeks to align the cells and fibrin. In both studies, the patches had no 

microvessels at the time of implantation, yet we observed perfused host-derived 

capillaries invading the patch as early as 1 week.41,46 These results suggest the 

possibility that a similar patch that contained pre-formed human microvessels 

could rapidly inosculate with the invading host vessels and be perfused within 1 

week. 

The microvessel density and organization also needs to be addressed. In 

tissues that require efficient perfusion, the capillaries are generally highly 

organized in microvascular beds, with many capillaries spanning across the 

same arteriole and venule. In myocardium, the capillaries are not only very 

dense, but they are also aligned.6,78,79 Therefore, emulating these two features in 

the engineered microvessels of a heart patch is highly desirable. Previous 

studies of pre-vascularized engineered tissues do not control microvessel 

alignment, nor do they achieve lumen densities within the same order of 

magnitude as native adult myocardium (2,000 lumens/mm2)6,78. To date, reports 

of pre-implant cross-sectional lumen density range from fewer than 200 

lumens/mm2 up to 650 lumens/mm2, the latter of which was reported by our 

lab.43,54,80–82  
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A necessity for a heart patch that would aim to restore mechanical 

function would be rapid connection to blood flow to maintain viability of the large 

number and high density of transplanted cardiomyocytes in a thick tissue-like 

patch. Ideally, this would be achieved by implanting a cardiomyocyte patch 

containing a pre-formed, perfusable microvascular network that could rapidly 

anastomose with the host and maintain perfusion. As a step toward that goal, the 

present study sought to determine the rapid vascularization potential of a 

remodeled fibrin patch containing either an aligned or randomly oriented 

microvascular network, but no cardiomyocytes, implanted onto a myocardial 

infarction for 6 days. 

In this study we investigated the rapid in vivo vascularization potential of 

tissue patches pre-vascularized with either aligned or non-aligned human 

microvessels and implanted over myocardial infarcts. Patches containing human 

microvessels, were made by entrapping human blood outgrowth endothelial cells 

(BOECs)25 and human pericytes (PCs) in fibrin gel, and allowing self-assembly of 

a microvascular network of tubules. Patches with aligned human BOEC/PC 

microvessels (“aligned microvessel patches”) were anchored at both ends by 

porous plastic spacers, and aligned via cell-induced gel compaction, as 

previously described.74 Briefly, as the samples compact laterally and remain 

constrained in the longitudinal direction by the spacers, the fibrils, cells, and the 
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formed microvessels become aligned in the longitudinal direction. To investigate 

the effects of a patch lacking microvessels, patches made in a similar manner 

with only aligned PCs (“aligned PC patches”) were also investigated. Patches 

with non-aligned microvessels (“isotropic microvessel patches”) were made by 

maintaining gel adhesion to the bottom surface of the culture plate and 

preventing lateral compaction and longitudinal alignment.  

The patches were sutured onto the infarcted region of the heart of nude 

rats immediately following LAD ligation, as we previously described for heart 

patches containing cardiomyocytes,41,46 and were implanted for 6 days. Perfusion 

of the patches was evaluated with species-specific endothelial-binding 

fluorescent labels injected into the left ventricle to circulate throughout the 

bloodstream prior to sacrifice. Immunohistochemistry on histological sections 

from explanted hearts was used to quantify the total number of human vessels in 

the patches. Aligned microvessel patches were predicted to have a greater 

number of perfused vessels after 6 days and isotropic microvessel patches were 

predicted to have some perfused vessels, but less than the aligned microvessel 

patches. Aligned PC patches were expected to recruit some host-derived 

microvessels by 6 days, but the total number of perfused microvessels (human + 

rat) was expected to be much lower than in the pre-vascularized patches.  
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While we did not expect these patches to have an effect on cardiac 

function or infarct size, as they were lacking cardiomyocytes, ejection fraction 

and fractional shortening were measured before implantation and at sacrifice to 

ensure any changes were recorded. The infarct was characterized by measuring 

the percent of the left ventricular wall occupied by scar as well as the left 

ventricular wall thickness. 

2.2 Methods 

2.2.1 Culture of human blood outgrowth endothelial cells and human 

pericytes 

Human BOECs were isolated from adult peripheral blood by the lab of Dr. 

Robert Hebbel at the University of Minnesota – Twin Cities25. Briefly, BOECs 

were screened for VE-cadherin, flk-1, vWF, CD36, and CD14 (negative). 

Passage 5 BOECs were thawed and plated on 0.05 mg/ml collagen I – coated 

flasks in BOEC medium (EGM-2 bulletkit medium (Lonza) supplemented with 

10% FBS, 1% penicillin/streptomycin (Gibco)). Medium was changed every other 

day and BOECs were passaged after 4 days, then plated and cultured for 4 more 

days prior to harvest.  

Human brain vascular PCs (ScienCell, fetal, characterized by 

immunofluorescence with antibody specific to α-smooth muscle actin) were 

transduced to express GFP and obtained from the lab of Dr. George Davis at the 
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University of Missouri. Passage 6 PCs were thawed and plated on 1 mg/ml 

gelatin-coated flasks in PC medium (13% FBS, 1% penicillin/streptomycin 

(Gibco), 10 ng/ml gentamicin (Gibco) in low-glucose DMEM (Lonza)). Medium 

was changed every 2-3 days and PCs were harvested after 10 days. 

2.2.2 Creation of aligned microvessel patches 

Rectangular molds (18.4 mm x 5 mm) were created by melting ridges into 

the bottom of a 6 well tissue culture plate. Porous polyethylene spacers (5 mm x 

5 mm) were placed on top of a dollop of sterile vacuum grease at both ends of 

the rectangular mold leaving a central rectangular well (8.4 mm x 5 mm). 

Droplets of fibrin gel solution containing BOECs and PCs were pipetted onto the 

edge of the two spacers and dragged toward the center to fill the central 

rectangular well (Figure 2-1A). This ensures that the gel is integrated with the 

porous spacers and is anchored in place. The gel solution was made up of 2.55 

mg/ml fibrinogen (Sigma), 200 ng/ml of stem cell factor (SCF), interleukin-3 (IL-

3), and stromal derived factor 1α (SDF-1α) (R&D Systems), 2x106 BOECs per 

mL and 0.4x106 PCs per mL, 1.25 U/ml thrombin (Sigma) and Medium 199 basal 

medium (Gibco) (M199). The total volume of each gel was 112 µl. Samples were 

incubated at 37°C, 5% CO2 for 20 min before adding BOEC medium. Medium 

was replaced after 1, 3, 5, and 7 days. In these samples, a microvascular 

network of tubules self-assembles and PCs are recruited to the abluminal side of 
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the vessels after 5 days of in vitro culture.43 We will hereafter refer to these 

structures as microvessels and microvascular networks. 

After 5 days of culture, samples were detached from the bottom surface of 

the tissue culture plastic by sliding the spacers along the bottom back and forth. 

To re-anchor the spacers, samples suspended between the two spacers were 

carefully transferred to a new well by picking up the spacers and placing them on 

fresh droplets of sterile vacuum grease. Spacers were re-anchored the same 

distance apart to maintain a constant sample length. The samples were then free 

to compact laterally via cell-induced compaction (Figure 2-1B). It has been 

shown that lateral compaction causes alignment of the microvessels and fibrin 

fibrils in the longitudinal direction.74 Aligned microvessel patches were harvested 

after 8 or 9 days for implantation. 

2.2.3 Creation of aligned PC patches 

Aligned PC patches were created identically to the aligned microvessel 

patches with the exception that the BOEC cell suspension volume was replaced 

by M199 (Gibco). PC density was identical to BOEC/PC patches to maintain 

similar levels of paracrine factors released by the PCs in the patch.  
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2.2.4 Creation of isotropic microvessel patches 

Isotropic microvessel patches were included in the study to assess the 

importance of vessel alignment in achieving perfusion of pre-formed vessels in 

vivo. Isotropic patches were designed to maintain similar size and identical cell 

loading as aligned microvessel tissue patches. Maintaining the same length (8.4 

mm) ensured that the patches spanned the infarct region. Isotropic patches were 

implanted as a single patch, while aligned patches were implanted as three 

parallel strips, thus the isotropic patches were made to contain 3 times the cell 

number as the aligned patches. The minimum width that would hold the required 

volume without spilling the gel-forming solution was 7 mm. In this way the cell 

content was identical between the isotropic and aligned microvessel patch 

groups, while the patch area was marginally different (50.4 mm2 for three aligned 

microvessel patches vs 58.8 mm2 for a single isotropic microvessel patch). 

Rectangular wells (8.4 mm x 7 mm) were created by melting ridges into 

the bottom of a 6 well tissue culture plate (Figure 2-1C). Fibrin gel-forming 

solution identical to the aligned microvessel patch formulation (but triple the 

volume - 336 µl) was pipetted carefully to fill the rectangular well without spilling 

outside the ridges. Samples were left to gel in the cell culture hood untouched for 

15 min due to their precariously high liquid height, then transferred to the 

incubator at 37°C, 5% CO2 for 15 min to complete the gelation process. Once 
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gelation was complete, BOEC medium was added to cover the samples. Medium 

was replaced after 1, 3, 5, and 7 days. Samples remained adhered to the bottom 

culture surface throughout the culture period to prevent compaction-induced 

alignment. The resulting isotropic microvessel patches were harvested after 8 or 

9 days for implantation. 

2.2.5 Patch Characterization 

Patches not implanted (at least 6 per group) were harvested after 8 or 9 

days of in vitro culture and fixed with 4% paraformaldehyde (PFA) (Electron 

Microscopy Sciences) for 10 min at room temperature, then rinsed in phosphate 

buffered saline (PBS) (Corning). Samples were cut in half longitudinally and one 

half was reserved for histology and the other was saved for whole-tissue 

immunofluorescence staining.  

Whole-tissue samples were blocked in 5% Normal Donkey Serum 

(Jackson Immunoresearch) for 2 hours, then incubated in 1:40 antibody to 

human CD31 (hCD31) (Dako) in blocking serum for one hour. Three 5 min PBS 

rinses were performed, then the samples were incubated in 1:200 donkey anti-

mouse secondary antibody conjugated with Alexa Fluor® 594 (Jackson 

Immunoresearch) in PBS for 1 hour. After secondary antibody incubation, 

samples were incubated in 1:10,000 Hoescht 33342 (Invitrogen) in PBS for 10 

min, followed by two 5 min rinses in PBS. All steps were performed at room 
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temperature on an orbital shaker. Whole-stained patches were visualized with 

confocal microscopy (Zeiss LSM 510) and three random fields of view from were 

captured for each sample to assess microvessel alignment, microvascular 

network length, network connectivity, and PC recruitment and alignment. 

For each image, the angle and length of each microvessel segment was 

measured in Fiji and exported to Excel. Total network length was calculated by 

taking the sum of all vessel segment lengths for each image and dividing by the 

area in the field of view. Microvessel alignment was verified by calculating an 

anisotropy index. The x and y components of each vessel segment were 

calculated according to the angle and segment length, with x being the 

longitudinal direction. The anisotropy index was calculated by dividing the sum of 

the x components by the sum of the y components for each image. Alignment of 

the PC patches was quantified using a similar method, except rather than 

measuring microvessel segments, individual PCs were measured by drawing line 

segments along the major axis of each cell. An anisotropy index of 1 indicated 

random orientations of cells or microvessels and values increasing from 1 

indicated vessels and PCs that were more strongly aligned in the longitudinal 

direction.  

Samples reserved for histology were placed in infiltration solution 1 (30% 

w/V sucrose in PBS) at 4°C overnight and then transferred to infiltration solution 
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2 (50% infiltration solution 1, 50% embedding medium (Tissue-Tek OCT)) at 

room temperature for 4 hours. Samples were then frozen in embedding medium 

and cross sections were cut by cryosectioning 9 µm thick cross-sections for 

immunohistochemical staining, as is common-practice for measuring lumen 

density in aligned tissues. Sections were stained for hCD31 similarly to the 

whole-tissue samples except incubation steps were not performed on an orbital 

shaker. hCD31 stained cross-sections were viewed with confocal fluorescence 

microscopy and three random fields of view were captured for each sample. 

Lumen density was assessed by manual counting and lumen diameters were 

measured manually in ImageJ based on hCD31 staining. PC recruitment was 

assessed by counting the number of PCs in contact with hCD31+ cells and 

dividing by the total number of PCs in each image.  

Patch width was determined from photographs taken prior to harvesting 

the samples and thickness was measured from histological sections. The fibrin 

concentration at harvest was estimated by simplifying the patch shape to be two 

side-by-side trapezoids with constant thickness and calculating the fibrin 

concentration based on the volume reduction from the initial gel formulation. This 

estimate assumes no degradation of fibrin occurred over the 8-9 days of in vitro 

culture. 
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2.2.6 Experimental Design 

Four groups were evaluated in this study: 1. MI + aligned microvessel 

patch (n=6), 2. MI + isotropic microvessel patch (n=6), 3. MI + aligned PC patch 

(n=5), and 4. MI only (n=6). Patches were applied on the left ventricle below the 

ligation suture immediately after ligation in patch groups, while MI only received 

no other treatment. The aligned microvessel patch contained a dense network of 

aligned microvessels to serve as the predicted optimal treatment group. The 

isotropic microvessel patch functioned to evaluate the importance of microvessel 

alignment in a pre-vascularized heart patch. The aligned PC patch functioned as 

a non-vascularized control patch. Since cell-mediated gel contraction is essential 

for remodeling the fibrin gels during in vitro culture, an acellular control patch was 

not tested because a cell-free fibrin patch could not be made with physical 

properties similar to cell-containing gels. 

2.2.7 Implantation of patches into an acute nude rat infarct model 

Procedures used in this study were reviewed and approved by the 

Institutional Animal Care and Use Committee (Protocol ID:1501-32275A) and 

Research Animal Resources at the University of Minnesota and conform to NIH 

guidelines for care and use of laboratory animals.  

Twenty-three female Foxn1rnu nude rats (Harlan Sprague-Dawley) were 

used in this study, aged 6-8 weeks old and weighing 150-200 g. Isofluorane was 
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administered for anesthesia, and rats were intubated prior to surgery. Depth of 

anesthesia was monitored throughout the surgery by pinching the toe and tail of 

the animals. The chest wall and pericardium was opened to expose the heart, 

and the LAD was permanently ligated to achieve an MI. Once an MI was 

established, either an aligned microvessel patch, an isotropic microvessel patch, 

or an aligned PC patch was applied for the three treatment groups. Aligned 

patches were cut free from the porous polyethylene spacers and three patches 

were sutured parallel to each other over the epicardial surface of the left ventricle 

below the ligation suture, approximately parallel to the alignment of the surface 

myocardium and covering the width of the infarct (Figure 2-1D), similar to our 

previous studies.41,46 Isotropic patches were detached by sliding a spatula 

between the tissue and the bottom culture surface to free the tissue. A single 

isotropic patch was placed over the epicardial surface in the same location as the 

aligned patches. Once the patch was sutured in place, the chest was closed and 

the animal was allowed to recover. Ketoprofen (2.5mg/kg, Pfizer) and 

Enrofloxacin (15mg/kg, Bayer) were administered to the rats daily for 3 days.  

2.2.8 Cardiac Functional Measurements and Perfusion Assessment 

Both prior to the initial surgery and 6 days post-implantation, 

echocardiography (Vevo2100) was performed on the animals to assess left 

ventricular ejection fraction and fractional shortening. During each session, at 
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least two measurements were recorded for both short and long axis views. After 

echocardiography was performed on day 6, isofluorane was administered for 

anesthesia, and the chest was re-opened. Immediately prior to sacrifice, 

rhodamine-conjugated ulex europaeus agglutinin – I (UEA-I) (Vector 

Laboratories) and fluorescein conjugated griffonia simplicifolia lectin I, isolectin 

B4 (IB4) (Vector Laboratories), endothelial labels for human and rodent, 

respectively, were injected directly into the chamber of the left ventricle at a dose 

of 1.2 µg/g body weight. Blood was allowed to circulate for 1-2 min, then the 

animal was euthanized via a potassium chloride intracardiac injection and the 

heart was removed for characterization. 

2.2.9 Histological Assessment 

Upon explant, hearts were rinsed in PBS for 5-15 min, then cut in two 

pieces by making a transverse cut below the ligation suture. The two pieces were 

transferred to 4% PFA for overnight fixation at 4°C on an orbital shaker. After 

fixing, the hearts were rinsed 3 times for 15 min in PBS on an orbital shaker. 

Then another parallel cut was made half-way between the apex and the first cut, 

resulting in three total transverse sections from each heart. Sections were placed 

in infiltration solution 1 for 24 hours, then infiltration solution 2 for 48 hours at 4°C 

on an orbital shaker. Heart pieces were then frozen in embedding medium and 
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cryosectioned in 9 µm sections for immunohistochemistry and histological 

analysis. 

2.2.10 Infarct Assessment 

Masson’s trichrome stain was applied to transverse heart cryosections to 

evaluate infarct size and left ventricular (LV) wall thickness for three different 

regions of the heart. The three regions were approximately: below the ligation 

suture, half-way between the ligation suture and the apex, and near the apex. 

Infarct size was calculated by averaging the percentage of the LV free wall area 

occupied by scar. LV wall thickness was calculated by averaging three 

measurements of the thickness of the LV wall in infarcted regions of three 

sections from different regions of the heart. When all three trichrome-stained 

heart sections showed no evidence of infarction, the animal was excluded from 

the study. 

2.2.11 Perfusion Analysis 

Heart cryosections were stained for hCD31 to visualize human vessels in 

the explanted patches. Images of the patch region were captured with confocal 

fluorescence microscopy using sequential excitation to avoid crossover from 

multiple wavelength excitation. Nuclei (labeled with Hoescht 33342, 405 nm 

excitation), PCs (expressing GFP, 488 nm excitation), perfused rat vessels 

(labeled in vivo with IB4, 488 nm excitation), perfused human vessels (labeled in 
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vivo with UEA-I, 561 nm excitation), and all human vessels, perfused and non-

perfused (labeled with hCD31, 633 nm excitation), were visualized. The number 

of UEA-I positive vessels and hCD31 positive vessels were counted manually 

from 40x images captured from at least 10 random locations within the patch. 

GFP PCs and IB4+ rat vessels (both viewed in the green channel) were 

differentiated by morphology. When looking at cross sections, a PC that was 

wrapped fully around a human vessel sometimes looked like a lumen, so green 

lumen-like structures were considered recruited PCs if the interior of the green 

lumen contained hCD31 positive staining and all other green lumens were 

considered rat vessels. Green structures that did not contain a lumen were 

considered PCs. Lumen diameters were also measured from these images, as 

described previously. Sections were also stained with hematoxylin and eosin 

(H&E) and separately, an antibody for rat red blood cells (RBC) (Rockland) to 

confirm perfusion of human vessels in the patches.  

2.2.12 Statistical Analysis 

Data are represented as a mean ± standard deviation. Students t-tests 

were performed in Excel. Multiple groups were compared with 1-way analysis of 

variance (ANOVA) with Games-Howell post-hoc tests in Minitab. P-values < 0.05 

were considered significant. 
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2.3 Results 

2.3.1 In Vitro Characterization of Patches 

Aligned patches compacted vertically throughout the culture period and 

compacted laterally once they were detached from the bottom culture surface 

after 5 days of culture. Isotropic patches were left constrained by the bottom 

culture surface throughout the culture period, thus they only underwent vertical 

compaction (Figure 2-1C).  The final patch dimensions and their estimated fibrin 

concentrations are summarized in Table 1. 

Aligned microvessel patches contained a dense network of longitudinally 

aligned microvessels with PCs recruited to the abluminal side of the microvessels 

(Figure 2-2). Isotropic microvessel patches formed a network of microvessels 

with recruited PCs, but showed no alignment. Aligned PC patches contained 

elongated PCs aligned in the longitudinal direction. 

Image analysis of CD31 stained non-implanted tissue patches (Figure 2-2) 

revealed that the aligned microvessel patches contained 940±240 lumens/mm2. 

In comparison, isotropic microvessel patches had a reduced lumen density of 

420±140 lumens/mm2. Similarly, network length for the aligned microvessel 

patches was higher at 33±6 mm/mm2 versus 16±4 mm/mm2 for the isotropic 

patches. The percent of PCs recruited to the abluminal side of the vessels was 

not different, at 77±10% versus 75±9%. The anisotropy index, a measure of the 
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alignment of the microvessels or PCs (random = 1, aligned > 1), was different for 

each group. The anisotropy index for aligned microvessel, isotropic microvessel, 

and aligned PC patches was 3.1±0.8, 1.0±0.2, and 5.0±2.0, respectively.  

2.3.2 Patch Engraftment and Alignment 

All patches remained located on the epicardial surface of the left ventricle 

after the 6 day implantation period, covering all or a portion of the infarct (Figure 

2-3D). No evidence of a necrotic core was found in any of the patch groups, 

which all showed uniform cell density throughout the patch thickness (Figure 2-

3A-C). Generally, human vessels near the edges of the patch appeared to have 

a higher prevalence of perfusion, from visual inspection, but perfusion also 

occurred in the center region. The thickness of the explanted patches were 410 ± 

120 µm for aligned microvessel, 400 ± 140 µm for isotropic microvessel, and 360 

± 90 µm for aligned PC. Trichrome staining showed a mix of fibrin (red) and 

collagen (blue), and a cell-dense, collagenous interface between the patch and 

the myocardium (Figure 2-3E). Subsequent immunohistochemical analysis 

revealed many rat vessels spanning this interface between the patch and 

myocardium. Aligned patches maintained their alignment after 6 days 

implantation, while isotropic patches remained isotropic (Figure 2-3F-H). 
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2.3.3 Microvessel Characterization and Perfusion Assessment 

Total human vessels remaining in the patch after 6 days implantation were 

counted from hCD31 stained sections (Figure 2-4). Aligned microvessel patches 

contained 435 ± 98 human vessel lumens/mm2 and isotropic microvessel 

patches contained 374 ± 98 human vessel lumens/mm2. Due to the oblique 

sectioning angle with respect to the alignment of the patch microvessels (a 

necessity for obtaining transverse heart sections), the apparent lumen density of 

the aligned microvessel patches was reduced compared to in vitro sectioning and 

characterization (Figure 2-5). Also, explanted patches could not be distinguished 

by eye from the surrounding tissues, thus the precise position of the patch at 

explant was uncertain, and oblique sectioning would have been unavoidable in 

any case. 

 The perfused human and rat endothelial labels, UEA-I and IB4, were 

used to quantify perfused human and rat vessels in the patch. Aligned 

microvessel patches contained 173 ± 97 perfused human vessel lumens/mm2, 

meaning 40 ± 23% of the human vessels were perfused. Isotropic microvessel 

patches contained 111 ± 75 perfused human vessel lumens/mm2, meaning 30 ± 

18% of the human vessels were perfused. No differences in total vessel density, 

perfused vessel density, or perfused fraction were found between aligned and 

isotropic microvessel patches. Aligned PC patches were perfused by invading rat 
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vessels (92 ± 80 rat vessels/mm2), as were the other two patch groups to a 

similar extent. 

Inosculation of the human microvessels with rat vessels was visualized in 

several histological sections as lumens stained for UEA-I that connected with 

lumens stained for IB4, primarily near the patch-heart interface (Figure 2-4B). 

Sections stained for rat RBCs (Figure 2-4C) as well as H&E (Figure 2-4D) 

confirmed perfusion by visualizing RBCs in lumens, providing further evidence of 

patch microvessel perfusion and inosculation with the host. 

Lumen diameters for aligned and isotropic microvessel patches were 

found to be in the 5-10 µm range of normal human capillaries6,78,79 both before 

and after implantation with a small increase in mean diameter from 6 µm to 8 µm 

observed for aligned patches (Figure 2-6). 

2.3.4 Infarct Histology Assessment 

Infarct size, defined as the percentage of the LV free wall area occupied 

by scar (averaged from three different regions of the heart), was evaluated for 

each patch group as well as the MI only control (Figure 2-7D). Infarct sizes for 

the three treatment groups were, on average, smaller than the MI only control, 

but none of the comparisons were statistically different. Similarly, the LV wall 

thickness for the treatment groups were not statistically different from the MI only 
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control, except for the isotropic microvessel group, which showed less thinning of 

the LV wall compared to the MI only control (Figure 2-7E). 

2.3.5 Cardiac Function Measurements 

Ejection fraction and fractional shortening measurements from baseline 

and day 6 echocardiography showed a decrease in ejection fraction and 

fractional shortening at 6 days compared to baseline measurements prior to MI 

(Figure 2-7B,C). While the average ejection fraction and fractional shortening 

values were approximately 10% higher for the three treatment groups, no 

statistical differences were observed.  

2.4 Discussion 

This is the first report of pre-formed human microvessels being implanted 

and perfused in a myocardial infarct model. This is a challenging environment for 

cell survival, but despite the challenging infarct environment, both the aligned 

and isotropic microvessel patches demonstrated a high degree of perfusion of 

human microvessels after 6 days of implantation. The results from these 

precursor microvessel patches highlight the potential for future pre-vascularized 

cardiomyocyte patches to be rapidly perfused after implantation onto a 

myocardial infarct. 
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To the best of our knowledge,18,43,61 the aligned microvessel patches used 

in this study contained the highest reported density of microvessel lumens 

achieved for engineered tissues in vitro (940±240 lumens/mm2). Perfused lumen 

densities at explant were comparable to high reports for pre-formed engineered 

microvessels23,38,83, yet they are the highest among aligned pre-formed 

microvessels. With a lumen density well above that of human skeletal muscle84 

and half the density of human adult cardiac muscle, the most capillary-dense 

tissue in the body, these pre-vascularized tissue patches could be translated to a 

wide variety of clinical applications with the addition of therapeutic cells. Our 

ability to create either aligned or isotropic microvascular networks and tune the 

alignment of these microvessel patches (shown in previous studies74) makes 

them especially versatile. 

Explanted patches maintained a high density of human vessels with 

physiological lumen diameters. The high degree of PC recruitment to the vessels 

in vitro likely helped maintain them for 6 days in vivo, as PCs enhance 

microvessel stability.28 The vessel alignment in the aligned patches was also 

preserved in vivo, indicating these patches presented a robust template to 

maintain alignment upon remodeling. It should be noted that lumen densities for 

explanted aligned microvessel patches are lower than the pre-implant 

measurements, while the isotropic microvessel patches had no change in lumen 
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density pre- and post-implantation. It is likely that most, if not all, of the reduction 

seen in the aligned patches is an artifact of sectioning at an oblique angle, rather 

than orthogonal to the alignment direction, as was done for in vitro 

characterization and as is common-practice in the field. This would cause fewer 

vessels with wider-appearing lumens to be presented per unit area for the 

aligned patches, but would cause no change for the isotropic patches due to the 

random orientation of the microvessels (Figure 2-5). In addition to the reduction 

due to oblique sectioning, it is possible that some lumens collapsed or vessels 

regressed during the implantation period.  

The majority of vessels present in the patches after 6 days implantation 

were human, with a small fraction of them being from the host (Figure 2-4E). 

None of the patches had formed a necrotic core after 6 days of implantation, 

including the aligned PC patches, which were also invaded by vessels from the 

host. It is not entirely surprising that the aligned PC patches lacked a necrotic 

core, as the patches used in this study were relatively thin and they did not 

contain a highly metabolic cell type such as cardiomyocytes, which would likely 

have had greater oxygen and nutrient demands. Human vessels, evidenced by 

hCD31 staining, were found to be uniform in density for both the aligned and 

isotropic patches. Perfusion of the human vessels, on the other hand, was more 

pronounced near the patch-host interface. This suggests that there were 
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disconnected vessel networks present in the patches, and only those that 

inosculated with the host vessels were perfused. Greater perfusion efficiency 

could potentially be achieved with longer implantation time or by pre-conditioning 

these patches with flow43 to promote greater network connectivity. 

While no perfusion benefit was observed for aligned microvessel patches, 

it is possible that a longer implant duration would reveal differences in 

remodeling and perfusion efficiency. It is also possible that with the high density 

of microvessels in both aligned and isotropic patches, the improved efficiency 

that might come from an aligned microvessel network was unnecessary for 

meeting the metabolic demands of the patch and therefore, was not observed. If 

this was the case, the benefits of alignment could be elucidated with the addition 

of a highly metabolic cell type, such as cardiomyocytes.  

  The implantation of a microvascular patch for 6 days had no effect on the 

ejection fraction, fractional shortening, or infarct size, confirming our expectation 

that a microvessel patch lacking cardiomyocytes would not be efficacious itself. 

Several studies have shown that the transplantation of cardiomyocyte patches 

can improve cardiac function after a myocardial infarction.22,41,62 Rather than 

serving a therapeutic role, the microvessel patches in the present study could be 

combined with a cardiomyocyte patch to provide rapid blood flow to the 
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implanted heart patch. This could allow for the implantation of larger patches and 

higher numbers of cardiomyocytes.  

The perfusion of these engineered tissue patches containing aligned 

human microvessels is promising for the future of tissue engineering, especially 

in the creation of highly metabolic tissue constructs. The next step would be to 

integrate these aligned patches with a third cell type, such as cardiomyocytes, to 

create pre-vascularized heart patches. Even more, these patches would greatly 

benefit from the development of a hierarchical vascular network containing 

microvessels, such as those created in this study, connected to larger diameter 

arteriole and venule-like engineered vessels. The addition of larger diameter 

vessels integrated within the microvessel patches would allow for direct 

microsurgical attachment to host vasculature and therefore, immediate perfusion.  

These pre-vascularized aligned tissue patches, which contained the 

highest reported density of engineered microvessels at implantation, inosculated 

with host vessels and were perfused within 6 days of implantation on the 

epicardial surface post-infarction. In this study we report the highest perfused 

lumen density of aligned pre-vascularized microvessels, with no difference in the 

percentage of human microvessels that were perfused for the aligned versus 

isotropic patches at this early time point. The rapid inosculation and perfusion of 

these aligned, pre-vascularized tissue patches containing capillary-size 
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microvessels is a major step forward toward the goal of creating a thick, beating 

heart patch that mimics native anatomical structure and can sustain high 

metabolic demand.  
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2.5 Tables 

 

 

Table 2-1. Patch dimensions before implant, and their estimated fibrin 

concentration.  

* indicates a constrained direction. Data represented as mean ± standard 

deviation. Student’s t-test comparing aligned microvessel and aligned PC 

patches revealed no difference in width (aligned microvessel patch n = 31, 

aligned PC patch n = 40), 1-way ANOVA among all patch groups revealed no 

differences in thickness (p > 0.05) (aligned microvessel patch n = 18, isotropic 

microvessel patch n = 9, aligned PC patch n = 14). 
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2.6 Figures 

 

Figure 2-1. Patch Alignment and Implantation.  

A. Aligned patch before compaction and alignment and B. after compaction and 

alignment. C. An isotropic patch that was restricted from compacting laterally. D. 

Implantation of aligned patches onto the infarcted region of the left ventricle. 

Arrow = LAD ligation suture, arrowheads = patch, A = apex. Scale bar = 5 mm. 
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Figure 2-2. Pre-Implant Patch Characterization.  

Top-down view of an A. aligned microvessel patch (n=14), B. isotropic 

microvessel patch (n=6), and C. aligned PC patch (n=12) via confocal 

microscopy. D. Cryosection orthogonal to the longitudinal direction for an aligned 

microvessel patch, E. isotropic microvessel patch, F. aligned PC patch. Red-

hCD31, green-GFP transduced PCs, blue-Hoescht-labelled nuclei, scale bar = 

100 µm. G. Lumen density of patches measured from histological cross-sections, 

H. PC Recruitment, or fraction of PCs in contact with vessels, I. Network length, 

or the sum of the vessel lengths per mm2, J. Anisotropy index, a measure of the 

degree of alignment with a value of 1 being isotropic (dashed line). Data 

represented as the mean ± standard deviation. * indicates a difference from 

isotropic microvessel patch, $ indicates a difference from aligned PC patch, 

p<0.05, student’s t-test (G-I), 1-way ANOVA + Games-Howell post hoc test (J). 
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Figure 2-3. Patch Cellularity and Organization. 

Patches engrafted with the host and maintained a high density of human 

microvessels and PCs throughout the patch thickness for all treatment groups. A. 

An aligned microvessel patch (n=6), B. an isotropic microvessel patch (n=6), and 

C. an aligned PC patch (n=5) all showing uniform cell density throughout the 

patches. A. shows increased perfusion of human microvessels near the edge of 

the patch. Red-UEA-1 human perfusion label, magenta-hCD31, green-GFP-PCs 

or IB4 rat perfusion label, blue-Hoescht, scale bar = 100 µm. D. A heart section 

stained for cardiac troponin T (red), imaged and stitched together. GFP-PCs 

mark the patch location. LV = left ventricle, RV = right ventricle, scale bar = 500 

µm. E. Trichrome stain showing an isotropic microvessel patch and the cell-

dense collagenous interface between the patch and the myocardium. F. Patch 

alignment 6 days post-implant for aligned microvessel patch, G. isotropic 

microvessel patch, and H. aligned PC patch. Double arrows indicate alignment 

direction, scale bar = 100 µm. 
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Figure 2-4. Patch Perfusion. 

A. Confocal micrograph displaying an area of an isotropic microvessel patch that 

had both perfused and non-perfused vessels. A few perfused human vessels 

(hCD31-magenta and UEA-1-red) are marked by white arrowheads and an 

example of a non-perfused vessel (magenta only) is marked by a thin white 

arrow. The bold white arrows mark rat vessel lumens (IB4-green) among the 

transplanted PCs (GFP-green). B. An example of inosculation of a perfused 

human vessel (magenta and red) with a rat vessel (green). Arrow heads point at 

the human vessel and bold arrows point at the inosculating rat vessel.  C. Rat 

RBC stain (yellow) showing many RBCs inside perfused human microvessels 

(UEA-I-red) D. H&E stain showing an aligned microvessel patch with many 

lumens containing RBCs. E. Vessel density of perfused rat, perfused human, and 

total human vessels in the patch for aligned microvessel patch (n=6), isotropic 

microvessel patch (n=6), and aligned PC patch (n=5). F. Fraction of human 

vessels that were perfused in the patch. Scale bar = 50 µm. Data represented as 

mean ± standard deviation. 1-way ANOVA (E) and student’s t-test (F) revealed 

no differences among the groups (p > 0.05).  
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Figure 2-5. Lumen Density Dependence on Section Angle. 

As the sectioning angle approaches the direction of alignment (AC), the 

probability of a lumen being intersected by the section becomes lower and lower 

for aligned microvessel patches, but remains unchanged for isotropic 

microvessel patches due to the random orientation of the microvessels. This 

causes the aligned microvessel patch lumen density to appear lower for 

explanted sections, which were generally cut at an oblique angle (B or C) than if 

they were cut orthogonal to the alignment direction (A), as they were for in vitro 
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characterization. Explanted patches could not be sectioned orthogonally due to 

the need for transverse heart sections in determining infarct size. Also, the 

inability to distinguish the patch from surrounding tissue by macroscopic analysis 

at explant would have made oblique sectioning unavoidable in any case. 
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Figure 2-6. Lumen Diameters. 

A. Summary of lumen diameters for Aligned and Isotropic microvessel patches 

pre-implant (n=14 aligned, n=6 isotropic) and 6 days post-implant (n=6 aligned, 

n=6 isotropic). B. Histogram of lumen diameters for aligned microvessel patches 

and C. isotropic microvessel patches to show the variation in lumen diameter 

pre- and post-implant. * indicates a difference from pre-implant lumen diameter 

by student’s t-test, p < 0.05.  
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Figure 2-7. Infarct and Heart Function Assessment. 

A. Trichrome stained heart sections taken from below the ligation suture. Infarct 

indicated by collagen presence (blue). B. Ejection Fraction and C. Fractional 

Shortening for animals prior to surgery and again after 6 days implantation, 

measured by echocardiography. D. Infarct size measured by the percent of the 
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left ventricular anterior wall occupied by scar and E. thickness of infarcted left 

ventricular wall measured from trichrome stained sections. Data represented as 

the mean ± standard deviation. Groups are MI + aligned microvessel patch (n=6), 

MI + isotropic microvessel patch (n=6), MI + aligned PC patch (n=5), MI Only 

(n=6).  * indicates a difference from MI only, by 1-way ANOVA + Games-Howell 

post hoc test, p < 0.05. 
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Chapter 3. Sprouting Assays 

3.1 Introduction 

3.1.1 Motivation for connecting microvessels to flow 

Pre-vascularized tissues containing engineered microvessels were shown 

to be perfusable when implanted for 6 days in vivo (Chapter 2).47 However, only 

40% of the vessels were perfused. Greater perfusion efficiency could potentially 

be achieved by pre-conditioning microvessels with flow to promote greater 

network connectivity. In vitro perfusion of microvascular networks would also 

enable larger and denser tissues to be grown in the lab if they had a supporting, 

perfusable microvascular network to provide sufficient nutrients to meet their 

metabolic demand. Current tissue engineering strategies are severely limited to 

low density, thin tissues that are nourished by diffusion alone.  

In vitro perfusion, however, presents many challenges. In order to perfuse 

the lumens of engineered microvessels in vitro, the microvessels must be 

connected to flow. While many microfluidic perfusion strategies exist, they do not 

allow for the creation of thick, dense tissues that could be implanted for 

regenerative therapies. We have previously developed a strategy for conditioning 

large, dense, and aligned microvascular tissues with flow, but the flow was 
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limited to the interstitial space between the microvessels, and the lumens were 

not perfused.43 

3.1.2 Strategy for connecting microvessels to flow 

Our strategy for connecting tissue engineered microvessels to flow 

involves encouraging sprouting from an endothelialized channel and encouraging 

the sprouts to anastomose with the microvessels in the bulk of the sample 

(Figure 3-1). This would enable flow to travel throughout the lumens of the 

microvascular network, which were previously closed to flow. Angiogenic 

sprouting from an endothelial monolayer and anastomosis with self-assembled 

microvessels in a fibrin gel was a critical feature for the design of a microvascular 

heart patch that could be perfused in vitro. Therefore, the conditions that favored 

sprouting, inosculation, and microvessel self-assembly had to be determined.  

3.1.3 Sprouting conditions for testing 

 Our lab has had success creating lumen-containing microvessels in 3D 

fibrin gels containing stem cell factor (SCF), interleukin-3 (IL-3), and stromal-

derived factor-1α (SDF) under a variety of conditions43,47,74 and these growth 

factors have also been shown to enhance angiogenic sprouting in 3D collagen 

assays16. Vascular endothelial growth factor (VEGF) and fibroblast growth factor 

(FGF) are also known to promote angiogenesis.85,86 Studies have shown 
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angiogenic sprouting to occur in collagen and fibrin gels containing these growth 

factors,16,87 but they had not yet been tested in our system. 

The cell culture medium used in 2D cell culture can greatly affect the 

angiogenic and vasculogenic potential of ECs. Studies have also shown that 

priming ECs in 2D culture with “supermedium” comprised of M199, reduced 

serum II supplement (RSII)39, VEGF, and FGF 16-20 hours prior to casting in 3D 

gels can prepare them for angiogenesis and enhance microvessel formation.16 

While our lab had previously only used BOEC medium for 2D cell culture of 

BOECs prior to casting, supermedium priming could potentially enhance the 

angiogenic or vasculogenic potential of the BOECs and increase sprouting or 

tubulogenesis. 

The culture medium for 3D gel culture can also greatly affect sprouting 

and tubulogenesis. The Davis lab has shown enhanced sprouting and tubule 

formation with medium containing only RSII, ascorbic acid, FGF at 40 ng/ml, and 

antibiotics (hereafter referred to as “defined medium”).16,39 Although our lab has 

had success with vasculogenic tubulogenesis using BOEC medium, it’s potential 

for encouraging angiogenic sprouting had yet to be determined.  

In this study, culture of BOECs prior to casting was primarily with BOEC 

medium, with some groups being primed with supermedium 16-20 hours before 

casting. All fibrin gels contained the growth factors SCF, IL-3, and SDF, while 
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some also contained VEGF and FGF. Once the gels had formed, both BOEC 

medium and defined medium were tested for sprouting efficiency. 

3.1.4 High-throughput assay for testing sprouting conditions 

Perfusion bioreactor tissue culture consumes a large amount of culture 

medium and time preparing and manipulating the sample. Thus, for preliminary 

studies it is beneficial to work with a smaller scale system that is higher 

throughput, simpler to culture, and uses less material. Therefore, initial 

experiments were carried out with gels that were cast in half-area 96-well plates 

(A/2 gels). 

A novel assay was developed to investigate tubulogenesis and sprouting 

in a combined vasculogenic and angiogenic assay (Figure 3-2). In the assay, 

BOECs and PCs could be entrapped in a 3D fibrin gel with a variety of possible 

growth factors. BOECs could also be seeded as a monolayer on the gel surface 

to simulate angiogenic sprouting from an endothelialized channel. The 

vasculogenic assay contained only entrapped BOECs and PCs without the 

BOEC surface-monolayer, the angiogenic assay had a cell-free fibrin gel with 

only the BOEC surface-monolayer, and the combined vasculogenic/angiogenic 

assay had both entrapped cells and a surface-monolayer with cells pre-labeled 

with a cell-tracking dye. The combination assay was novel in that it expanded 

upon the simultaneous study of vasculogenesis and angiogenesis, described in 
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Koh et al.39, and also allowed for easy tracking of inosculation of surface 

angiogenic sprouts and vasculogenic tubules through the use of the cell-tracking 

dye.  

Samples were cultured statically to elucidate the desirable conditions that 

led to sprouting from the monolayer, microvessel formation in the bulk gel, and 

inosculation of the resulting sprouts and microvessels. This format enabled the 

study of these three key processes under a wide variety of conditions in a high 

throughput manner. 

3.2 Materials and Methods 

3.2.1 Culture of human blood outgrowth endothelial cells and human 

pericytes 

Human BOECs were isolated by the lab of Dr. Robert Hebbel at the 

University of Minnesota – Twin Cities25. Passage 5 BOECs were thawed and 

plated on 0.05 mg/ml collagen I – coated flasks in BOEC medium (EGM-2 

bulletkit medium (Lonza) supplemented with 10% FBS, 1% 

penicillin/streptomycin (Gibco)). Medium was changed every other day and 

BOECs were passaged after 4 days, then plated and cultured for 3 more days 

prior to harvest. Some experiments tested priming the BOECs with 

“supermedium”16 (Medium 199 basal medium (Gibco) (M199), 0.4% RSII, 40 

ng/ml VEGF (R&D Systems), 40 ng/ml FGF (R&D Systems)). In these cases, 
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BOEC medium was completely replaced with supermedium 16-20 hours prior to 

harvest while all other samples had BOEC medium replaced with fresh BOEC 

medium. 

GFP-labeled PCs were obtained from the lab of Dr. George Davis at the 

University of Missouri. Passage 6 PCs were thawed and plated on 1 mg/ml 

gelatin-coated flasks in PC medium (13% FBS, 1% penicillin/streptomycin 

(Gibco), 10 ng/ml gentamicin (Gibco) in low-glucose DMEM (Lonza)). Medium 

was changed every 2-3 days and PCs were harvested after 10 days. 

3.2.2 Labeling BOECs with Qtracker for surface-seeding 

 BOECs reserved for surface-seeding were stained with Qtracker 705 Cell 

Labeling Kit (ThermoFisher Scientific) by incubating a T175 flask in the Qtracker 

labeling solution at 37°C, 5% CO2 for 65 min. Prior to harvest, cells were washed 

twice with BOEC medium, then harvested as usual. 

3.2.3 Creation of fibrin gels for sprouting assays 

Fibrin gel-forming solution was pipetted into 96-well half-area plates. The 

gel solution was made up of 2.55 mg/ml fibrinogen (Sigma), 2x106 BOECs per 

mL and 0.4x106 PCs per mL, 200 ng/ml of stem cell factor (SCF), interleukin-3 

(IL-3), and stromal derived factor 1α (SDF-1α) (R&D Systems), and 1.25 U/ml 

thrombin (Sigma) in M199. Some gels also contained vascular endothelial growth 
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factor (VEGF) and fibroblast growth factor (FGF) (200 ng/ml, R&D Systems) for 

testing their effects on sprouting, vasculogenesis, and inosculation. Cell-free gels 

(gels without entrapped BOECs or PCs, but still seeded with a BOEC monolayer 

later) replaced BOECs and PCs with equal volumes of M199. Table 3-1 details 

each of the different conditions evaluated. 

The gel solution was quickly made up in 180 µl aliquots, one at a time, 

mixed well, and 28 µl of gel solution was pipetted into each of 6 wells in a 96-well 

half-area plate (Corning). Samples were incubated at 37°C, 5% CO2 for 20 min 

before adding 100 µl of either BOEC medium or defined medium (0.4% RSII39, 

50 µg/ml Ascorbic Acid (Sigma), 40 ng/ml FGF (R&D Systems) in M199). 

Medium was replaced (with either BOEC or defined) by removing and 

replenishing 60 µl per well daily.  

3.2.4 Seeding the BOEC surface-monolayer 

For surface-seeded gels, BOECs were added to the culture medium 

above the gels at a concentration of 8x104 cells/mL for a seeding density of 

50,000 cells/cm2. Seeding was done during the initial addition of culture medium, 

20 min after casting. 
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3.2.5 Harvest of fibrin gels 

After 5 days of culture, samples were fixed in 4% paraformaldehyde 

(Electron Microscopy Sciences) for 10 min at room temperature, rinsed in PBS 

3x5 min, then detached from the bottom surface of the 96 well plate by sliding a 

sharp forceps around the perimeter of each gel and underneath the gel between 

the bottom surface and the tissue culture plastic. Gels were transferred to 

separate wells in PBS and saved for whole-tissue immunofluorescence staining. 

3.2.6 Immunohistochemical characterization 

Whole-tissue samples were blocked in 5% Normal Donkey Serum (Jackson 

Immunoresearch) for 2 hours, then incubated in an antibody specific to human 

CD31 (hCD31, 1:40 dilution) (Dako) in blocking serum for one hour. Three 5 min 

PBS rinses were performed, then the samples were incubated in 1:200 donkey 

anti-mouse secondary antibody conjugated with Alexa Fluor® 594 (Jackson 

Immunoresearch) in PBS for 1 hour. After secondary antibody incubation, 

samples were incubated in 1:10,000 Hoescht 33342 (Invitrogen) in PBS for 10 

min, followed by two 5 min rinses in PBS. All steps were performed at room 

temperature on an orbital shaker.  
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3.2.7 Confocal imaging and analysis 

Whole-stained samples were visualized with confocal microscopy (Zeiss LSM 

510). Images were acquired near the top and bottom surfaces of each sample 

and z-stacks were acquired starting at the top surface and continuing in 1µm 

slices approximately 20 µm deep into the sample to track sprouts from the 

surface-monolayer. Long sprouts were tracked by manually adjusting the focus 

up to 100 µm deep and recording the maximum depth of the sprouts. Images 

were assessed to evaluate sprouting from the monolayer, assess the morphology 

of the microvascular network, and check for inosculation of Q-tracker-labeled 

sprouts with the hCD31 labeled microvessels. 

3.3 Results 

3.3.1 Assessment of microvessel self-assembly in vasculogenic assays 

Priming BOECs with supermedium 16-20 hours prior to casting resulted in 

reduced microvessel formation compared to gels cast with cells cultured in 

BOEC medium prior to casting (Figure 3-3). This was independent of the type of 

culture medium used after casting. Priming conditions were removed from further 

testing and all other samples were cast with cells that had been cultured in 

BOEC medium prior to harvest. Further testing of culture medium conditions 

refers to the medium used during 3D gel culture rather than 2D cell culture. 
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Vasculogenic assays without VEGF/FGF and cultured with BOEC medium 

formed a network of lumen-containing microvessels throughout the gel with PCs 

recruited to the abluminal side of the microvessels (Figure 3-4A). VEGF and FGF 

did not affect microvessel formation or network properties (Figure 3-4D) when 

cultured in BOEC medium.  

When defined medium was used to culture BOEC/PC gels, very few intact 

microvessels were found (Figure 3-4B,E). It was observed during culture that 

tubules would initially form in the bulk of the gel when cultured with defined 

medium, but they would begin to regress and disorganize by the second day of 

culture, and were mostly degraded by day 5. The addition of VEGF and FGF did 

not recover vasculogenic tubule formation in these gels. 

A hybrid medium approach, with 1 day of defined medium and 4 days of 

BOEC medium was tested to attempt to attain the benefits of defined 

medium31,39,74 without the microvessel regression that was observed after 24 

hours.  The hybrid medium approach resulted in the formation of a network of 

lumen-containing microvessels with recruited PCs (Figure 3-4C,F), a great 

improvement compared to samples cultured in defined medium alone, and 

similar to samples cultured in BOEC medium alone. There were no differences 

between samples cultured with or without VEGF and FGF in vasculogenic 

assays. 
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3.3.2 Sprouting assessment in angiogenic assays 

Angiogenic assays (gels cast without entrapped BOECs or PCs, and 

seeded with a monolayer of BOECs) were evaluated for their sprouting potential 

under each testing condition. Samples cultured in BOEC medium without 

VEGF/FGF contained a surface monolayer of BOECs with few to no sprouts 

(Figure 3-5 A,C). When VEGF/FGF were added, sprouting increased, but the 

sprouts were less frequent and short, only extending 10-20 µm (Figure 3-5 E,H). 

Samples without VEGF/FGF and cultured in defined medium, also contained few 

to no sprouts, and failed to maintain a monolayer of BOECs on the surface 

(Figure 3-5 B,D). When VEGF/FGF was added to defined medium cultured 

samples, however, the result was a surface-network of microvessels rather than 

a continuous monolayer of BOECs, and there were many lumen-containing 

sprouts extending into the gel 30-120 µm (Figure 3-5 F,I).  

Hybrid medium culture was tested with the angiogenic assays as well. 

When the hybrid medium protocol (1 day defined medium, 4 days BOEC 

medium) was used on the angiogenic assays containing VEGF/FGF, a surface 

monolayer of BOECs formed and was maintained over 5 days. Additionally, 

extensive sprouts were found in the gels, with no reduction in sprouting 

compared with gels cultured in defined medium alone (Figure 3-5 G,J). The 

hybrid medium protocol applied to gels containing VEGF/FGF was the only 
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condition that yielded both a complete endothelial monolayer on the gel surface 

and many long, angiogenic sprouts. 

3.3.3 Inosculation of sprouts and microvessels in combined assays 

Combined vasculogenic/angiogenic assays with samples containing both 

entrapped BOECs and PCs and a monolayer of surface-seeded BOECs were 

evaluated for the inosculation potential of sprouts and microvessels. The assay 

was carried out for the conditions deemed most favorable during the 

vasculogenic and angiogenic assay testing (+VEGF/+FGF gels cultured under a 

hybrid medium protocol, and no priming of the BOECs). A control group without 

VEGF/FGF, cultured with BOEC medium was tested as well. Sprouts from the 

BOEC monolayer (labeled with Qtracker) were observed with confocal 

microscopy and traced into the gel thickness to check for inosculation with non-

labeled microvessels. Samples containing VEGF/FGF and cultured with the 

hybrid medium protocol contained several Q-tracker-labeled sprouts that 

anastomosed with non-labeled microvessels at least 60µm deep (Figure 3-6). 

Control gels cultured with BOEC medium did not contain any Qtracker labeled 

sprouts, and thus, did not show any evidence of inosculation. 

3.4 Discussion 

While several conditions led to sprouting and microvessel formation 

individually, only one set of conditions led to all three events needed to connect 



 

 66 

microvessels to an endothelialized surface: sprouting from a monolayer, 

microvessel formation in the gel, and inosculation of sprouts and microvessels. 

The single set of conditions that led to these events was hybrid medium culture, 

+VEGF/+FGF, -primed cells. 

Priming of BOECs in 2D culture did not enhance vasculogenic 

tubulogenesis, thus it was quickly eliminated from testing. This could be 

attributed to inherent differences in BOECs, a late-outgrowth cell type derived 

from adult peripheral blood, and HUVECs, human umbilical vein endothelial cells, 

which were used in studies showing the benefits of priming ECs.16 

In angiogenic assays, an endothelial monolayer was only observed in 

samples cultured in BOEC medium or the hybrid medium protocol. Defined 

medium samples did not support the formation of a continuous endothelium. 

Rather, +VEGF/+FGF samples cultured in defined medium contained a surface 

network of microvessels that sprouted into the gel thickness. While interesting, 

the formation of a surface network rather than a monolayer would not be useful in 

the development of a perfusable microvascular tissue, because the 

endothelialized channel needs to act as a barrier and direct flow through the 

lumens of sprouts that come out from the endothelium. Only a surface monolayer 

of ECs could achieve this, thus the BOEC medium or hybrid medium approach 
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are better suited for continued efforts in development of a perfusable 

microvascular tissue.  

The addition of VEGF and FGF enhanced sprouting, which is 

unsurprising, as several studies16,53,56,88 have shown these growth factors to have 

positive effects on angiogenesis. In vasculogenic assays, however, VEGF and 

FGF did not affect microvessel formation. It is possible that the VEGF and FGF 

present in BOEC medium saturated the cells’ response, so additional growth 

factors showed no effect. Defined medium, which contained fewer growth factors 

and reduced serum, may have elucidated a response with addition of VEGF and 

FGF, but vasculogenic assays showed poor tubule formation with defined 

medium culture, so it was difficult to measure improvements in response to 

VEGF and FG addition. In the combined angiogenic + vasculogenic assay, 

sprouting was driven by culturing the samples in defined medium for the first 24 

hours, during which the presence of VEGF and FGF in the fibrin gel formulation 

could act as chemoattractants and encourage the initiation of angiogenic 

sprouting. Here, extensive angiogenic sprouting was observed, with many 

sprouts that had anastomosed with the microvessels in the gel. 

While defined medium culture yielded excellent angiogenic sprouting, 

these conditions were poorly suited for microvessel formation in the bulk gel. 

Conditions well-suited for microvessel formation (BOEC medium) yielded poor 
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sprouting. It was only after observing the initial microvessel formation and then 

later, regression, in vasculogenic assays cultured with defined medium that led to 

the formulation of a hybrid medium culture approach. Culturing gels for the first 

24 hours in defined medium allowed for the necessary conditions to initiate 

angiogenic sprouting from the monolayer while enabling the early stages of 

microvessel formation in the bulk gel. Then later culture with BOEC medium 

helped complete microvessel formation and allowed for stable microvessels to 

develop without affecting the angiogenic sprouting potential. 

This hybrid medium approach with 1 day of defined medium and 4 days of 

BOEC medium resulted in angiogenic sprouting of BOECs from a monolayer, 

excellent vasculogenic network formation within the fibrin gel, and inosculation of 

the sprouts with the network microvessels. These results are promising for the 

use of combined angiogenic and vasculogenic methods to develop perfusable 

microvessels in tissues for regenerative therapies, and it is the first step toward 

creating a perfusable microvascular network with BOECs and PCs in fibrin gel. 

The next step would be to move from this high-throughput platform to a system 

that allows for perfusion of endothelialized flow channels. 
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3.5 Tables 

Entrapped 
BOECs/PCs 

Surface-
Seeded 

Primed 
Cells 

VEGF/FGF 
Culture 
Medium 

X   X   BOEC 

X   X X BOEC 

X   X   Hybrid 

X   X X Hybrid 

X       BOEC 

X     X BOEC 

X       Defined 

X     X Defined 

X       Hybrid 

X     X Hybrid 

  X     BOEC 

  X   X BOEC 

  X     Defined 

  X   X Defined 

  X   X Hybrid 

X X     BOEC 

X X   X Hybrid 
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Table 3-1. Vasculogenic, Angiogenic, and Combined Assay Testing Conditions. 

Table showing vasculogenic assays (colored in blue, all have entrapped 

BOEC/PCs and no surface-seeded BOECs), angiogenic assays (colored in 

yellow, no entrapped BOECs/PS, all have surface-seeded BOECs), and 

combined vasculogenic + angiogenic assays (colored in pink, all have entrapped 

BOECs/PCs and surface-seeded BOECs). Primed cells refers to replacing the 

culture medium with supermedium in 2D cell culture 16-20 hours prior to harvest. 

VEGF/FGF refers to the addition of 200 ng/ml of VEGF and FGF to the gel 

formulation. Culture medium refers to the type of medium used during 3D gel 

culture (BOEC, defined, or hybrid). 
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3.6 Figures 
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Figure 3-1. Strategy for Connecting Microvessels to Flow.  

A. A flow channel (arrows) could be lined with endothelial cells (red). The flow 

channel would be surrounded by a fibrin gel (pink) containing a microvascular 

network made up of endothelial cells (red). B. By encouraging sprouting from the 

endothelial monolayer of the flow channel, sprouts would grow into the fibrin gel. 

C. By encouraging anastomosis of angiogenic sprouts with the microvessels in 

the fibrin gel, flow could enter the lumens of the microvessels, enabling perfusion 

of the microvascular network. 
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Figure 3-2. Angiogenic/Vasculogenic/Combined Sprouting Assay Format. 

Fibrin gels are cast in half-area 96 well plates. A. In the vasculogenic assay, 

BOECs (red) and PCs (green) are entrapped in fibrin gels (pink) without surface-

seeding. B. Under the right conditions, entrapped BOECs and PCs self-assemble 
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into a microvascular network. C. In the angiogenic assay, cell-free fibrin gels are 

surface-seeded with BOECs. D. Under the right conditions, BOECs form 

angiogenic sprouts into the fibrin gel. E. In the combined 

vasculogenic/angiogenic assay, BOECs and PCs are entrapped in fibrin gels and 

are surface-seeded with pre-labeled BOECs (yellow). F. Under the right 

conditions, pre-labeled BOECs form angiogenic sprouts that anastomose with 

the microvascular network. 
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Figure 3-3. Priming Experiment. 

Representative images of vasculogenic assay that tested gels cast with primed 

or unprimed BOECs, with better microvessel formation achieved in gels cast with 
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unprimed cells. All images were taken from gels lacking VEGF and FGF and 

lacking a surface-seeded BOEC monolayer. A. Unprimed, cultured with BOEC 

medium, B. Unprimed, cultured with Hybrid medium, C. Primed, cultured with 

BOEC medium, D. Primed, cultured with Hybrid medium. Scale bar = 100 µm. 
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Figure 3-4. Vasculogenic Assay Results. 

Representative images are displayed for each condition tested: A. BOEC 

medium, -VEGF/-FGF, B. Defined medium, -VEGF/-FGF, C. Hybrid medium, -

VEGF/-FGF, D. BOEC medium, +VEGF/+FGF, E. Defined medium, 

+VEGF/+FGF, F. Hybrid medium, +VEGF/+FGF. Scale bar = 100 µm. 
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Figure 3-5. Angiogenic Assay Results. 

A-B and E-G show an image of the BOEC-seeded top surface with panels on the 

top and right sides showing cross-sectional views constructed from confocal z-

stacks. C-D and H-J show an image several microns below the gel surface to 

demonstrate the presence of sprouts (in some cases) with lumens. A, C. BOEC 

medium, -VEGF/-FGF, B, D. Defined medium, -VEGF/-FGF, E, H. BOEC 

medium, +VEGF/+FGF, F, I. Defined medium, +VEGF/+FGF, G, J. Hybrid 

medium, +VEGF/+FGF. Scale bar = 100 µm. 
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Figure 3-6. Combined Vasculogenic + Angiogenic Assay Results. 

Top surface, seeded with Qtracker (yellow) labeled BOECs for A. BOEC 

medium, -VEGF/-FGF and B. Hybrid medium, +VEGF/+FGF. Microvascular 
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network below the surface for C. BOEC medium, -VEGF/-FGF and D. Hybrid 

medium, +VEGF/+FGF with sprouts (yellow, labeled with Qtracker) integrated 

with the microvascular network. Scale bar = 100 µm. 
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Chapter 4. Bioreactor Strategy for In Vitro Microvascular 

Tissue Perfusion 

4.1 Introduction 

4.1.1 Why is in vitro perfusion important? 

In vitro perfusion of microvascular networks is a rapidly growing field and 

more and more groups are attempting to mimic the microcirculation in a lab 

environment. In vitro perfusion of microvessels has a wide range of applications, 

starting with diagnostics and drug testing and ranging to the culture of 

implantable engineered tissues for regenerative medicine. Over the past few 

years, many groups have been creating microvascular networks in the lab and a 

few are even successfully perfusing them in microfluidic systems.5,23,26,64–68 

These groups are developing perfusable microvasculature for organ-on-a-chip 

applications that can function as a model system to be used for drug screening or 

for the study of various diseases of the microcirculatory system. These advances 

are groundbreaking for the field of microvascular engineering, and they can help 

guide the scale-up to implantable engineered tissues for regenerative therapies.  

Pre-vascularized engineered tissues are becoming essential to the 

continued development of the field of tissue engineering. Without pre-

vascularization, engineered tissues are limited in size, thickness, and cell density 
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due to diffusion limitations and high metabolic demand of certain cell types.2,3,89 

In vivo, native tissue is supplied with nutrients by an extensive microcirculatory 

system of capillaries that can be as dense as 2,000 capillaries/mm2 in human 

adult cardiac tissue. Attempts to develop engineered tissues that can mimic or 

replace native tissue will require integration of a network of microvessels that can 

supply the necessary nutrients to meet the metabolic demands of the cells. 

Having a functional engineered microvascular network that is perfusable 

prior to implantation could reduce the time needed to achieve complete tissue 

perfusion following implantation. With an engineered microvascular network that 

is perfusable prior to implantation, anastomosis with the host vessels would be 

the only limitation in providing complete blood perfusion of the donor tissue. This 

would help deliver nutrients to implanted cells quickly and efficiently and would 

enable the delivery of larger, denser engineered tissues with high metabolic 

demands that would, otherwise, not have survived implantation.  

In vitro perfusion of microvascular tissues would also enable the creation 

of much larger and denser tissues containing highly metabolic cells in the lab, 

because nutrients could be delivered more efficiently and would not be limited by 

diffusion. Perfusion culture of pre-vascularized tissues that contained other cell 

types, such as cardiomyocytes or hepatocytes, would open up a myriad of 

engineering possibilities for the creation of regenerative therapies. Despite the 
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urgent need and consensus in the field,3,89 perfusion of pre-vascularized tissues 

has yet to be accomplished. This is, in part, due to the challenge of flow 

connectivity to the microvascular network. 

4.1.2 What are current in vitro perfusion methods missing? 

 Current reports5,23,26,64–67 of perfusable 3D microvascular networks utilize 

microfluidic technology and are designed for drug screening platforms or study of 

diseases. The microfluidic platform technology is excellent for small-scale, high-

throughput flow studies, or lab-on-a-chip technology, but it is not suitable for 

growing large engineered tissues to be implanted for regenerative therapies. 

Microfluidic samples are typically on the millimeter scale, while engineered 

tissues typically require significant size and thickness, on the centimeter scale or 

larger.  

In microfluidic studies, ECs are typically entrapped in low-density collagen 

gels, fibrin gels, or Matrigel™ which lack the mechanical strength and robustness 

to survive implantation and mimic native function, in most cases. These samples 

are constrained on all sides, which prevents cell-induced gel compaction and 

remodeling of the extracellular matrix. This further limits their utility in 

regenerative medicine, as this matrix remodeling is critical to the creation of a 

dense, native-like tissue.42,43 It is through selective constraints and guided cell-
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induced compaction and remodeling that cell-loaded gels can become robust 

engineered tissues with finely tuned cell and matrix alignment.43,74,90 

3D printing technology is another approach that has been studied in 

attempts to solve the perfusion problem. The Chen lab has shown success in 

printing and perfusing EC-lined channels in printed poly(ethylene glycol) 

hydrogels. Perfusion of channels like these enhanced survival of the cells 

surrounding the perfused channels, but more distant cells do not survive (Chen 

Miller 2012, Chen cords for implantation, Schuller-ravoo 2014).20,91,92 While this 

approach improves nutrient delivery compared to samples without perfusable 

channels, 3D printing technology does not have the resolution to print at the 

capillary-level (10 µm).93 With diffusion distances typically on the order of 150-

200 µm94, any tissue created using this approach would require approximately 

50% of its volume to be occupied by flow channels. Not only is this not 

physiologically accurate, it would also disrupt important cell:cell contact in tissues 

such as myocardium, and would hinder the mechanical properties of the tissue. 

Capillaries are more efficient for nutrient delivery as they have a greater surface 

area for a given blood volume, enhancing their potential for supplying nutrients 

throughout a tissue. A hierarchical network consisting of arteries, arterioles, 

capillaries, venules, and veins that could be patterned and 3D printed would be 

incredibly promising, but unfortunately, 3D printing technology cannot match the 
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resolution required for a capillary network. This prevents this approach from 

meeting the nutrient demands of dense, highly metabolic tissues.  

4.1.3 Tissue engineering approaches for microvessel perfusion 

Current microvessel perfusion technologies have major limitations, and 

the scaling up from microfluidics to large-scale culture poses many challenges. 

Engineered tissues for regenerative medicine applications have a demanding set 

of requirements and the creation of thick, dense, implantable tissues requires 

engineering manipulations not possible in microfluidic devices. In our lab, we use 

uniaxial constraints and allow our samples to undergo cell-induced gel 

compaction to create a dense and aligned tissue. In a microfluidic device, such 

manipulation of the tissue would not be possible. We use bioreactors and large 

volumes of culture medium to condition our tissues and sustain the high density 

of cells that we can achieve in these bioreactors. Microfluidic systems would not 

allow for such conditioning and would not be able to sustain the high metabolic 

demand required for a large, densely compacted tissue.  

But with added flexibility comes greater challenges. The transition from 

microfluidics to bioreactors makes perfusion much more difficult. The idea of flow 

connectivity, or the necessity to connect tissues to flow paths and direct the flow 

through the tissue, becomes a major design challenge. Flow will take the path of 

least resistance, and any gap between the flow path and the tissue will result in a 
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leak. Steps must be taken to ensure that the path of least resistance is the 

desired path through the tissue, and ultimately through the microvessel lumens, 

while still ensuring the tissue is getting the culture medium it needs to survive. 

Major advances have already been made toward the creation of an 

aligned microvascular tissues with the highest reported density of engineered 

microvessels that can be perfused in vivo (Chapter 2). These tissues, however, 

have yet to be perfused in vitro. A bioreactor for perfusion culture of similarly 

prepared microvascular tissues was developed by Krissy Morin and was shown 

to enhance microvessel density under low flow conditions, though the 

microvessels were found to be closed to flow, and the tissues were only perfused 

interstitially through the matrix rather than through the microvessel lumens.43  

4.1.4 Bioreactor design and strategy for a perfusing microvascular tissues 

Optimal design criteria for an engineered microvasculature are that it is 

perfusable, aligned, stable, and contains enough microvessels to meet oxygen 

and nutrient demands of the tissue. Perfusion of the tissue must occur through 

the lumens of the microvascular network in order for the tissue to perform its 

function. This means that either the microvessels must be open at the ends of 

the tissue, or they must anastomose with a larger channel that is open to flow. 

Anisotropic alignment of microvessels is highly desirable because it provides a 

natural inlet and outlet for perfusion and would match the natural alignment of 
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native myocardium, as well as many other aligned tissues. Stability is important 

for any engineered tissue, but it is especially important for engineered 

microvasculature to remain intact and not collapse or regress, otherwise the 

supply of oxygen and nutrients to cells in the tissue would be compromised.  

In this work, an engineering strategy was developed to connect 

microvessels to flow and enable perfusion of their lumens. Fibrin gels with 

entrapped BOECs and PCs were formed with 150 µm diameter microchannels 

inside them that connected to the inlet and outlet flow tubes. (Figure 4-1) These 

microchannels could be endothelialized with BOECs, and then perfused. 

Perfusion of these microchannels would force interstitial flow across the BOEC-

lined walls. Interstitial flow across an endothelial monolayer has been shown to 

induce angiogenic sprouting in several studies.51,52,57,58,95 This, combined with the 

conditions deemed favorable for sprouting, vasculogenesis, and inosculation in 

Chapter 3, could promote sprouting from the BOEC-lined microchannels and 

anastomosis with the microvessels in the fibrin gel. If successful, flow would be 

directed from the BOEC-lined microchannels, through the sprouts, and into the 

lumens of the microvessels, thus perfusing the microvascular network (Figure 4-

1D). 
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4.2 Materials and Methods 

4.2.1 Cell Culture 

Human BOECs were isolated from adult peripheral blood by the lab of Dr. 

Robert Hebbel at the University of Minnesota – Twin Cities25. Briefly, BOECs 

were screened for VE-cadherin, flk-1, vWF, CD36, and CD14 (negative). 

Passage 5 BOECs were thawed and plated on 0.05 mg/ml collagen I – coated 

flasks in BOEC medium (EGM-2 bulletkit medium (Lonza) supplemented with 

10% FBS, 1% penicillin/streptomycin (Gibco)). Medium was changed every other 

day and BOECs were passaged after 4 days, then plated and cultured for 4 more 

days prior to harvest.  

Human brain vascular PCs (ScienCell, fetal, characterized by 

immunofluorescence with antibody specific to α-smooth muscle actin) were 

transduced to express GFP and obtained from the lab of Dr. George Davis at the 

University of Missouri. Passage 6 PCs were thawed and plated on 1 mg/ml 

gelatin-coated flasks in PC medium (13% FBS, 1% penicillin/streptomycin 

(Gibco), 10 ng/ml gentamicin (Gibco) in low-glucose DMEM (Lonza)). Medium 

was changed every 2-3 days and PCs were harvested after 10 days. 
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4.2.2 Assembly of perfusion chambers 

Perfusion gels are cast in perfusion chambers (Figure 4-2), which are 

assembled as follows. For each perfusion chamber, a custom ultem mold 

(consisting of a main piece and a removable bottom), 4 polycarbonate screws 

and nuts, 2 silicon o-rings, 2 glass capillary tubes flared at one end, and 2 PTFE 

coated wires are autoclaved along with a plastic culture jar that can hold up to 6 

perfusion gels, a 0.5x0.5x1.5cm piece of scrap Teflon, and a blunt forceps.  

 Once autoclaved, the screws, bolts, wires, and culture jars were set aside 

for later use and the remaining materials were layed out on a sterile drape or the 

inside of the large autoclave package in the cell culture hood. Using sterile 

gloves, perfusion chambers were assembled and placed in a large sterile petri 

dish for later use. 

4.2.3 Casting perfusion gels 

Immediately prior to casting, warm BOEC medium was pipetted into each 

glass capillary tube to remove air from the system. Next, PTFE-coated wires 

were threaded through the glass capillary tubes so that each wire protruded 

approximately 15 mm into the well space (Figure 4-2). In some cases, only a 

single wire was used. An anti-static gun was used to dissipate static charge on 

the wires when both wires were present in order to prevent the two wires from 

touching. 
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Droplets of fibrin gel solution containing BOECs and PCs were pipetted 

into the well space of each perfusion mold, making sure the gel solution covered 

the flare of each glass capillary tube. The gel solution was made up of 2.55 

mg/ml fibrinogen (Sigma), 200 ng/ml of stem cell factor (SCF), interleukin-3 (IL-

3), and stromal derived factor 1α (SDF-1α) (R&D Systems), 2x106 BOECs per 

mL, 0.4x106 PCs per mL, 1.25 U/ml thrombin (Sigma) and Medium 199 basal 

medium (Gibco) (M199). The total volume of each gel was 400 µl. Samples were 

incubated at 37°C, 5% CO2 for 20 min to allow for gelation to complete. 

After gelation was complete, samples were removed from the incubator 

and, using sterile gloves, a sterile razor blade was used to pry apart the bottom 

ultem piece from the rest of the chamber and to carefully detach the gel from the 

bottom ultem surface. Then autoclaved screws were inserted from the top 

through each of the four holes in the perfusion chamber, and nuts were loosely 

threaded onto each screw. A few drops of BOEC medium was pipetted onto the 

top of the gel surface, then the perfusion chamber was inverted and placed in a 

culture jar containing 70 ml of BOEC medium, or just enough to cover the top of 

the perfusion chamber. Medium was replaced every 2-3 days. In these samples, 

microvessels self-assemble and PCs are recruited to the abluminal side of the 

vessels after 5 days of in vitro culture. 
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4.2.4 Microchannel formation and seeding 

 Microchannels were created in the fibrin gels by quickly pulling out the 

PTFE-coated wires while the chambers were submerged, leaving behind 150µm 

channels. At this point, the microchannels could be seeded with BOECs, if 

desired. A suspension of 0.1x106 – 10x106 BOECs/mL (depending on the 

experiment) in M199 was used for seeding the microchannels.  

A variety of methods for microchannel seeding were evaluated. In early 

experiments, a 1 cm segment of silastic tubing was connected to the glass 

capillary tube and 20 µl of 10x106 cells/ml EC suspension was pipetted into the 

tubing and pushed into the capillary tube and microchannel (“pipet + tubing” 

method). The “direct pipet” method involved directly pipetting the cell suspension 

into the end of the glass capillary tube using a 0.1-10 µl pipet tip and slowly 

dispensing 10 µl of cell suspension over the course of 30 seconds with the 

receiving glass capillary tube pointing straight up. Dispensed liquid was wicked 

down the glass capillary tube. A second dose of 10 µl of either cell-suspension or 

M199 followed.  

The “perfusion seeding” method used the syringe pump, a 1ml syringe, 

and 1mm silastic tubing into which the cell suspension was injected using a 

syringe needle. The cell suspension was then pushed downstream into the 

microchannels using the syringe pump at a flow rate of 10 – 60 µl/min, depending 
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on the experiment. With this seeding method, both channels could be seeded 

simultaneously if both glass capillary tubes were connected to perfusion tubing, 

or they could be seeded sequentially by connecting one glass capillary tube and 

then the other to the perfusion tubing.  

 The timing of the wire-removal and method of microchannel seeding was 

varied in order to determine ideal conditions for endothelialization and 

maintenance of the microchannels. Several static culture experiments were 

conducted both separately and in parallel with perfusion studies to better 

understand microchannel formation, maintenance, endothelialization, and 

sprouting. 

4.2.5 Perfusion gel compaction and alignment 

Alignment of the microvascular network and tissue fibrils was achieved by 

detaching the gel from the chamber walls and allowing cell-induced compaction 

to remodel the gel while constrained in the longitudinal direction. Compaction 

was initiated after 5 days of culture, at which point samples were detached from 

the walls of the perfusion chambers by sliding a dental pick between the gel and 

the chamber wall on all sides. The gel was not detached from the flare of the 

glass capillary tubes. The samples were then free to compact uniaxially via cell-

induced compaction while the gel remained anchored at a fixed length by the two 

glass capillary flares (Figure 4-2C). It has been shown that lateral compaction 
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causes alignment of the microvessels and fibrin fibrils in the longitudinal 

direction.74  

4.2.6 Perfusion bioreactor design 

 A perfusion bioreactor was designed and built to culture and perfuse these 

microvascular tissues in vitro (Figure 4-3). The lid of a shallow glass Pyrex™ 

baking dish was modified to contain 13 air-tight flow ports with female-female luer 

connectors on either side for the connection of perfusion tubing and a syringe 

filter to allow for air transfer through a 0.22 µm filter. For each flow loop, a 1 ml 

syringe connected to a segment of 3/16” silastic tubing, which connected to the 

flow port in the lid, which connected to another segment of 3/16” silastic tubing, 

which was slipped onto the glass capillary tube of the perfusion chamber. The 

outlet of the perfusion chamber could either be connected to a second flow loop 

or remain open to the culture medium in the dish. If the outlet was connected to a 

second flow loop, care was taken to ensure the outlet was not higher or lower 

than the perfusion gel and that the syringe was not connected to ensure the 

outlet was at zero pressure.  

The perfusion bioreactor was designed to perfuse 6 samples 

simultaneously with the ability to alternate the flow direction by alternating the 

flow loop that was connected to the syringe pump. Perfusion samples were not 

embedded in agarose, but rather, they were immersed in 170 ml of medium, 
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enough to cover the samples in the bioreactor. This was to ensure sufficient 

nutrient availability, as the flow rates selected for experimentation were chosen 

based on mechanical stimuli and were too low to provide sufficient nutrients to 

the tissue. 

 Perfusing a tissue immersed in medium required extra care to ensure that 

flow was guided through the tissue. Fluid would take the path of least resistance, 

and thus, the microchannels provided the least-resistance pathway for flow. The 

presence of microchannels in the gel directed flow from the inlet flare down the 

inlet microchannel, across the gel toward the outlet microchannel, and then down 

the outlet microchannel and into the outlet glass capillary tube (Figure 4-1C). 

Without microchannels, the flow would have quickly channeled to the nearest 

tissue edge. 

Perfusion bioreactor components were assembled and autoclaved, and 

the perfusion lines were primed with warm culture medium and stored in a 37°C 

incubator at least several hours prior to the start of perfusion. This ensured 

bubbles formed from reduced oxygen solubility at warmer temperatures could be 

flushed prior to connection of the perfusion samples.  

4.2.7 Perfusion regimens 

 A target superficial velocity of 10 µm/min across the microchannel wall 

was selected based on literature reports of enhanced angiogenic sprouting under 
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these conditions51,52. For the microchannel geometry used in these studies, this 

translated to a perfusion flow rate of 0.072 µl/min. 

Perfusion of microvascular tissues of this scale, however, was 

unchartered territory, thus a variety of perfusion regimens were tested while 

maintaining the same flow rate for each condition. The first “early perfusion” 

approach involved perfusion of uncompacted gels in the first five days of culture. 

(Figure 4-4) In these experiments, samples were connected to the bioreactor and 

perfusion was begun anywhere from 50 minutes to 24 hours after microchannel 

seeding. Perfusion culture was continued until day 5, at which point samples 

were harvested for analysis. 

 The second “compaction perfusion” approach involved initiating perfusion 

immediately after gels were detached from the walls of the perfusion chambers 

(Figure 4-4). In these experiments, samples were cultured statically for 5 days, 

transferred to the perfusion bioreactor, detached (as described above) to allow 

cell-induced gel compaction and alignment to take place, and perfused. 

Perfusion was continued as the gels compacted and aligned over several days, 

and were harvested after 3-6 days of perfusion, or 8-11 days of total culture. 

 The third “late perfusion” approach delayed perfusion until after 

compaction had begun (Figure 4-4). In these experiments, samples were 

cultured statically for 5 days, then detached and allowed to compact in static 
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culture. Perfusion was initiated anywhere from 1 to 3 days after detachment 

(days 6 to day 8 of culture). 

4.2.8 Microbead perfusion 

 At the time of harvest, perfusion chambers were disconnected from the 

perfusion tubing and a suspension of 1 µm yellow-green fluorescent microbeads 

in M199 was loaded into the perfusion tubing and then reconnected to the 

perfusion chambers. The microbead suspension was then perfused into the 

tissue at a rate of 10 µl/min for 2-10 minutes. The microbead suspension 

functioned as a perfusion tracer that would aid in evaluating whether the 

microvessels and microchannels were open to flow and had been perfused. Non-

perfused control samples could also be perfused with the microbead suspension 

by connecting them to the perfusion bioreactor flow loops at the time of harvest. 

4.2.9 Tissue harvest and characterization 

After microbead perfusion, the inlet of each tissue was marked with a 

droplet of verhoeff’s stain and samples were harvested and fixed with 4% 

paraformaldehyde (PFA) (Electron Microscopy Sciences) for 10 min at room 

temperature, then rinsed in phosphate buffered saline (PBS) (Corning).  

To prepare for freezing and histological sectioning, samples were placed 

in infiltration solution 1 (30% w/V sucrose in PBS) at 4°C overnight and then 
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transferred to infiltration solution 2 (50% infiltration solution 1, 50% embedding 

medium (Tissue-Tek OCT)) at room temperature for 4 hours. Samples were then 

frozen in embedding medium and cross sections were cut by cryosectioning 9 

µm thick cross-sections for immunohistochemical staining. Sections were stained 

for hCD31 to visualize the microvascular network and microchannel 

endothelialization. For hCD31 staining, sections were blocked in 5% Normal 

Donkey Serum (Jackson Immunoresearch) for 2 hours, then incubated in 1:40 

antibody to human CD31 (hCD31) (Dako) in blocking serum for one hour at room 

temp or overnight at 4°C. Three 5 min PBS rinses were performed, then the 

samples were incubated in 1:200 donkey anti-mouse secondary antibody 

conjugated with Alexa Fluor® 594 (Jackson Immunoresearch) in PBS for 1 hour 

at room temp or overnight at 4°C. After secondary antibody incubation, samples 

were incubated in 1:10,000 Hoescht 33342 (Invitrogen) in PBS for 10 min, 

followed by two 5 min rinses in PBS. Fluorescent mounting medium (Dako) was 

applied to slides prior to adding coverslips, and once dry, hCD31 stained cross-

sections were viewed and imaged with either confocal or fluorescence 

microscopy.  
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4.3 Results 

4.3.1 Microchannels can be seeded with BOECs, endothelialized, and form 

sprouts in static culture 

 Gels were cast without any cells in the gel formulation, wires were 

removed, and the microchannels were seeded with a pipet connected to silastic 

tubing delivering 20 µl of 10M/ml HUVEC suspension (BOECs were unavailable) 

over about 5 seconds (240 µl/min). Cell-free gels were used in this experiment to 

better visualize endothelial coverage of seeded microchannels. With 2 days of 

static culture, this seeding method resulted in complete endothelialization of the 

microchannels with some angiogenic sprouting observed (Figure 4-5A). 

However, it also appeared to cause distortions to the microchannel, perhaps due 

to the irregular and fast seeding flow rate. 

 When BOEC/PC gels with microchannels seeded with BOECs using the 

perfusion seeding method (120 µl/min or 60 µl/min) were cultured with 5 days of 

static culture, microchannels were endothelialized and maintained throughout the 

culture period, and many sprouts were observed extending from the 

microchannels (Figure 4-5B,C). The microchannels were still, somewhat 

distorted, with segments of varying diameters appearing in histological sections. 

Interestingly, unseeded microchannels also had endothelialized microchannels 

(Figure 4-5D). 
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4.3.2 Early perfusion culture supports microchannel endothelialization and 

sprouting, but does not result in microvessel perfusion. 

 Even when microchannels were perfusion seeded at ultra-low flow rates 

(0.043µl/min) from day 0, the microchannels were endothelialized and sprouting 

was seen from the microchannels. (Figure 4-6) Samples with microchannels 

seeded at 60 µl/min on day 0 then perfused for 5 days at 0.043 µl/min showed 

complete endothelialization of the microchannels and many sprouts (Figure 4-

6B), but no microbeads were present in the microvessels. Control samples 

containing unseeded microchannels cultured statically also had endothelialized 

microchannels with sprouts (Figure 4-6C). 

 To attempt to prevent distortion of the microchannels, seeding was 

delayed to day 1 to give the samples a day to deposit matrix and strengthen the 

tissue. Microchannels perfusion seeded on day 1 at 60 µl/min then perfused 

through day 5 at 0.072 µl/min also contained endothelialized microchannels, but 

again, the microchannel diameter varied widely and appeared to have been 

distorted by flow (Figure 4-6D). These samples were perfused with microbeads 

at the time of harvest to check for perfusion of the microchannels, sprouts, and 

microvessels. Microbeads were found in the endothelialized microchannels, but 

not in any sprouts or microvessel lumens. 
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4.3.3 Compaction presented new perfusion challenges 

None of the early-perfused samples contained microbeads inside the 

lumens of the microvessels and the microvessels appeared to be distorted with 

flow, so different perfusion regimens were tested. Samples were cultured for 5 

days with the wires left in place, gels were detached to allow for compaction, and 

then the wires were removed on day 6 just prior to seeding and perfusion. 

However, removal of the wires became difficult once the gels had compacted, 

and many samples were destroyed in the wire-removal process. Surviving 

samples were seeded and perfused and controls were cultured statically. This 

method led to mostly-endothelialized microchannels with sprouts (Figure 4-7A) in 

perfused samples while non-perfused controls had BOEC-filled microchannels 

(Figure 4-7B). 

 Earlier seeding was tested to give the microchannels more time to be 

endothelialized before compaction. Microchannels were seeded on day 0, 

detached and perfused on day 5 and harvested on day 10. These samples, 

however, did not compact as much as they typically do, and they had fewer 

microvessels present in the gel at harvest. Partially endothelialized 

microchannels were present, however, with sprouts extending from the 

endothelium (Figure 4-7G,H). These microchannels did not exhibit signs of 

distension from flow, though some histological sections showed microchannels 
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filled with aggregated BOECs. No microbeads were found in the microchannels 

or the microvessel lumens for any samples. A second attempt at this perfusion 

regimen, with perfusion delayed to day 6, again allowed for the survival of the 

microchannels without distension, although microchannels were again occluded 

with aggregated BOECs (Figure 4-7I,J). These samples did show normal tubule 

formation, with many lumen-containing microvessels present, but microbeads 

perfused at harvest were not found in any lumens or microchannels.  

4.3.4 Unseeded microchannels were not maintained 

To attempt to prevent aggregation of BOECs in the microchannels and 

determine whether microchannel seeding was necessary, experiments were 

conducted with unseeded microchannels. When wires were removed just prior to 

detachment, but not seeded, and gels were perfused from day 5 through day 10, 

the microchannels could not be found in the resulting histological sections. 

Microbead perfusion at harvest showed no microbeads in the gel. Indentations 

were observed on the outer surface of the gel that suggested the wires may have 

been too close to the surface of the gel, resulting in a loss of the microchannel 

during compaction and a distorted, yet attractive, sample shape. (Figure 4-7C,D) 

When the experiment was repeated with similar conditions, except perfusion was 

delayed to day 6, microchannels could not be found in any histological sections 

(Figure 4-7E,F). 
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4.3.5 Further perfusion studies were hindered by catastrophic cell death 

unrelated to perfusion 

None of the previous culture conditions led to perfusion of the microvessel 

lumens. Results from all other testing of perfusion regimens and microchannel 

seeding methods were impeded by catastrophic cell death in recent experiments. 

Microchannel formation, seeding, and perfusion were tested in over 35 separate 

experiments conducted over the course of 3 years. Of those experiments, 15 

resulted in gels with widespread cell death and failure of the cells to attach and 

spread in the matrix, 8 of these experiments occurring in the past 12 months. The 

cause for this failure was tested in 15 different experiments investigating material 

toxicity, fibrin gelation in other geometries, mechanical manipulations, and 

environmental factors, but a conclusive solution or cause was never determined.  

4.4 Discussion 

 This work investigated methods for connecting microvessels to flow in 

large-scale tissues. The general approach taken for achieving this aim was to 

create endothelialized microchannels in microvascular fibrin gels, induce 

sprouting from the microchannels, and encourage anastomoses to form between 

the sprouts and the microvessels in the rest of the tissue, all while perfusing the 

microchannels with culture medium.  
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In static culture experiments, microchannels were successfully formed and 

maintained over 5 days of culture, with complete endothelialization and sprouting 

under a variety of conditions and seeding methods, validating this method as a 

potential perfusion strategy. Distortions were present in many of the 

microchannels for all seeding methods, which could be attributed to the flow rate 

being too high for the freshly cast fibrin. Microchannel distention could also have 

occurred as a result of irregularities in the flow rate delivered to the 

microchannels, especially during connection of perfusion tubing and manipulation 

of the samples, when some pressure fluctuations are unavoidable. 

Early perfusion of seeded microchannels also supported maintenance and 

endothelialization of the microchannels, with many sprouts extending from the 

BOEC-lined channels. The resulting microchannels did have a wide variety of 

shapes and sizes at the time of harvest (day 5), however, and it appeared that 

flow, either from seeding or from perfusion culture, was distorting the channel 

shape. While a variable channel diameter would may not be incredibly damaging 

to the success of this method, it does hinder the delivery of a consistent shear 

stress throughout the channel, which has been shown to affect sprouting from 

endothelialized channels.95  

In attempts to prevent microchannel distortion, samples were allowed to 

culture without perfusion for the first 5 days prior to detachment and compaction. 
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It was discovered that the wires that formed the microchannels were very difficult 

to remove once the samples had been detached and started to compact. This 

eliminated late-seeding options, and meant that wire removal and microchannel 

seeding had to take place on day 0 through day 5 before detachment and 

compaction. 

A new seeding method (the “direct pipet” method) was also developed that 

did not require connecting the glass capillary tubes to the perfusion tubing, and 

used much smaller seeding volumes, with a similar seeding flow rate. It was 

thought that the “perfusion seeding” method may have been responsible for the 

microchannel distension observed in early experiments because it required large 

volumes of medium to be flushed through the microchannels at fairly high flow 

rates in order to deliver the cells to the microchannels. Experiments using the 

new “direct pipet” seeding method and a “late perfusion” regimen showed less 

microchannel distension while still achieving endothelialization and sprouting. 

Some microchannels, however, were occluded with aggregated BOECs, and 

perfused microbeads were not found in any of the microchannels. The BOEC 

aggregation could be a result of seeding an excess of BOECs or it could also be 

a result of gel compaction. The “direct pipet” seeding method was developed 

during the time of widespread cell death, so it was not able to be tested on 
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uncompacted gels or early perfusion gels, making it difficult to determine the 

cause for the microchannel occlusion. 

An unexpected outcome of these experiments was that the unseeded 

control samples with wires removed on day 0 were still endothelialized by 

BOECs recruited from the surrounding fibrin. When samples with unseeded 

microchannels were exposed to perfusion and compaction, however, the 

unseeded microchannels were not maintained. In these cases, the wires were 

not removed until just prior to detachment, when compaction is initiated. It is 

likely that the compaction of the gel (most of which occurs within 24 hours) 

caused the newly formed microchannels to collapse, as there was not time for 

BOECs to be recruited from the existing microvascular network in order to 

endothelialized the microchannel and strengthen it by depositing extracellular 

matrix. 

More experimentation implementing the conditions found optimal for 

sprouting and inosculation in Chapter 3 was attempted, specifically introducing a 

hybrid medium culture approach, but attempts were wasted by the ongoing cell-

death issues, described previously. Future experimentation (when cell viability 

from experiment to experiment is more stable) should include a hybrid medium 

culture approach. 
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Future studies should also investigate the success of the “direct pipet” 

seeding method on day 0 with perfusion culture beginning within the first 24 

hours and continuing through day 5 as well as through day 8, as detachment and 

compaction of early perfusion samples was never investigated. If the 

microchannels are already endothelialized and being perfused at the time of 

compaction, it would likely help keep the channels from collapsing or becoming 

occluded as the gel compacts, remodels, and aligns.  

Another option with this perfusion strategy and bioreactor is the possibility 

of reversing the flow direction throughout culture. While this was not tested in 

these experiments, it could be useful if it is discovered that flow plays a role in 

the anastomoses of sprouts and microvessels. The flow direction could be 

reversed to induce sprouting and anastomosis from the opposite microchannel, 

increasing the likelihood of creating a continuous network of perfusable 

microvessels from one microchannel to the other. 

In these studies, fibrin gels with entrapped BOECs and PCs were formed 

with microchannels inside them that connected to glass capillary tubes where 

flow was delivered. These channels were endothelialized with BOECs under a 

variety of conditions and were perfused when flow was initiated in the first 24 

hours. Angiogenic sprouts were observed extending from the endothelialized 

microchannels and many microvessels were present in the surrounding tissue. 
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Inosculation of these sprouts and microvessels could potentially yield a 

continuous microvascular network connected to the perfused microchannels, 

thus enabling perfusion of the lumens of the microvascular network.  

While this method was not tested to completion, many advances were 

made. The microchannels were endothelialized and perfusable. Sprouting was 

observed from the microchannel wall in many of the perfusion regimens tested, 

including early perfusion and early seeding + late perfusion. Samples were able 

to be compacted and aligned, yielding many aligned lumen-containing 

microvessels surrounding the sprouting endothelialized microchannels. Further 

work optimizing this perfusion culture strategy could very likely lead to the 

perfusion of these microvascular tissues. 
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4.5 Figures 
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Figure 4-1. Sample Preparation and Perfusion Flow Path. 

A. Perfusion chamber and sample preparation technique. (i) Fibrin gel-forming 

solution with suspended BOECs and PCs is cast in the well of an ultem perfusion 

mold containing an inlet and outlet glass capillary tube with 150 µm wires 

extending into the gel. (ii) The wires are removed to reveal microchannels in the 

fibrin gel. (iii) Microchannels are seeded by injecting a BOEC suspension into the 

inlet and outlet capillary tubes and allowing cells to adhere to the channel walls. 

(iv) The microchannels and the gel in-between are perfused by pumping culture 

medium into the inlet capillary tube. B. Flow field modeled in COMSOL (printed 

with permission from Michelle Lenz) showing that the majority of fluid flow in this 

configuration occurs between the two microchannels. C. Cartoon of the flow field 

between two BOEC-seeded (pink) microchannels, with channel perfusion 

depicted by inlet arrows (red) and outlet arrows (blue) and interstitial flow 

depicted by black arrows. D. Strategy for perfusing microvascular tissues. (i) 

BOECs (pink) and PCs (green) are entrapped in fibrin gel with BOEC-seeded 

microchannels. (ii) Angiogenic sprouting induced by interstitial flow occurs in the 

inlet microchannel while microvessels begin to form in the bulk gel. (iii) Flow 

direction can be reversed, if necessary, to encourage sprouting in the outlet 

microchannel. Microvessels continue to develop in the bulk gel and begin to 

connect with the sprouts. (iv) Eventually sprouts from each channel anastomose 



 

 112 

with microvessels spanning the gel between the channels, perfusing the 

microvessels in the fibrin gel.  
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Figure 4-2. Perfusion Chamber Schematic. 

A. Top-down view and B. Side-view of a fibrin gel (pink) in the ultem perfusion 

chamber (grey) with inlet and outlet glass capillary tubes (the offset of the 

capillary tubes is exaggerated) and microchannel-forming wires. C. Top-down 

view of a fibrin gel after the wires have been removed, the gel has been 

detached from the chamber walls, and compaction has occurred. 
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Figure 4-3. Perfusion Bioreactor. 

A. Bioreactor set up consisting of a syringe pump, 1 mL syringes, 3/16” silastic 

tubing, luer connectors, a Pyrex™ baking dish with a modified lid and 3 syringe 

filters for air transfer. B. Inside of the bioreactor culture dish showing four 

perfusion chambers connected to flow tubing with compacted gels (white) 

suspended between the inlet and outlet capillary tubes. 
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Figure 4-4. Perfusion Regimens. 

Each regimen begins with casting of a fibrin gel with entrapped wires. The wires 

are removed to reveal microchannels, which are then seeded with BOECs to 

endothelialized the microchannels. Then either the “early perfusion”, “compaction 

perfusion”, or “late perfusion” regimen is initiated. In “early perfusion, the samples 

perfused within the first 24 hours of culture. In “compaction perfusion”, the 

samples are perfused during and after compaction, which occurs on day 5. With 

“late perfusion”, samples are detached and allowed to compact, and then once 

compaction has occurred for at least 1 day, perfusion is initiated.  
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Figure 4-5. Endothelialization in Static Culture. 

A. Whole-stain image of a cell-free fibrin gel with microchannels seeded with 

HUVECs using the “pipet + tubing” seeding method. Complete endothelialization 
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occurred after 2 days and small sprouts were visible, but deformations in the 

channel were also observed. B. BOEC/PC gels with microchannels “perfusion 

seeded” at 120 µl/min on day 0, then cultured statically for 5 days. Microchannels 

were completely endothelialized with recruited PCs and sprouts extending from 

the microchannels.  C. Microchannels that were “perfusion seeded” at 60 µl/min 

then cultured statically for 5 days and D. Microchannels that were left unseeded 

and cultured statically for 5 days both were endothelialized. Scale bar = 100 µm. 
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Figure 4-6. Early Perfusion Results. 

Arrows indicate the presence of a microchannel. A,B. Microchannels perfusion 

seeded at ultra-low flow rates (0.043µl/min) were endothelialized and sprouting 

was seen from the microchannels. C,D. Microchannels seeded at 60 µl/min then 

perfused for 5 days at 0.043 µl/min showed complete endothelialization of the 

microchannels with some aggregated BOECs in the channels and many sprouts. 

E,F. Unseeded microchannels cultured statically for 5 days were mostly 

endothelialized and contained sprouts. G,H,I. Microchannel seeding delayed 1 

day. Perfusion-seeded at 60 µl/min and perfused from day 1 – 5 at 0.072 µl/min. 

Inlet microchannels (H) and outlet microchannels (I) were mostly endothelialized 

with sprouts and contained perfused microbeads (1µm green dots), but neither 

the sprouts nor the microvessel lumens contained microbeads. Scale bar = 200 

µm. 
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Figure 4-7. Compaction Perfusion and Late Perfusion Results. 

A. Microchannels perfusion seeded on day 6 at 60 µl/min, perfused day 6-7 at 

0.072 µl/min, then static culture day 7-11. Microchannels were endothelialized 

and contained many sprouts but did not contain any perfused microbeads. B. 

Unseeded microchannels cultured statically contained microchannels that were 

occluded with aggregated BOECs. C, D. Unseeded microchannels perfused from 

day 5 - day 10 did not retain their microchannels. The indentations suggest their 

wires were too close to the outer edge of the tissue. E,F. Unseeded 

microchannels were perfused from day 7-10, but again the microchannels did not 

survive. G, H. Microchannels seeded via direct pipet method on day 0, and 

perfused day 5-10 during compaction. Samples contained reduced lumen-

containing microvessels, but microchannels were maintained throughout 

compaction and perfusion, and were partially endothelialized, with some sprouts. 

Some microchannels were filled with aggregated BOECs (G). I,J. Microchannels 

seeded via direct pipet method on day 0, perfused day 6-10, similar to G,H. 

Samples demonstrated normal microvessel properties, and microchannels were 

present, partially endothelialized (I), and contained sprouts. Some were filled with 

aggregated BOECs (J). Perfused microbeads were not found in any 

microchannels or microvessel lumens for any samples perfused during or after 

compaction. Scale bar = 200 µm unless marked otherwise. 
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Chapter 5. Conclusions and Future Directions 

5.1 Major Contributions 

 This PhD research has impacted the field of microvascular tissue 

engineering through a published study in Biomaterials on “Inosculation and 

Perfusion of Pre-Vascularized Tissue Patches Containing Aligned Human 

Microvessels after Myocardial Infarction” (Chapter 2).47 This work has also 

contributed to field through the development of a high-throughput assay enabling 

the simultaneous study of angiogenic sprouting, microvessel formation in 3D 

matrices, and inosculation of sprouts and microvessels. Finally, this work has 

developed an in vitro perfusion strategy and bioreactor for perfusion of large 

engineered microvascular tissues. These contributions highlight the challenges 

and advances made toward the development of large-scale microvascular 

engineered tissues containing aligned and perfusable microvessels. 

5.1.1 Pre-vascularized tissues developed for implantation with a high 

density of aligned microvessels 

 Microvascular tissues were developed for implantation with the highest 

density of engineered human microvessels reported to date, and approximately 

half the capillary density found in human adult myocardium. Over 75% of the 

pericytes in the tissues were recruited to the microvessels, and microvessel 
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lumen diameters were in the range of healthy human capillaries. These 

microvessels were able to be aligned or they could be left anisotropic, and both 

tissue types were implanted in a rat myocardial infarct model.  

5.1.2 Pre-vascularized tissues inosculated and were perfused when 

implanted over myocardial infarcts 

 This was the first report of pre-formed human microvessels being 

implanted and perfused in a myocardial infarct model. Studies involving 

implantation of cell-containing patches in the cardiac infarct environment are of 

high interest due to the challenging nature of cell retention and survival in this 

diseased tissue environment. When these pre-vascularized microvascular tissue 

patches were implanted over acute myocardial infarcts for 6 days, the 

transplanted microvessels anastomosed with host vessels and were perfused. 

The implications for future tissue engineering strategies that could implement 

such a microvascular network are especially promising, as these microvascular 

tissues were able to rapidly deliver nutrients to the surrounding tissue. This could 

enable the implantation of thicker, denser, or more metabolically active 

engineered tissues for regenerative therapies. 
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5.1.3 Combined angiogenic/vasculogenic assay developed for high 

throughput testing 

 A high-throughput assay was developed that enabled the study of 

angiogenic sprouting, vasculogenic tubule formation, and a combined approach 

with sprouting and tubulogenesis occurring in the same system. In the 

angiogenic assay, ECs were seeded on top of fibrin gels to form a monolayer. 

This monolayer simulated the endothelial lining of a vessel, and angiogenic 

sprouting could be observed extending into the fibrin gel. The vasculogenic 

assay contained ECs and PCs entrapped in the fibrin gel, and vasculogenic 

tubule formation led to the development of a microvascular network. The 

combined angiogenic/vasculogenic assay contained fibrin gels with entrapped 

ECs and PCs and a surface monolayer of ECs that were pre-labeled with a cell-

tracking stain. This enabled the tracking of angiogenic sprouts into the fibrin gel, 

where inosculation points could be discovered. 

5.1.4 Hybrid medium culture enabled inosculation of sprouts and 

microvessels 

Hybrid medium culture (1 day of defined medium, 4 days of BOEC 

medium) was shown to increases angiogenic sprouting, support microvessel 

formation, and enable inosculation of sprouts and microvessels in 3D fibrin gels 

containing VEGF and FGF. Angiogenic assays formed without VEGF and FGF 
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lacked the extensive and deep sprouting that was observed in assays containing 

VEGF and FGF. Both defined medium and the hybrid medium culture regimens 

led to numerous sprouts in angiogenic assays, but defined medium, alone, did 

not lead to the formation of a robust microvascular network in vasculogenic 

assays. Both BOEC medium and the hybrid medium culture regimens led to well-

developed microvascular networks in vasculogenic assays, but BOEC medium, 

alone, did not lead to extensive angiogenic sprouting.  

5.1.5 Bioreactor and culture strategy developed for the in vitro perfusion of 

microvascular tissues. 

 A perfusion bioreactor and engineering strategy was developed for the in 

vitro perfusion of microvascular tissues. This bioreactor made use of a previous 

design that enabled the compaction and alignment of fibrin gels, leading to a 

dense and aligned network of microvessels. These microvascular tissues were 

modified to contain offset, parallel microchannels with closed ends that could be 

seeded with ECs to form endothelialized channels. These microchannels could 

be perfused sending interstitial flow across the channel wall between the two 

channels to promote angiogenic sprouting and encourage anastomoses to form 

with the surrounding microvascular network.  

 Six samples could be perfused simultaneously in this bioreactor, with the 

ability to alternate the flow direction as desired. Samples were able to be fully 
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immersed in culture medium during perfusion rather than typical methods which 

embed tissues in agarose. This enabled the use of ultra-low perfusion flow rates 

optimal for angiogenic sprouting, as the delivery of nutrients was primarily 

through the surrounding culture medium. Perfusion flow could be initiated at any 

time point starting on day 0 and samples could be perfused before, during, or 

after gel compaction and alignment. 

5.1.6 Microchannels in fibrin gels were endothelialized, formed sprouts, 

and were perfused 

 Microchannels were endothelialized under a number of conditions 

including static culture, early perfusion culture, and early seeding + late perfusion 

culture. Even unseeded microchannels were often endothelialized in static and 

early perfusion culture. These endothelialized microchannels contained sprouts 

extending from the channel walls, an encouraging result for the future perfusion 

of the nearby microvessels. In early perfused samples, microchannels were 

completely endothelialized, contained sprouts, and perfused microbeads were 

found inside the microchannels, verifying that these microchannels could be 

perfused. 
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5.1.7 Early seeding of microchannels promoted microchannel survival 

during compaction 

Unseeded microchannels and late-seeded microchannels were not 

maintained during compaction, but when microchannels were seeded within the 

first 24 hours of culture, they formed partially endothelialized microchannels with 

sprouts in compacted gels. Some of these microchannels, however, were 

occluded with aggregated BOECs, likely preventing perfusion of the channels. 

Future efforts should attempt to continue with early seeding, but efforts will need 

to be made to prevent microchannel occlusion to ensure that any potential 

anastomoses of sprouts and microvessels will result in microvessel perfusion. 

5.2 Future Directions 

5.2.1 Integrate cardiomyocytes with pre-vascularized tissue patches for 

implantation. 

Pre-vascularized tissue patches containing microvessels and pericytes 

have been successfully implanted and perfused in a myocardial infarct model. 

The next step would be to integrate these aligned patches with a third cell type, 

such as cardiomyocytes, to create pre-vascularized heart patches. This work is 

currently being done by Jeremy Schaefer in the Tranquillo lab. 
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5.2.2 Develop a hierarchical vascular network 

This work made some advances toward creating perfusable microvascular 

tissues, and even made strides toward creating larger-diameter perfusable 

microchannels that resembled an arteriole and venule with a microvascular 

network in between. Future work would be enhanced by further development of a 

more robust hierarchical vascular network containing microvessels, such as 

those created in this study, connected to larger diameter arteriole and venule-like 

engineered vessels with similar properties to native arterioles and venules. The 

addition of robust, larger diameter vessels connected to the microvascular 

network would allow for direct microsurgical attachment to host vasculature and 

therefore, immediate perfusion of the entire hierarchical network. This would 

greatly reduce the time required for anastomosis and perfusion of implanted 

engineered tissues and could enable the transplantation of larger, highly 

metabolic tissues that would otherwise not survive implantation without 

connection to blood flow. 

5.2.3 Modify perfusion chamber design 

 While microvascular tissues containing perfusable microchannels were 

successfully created and aligned, the perfusion chamber design could benefit 

from some modifications to reduce inconsistencies and potential for leaking. As 

the perfusion chambers do not make a perfect seal with the bottom piece during 
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casting, some fibrin gel-forming solution can often leak through the bottom piece. 

This results in slightly smaller-volume gels and can sometimes even lead to the 

glass capillary flares protruding above the gel surface. When this occurs, leaks 

are much more likely to occur between the gel and the flare of the glass capillary 

tube, and sometimes the wires and resulting microchannels will be so close to 

the gel surface that the microchannels will collapse, or fluid will channel out of the 

gel. 

 Two design changes could reduce these issues greatly. First, the ultem 

perfusion chamber pieces could be re-machined to fit more snugly and reduce 

the potential for leaking of the fibrin gel-forming solution. Second, the new glass 

capillary tubes could be made with smaller flares than the current 2-3 mm size. 

Smaller flares would increase the thickness of fibrin gel between the flare edge 

and the gel outer surface, which would reduce the potential for channeling and 

leaking. Reducing the flare diameter would also narrow the tolerance of the wire 

placement, leading to more controlled microchannel placement and reducing the 

potential for the two wires to come into contact during casting. 

5.2.4 Optimize microchannel seeding method 

 Future studies could optimize the microchannel seeding method to 

improve the endothelialization of the microchannels and reduce aggregation of 

BOECs that were found occluding the channels, and ensure microchannel 
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survival during gel compaction. Evidence from Chapter 4 suggests that early 

seeding of the microchannels (within the first 24 hours) is important for ensuring 

endothelialization and microchannel survival during gel compaction.  

The “direct pipet” seeding method outlined in Chapter 4 delivered the 

same number of cells as the “perfusion seeding” method, but without requiring 

the perfusion of such a large volume of culture medium. Reducing the volume of 

fluid perfused at a high flow rate could prevent distortion of the microchannels, so 

this “direct pipet” method is preferred. However, alternative methods that could 

deliver cells even more efficiently may offer advantages. 

 One alternative method that was not yet tested was seeding a lower 

volume of cell suspension (5 µl or 75% less volume) using an insulin syringe + 

needle to inject cells directly into the microchannel inlet by inserting the needle in 

and through the glass capillary tube. Gels could then be very gently and briefly 

perfused to push the cell suspension down the microchannel. This seeding 

method would best be tested in cell-free fibrin gels with seeding on day 0 and 

analysis of endothelial coverage on day 1. 

 Pre-labeling of microchannel-seeded BOECs with Qtracker 705, as was 

done in Chapter 2, would be useful for differentiating between the BOECs 

seeded in the microchannels and those entrapped in the fibrin gel. It would also 

help identify sprouts that originated from the microchannels. Finally, it would 
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enable relatively quick and thorough analysis of the endothelialization of 

microchannels by fluorescence imaging of uncompacted whole-tissue without 

requiring freezing and immunohistochemical staining. 

5.2.5 Continue testing of perfusion regimens to achieve sprout and 

microvessel perfusion 

 Future testing of the in vitro perfusion system should compare BOEC-

medium cultured samples (as in Chapter 4) with samples cultured with the hybrid 

medium regimen, which was shown to increase sprouting and encourage 

anastomosis of sprouts and microvessels (Chapter 3). 

A variety of conditions were already tested and eliminated from testing for 

achieving sprout and microvessel perfusion. Late seeding (after compaction had 

begun) followed by perfusion was not successful in retaining microchannels, 

which is a critical factor for achieving perfusion of the microvascular network. 

Early seeding + perfusion regimens enabled consistent endothelialization as well 

as the perfusion of endothelialized microchannels. In these experiments, the 

microchannels were distorted with widely varying diameters and shapes. It is 

unknown whether this microchannel distortion was a result of perfusion or simply 

the rather aggressive seeding method used in those studies.  

 With the newly developed microchannel seeding methods and the early 

perfusion regimen, it is likely that these microchannels will show more consistent 



 

 133 

diameters and shapes, as the flow rate used in these perfusion studies is 

extremely low. Beginning perfusion on day 0 (50 minutes after seeding) or day 1 

(24 hours after seeding) should both be evaluated. Fluorescent microbead 

perfusion should be applied on day 5 (once the microvascular network has 

developed, prior to compaction) and day 6 (1 day after compaction has begun) to 

investigate when perfusion of the microvessels occurs and whether compaction 

helps or hinders microvessel perfusability. Additionally, fluorescent microbead 

perfusion should be applied to more mature samples (day 8 - 14) that have 

received several days of perfusion after compaction to determine whether 

continued perfusion culture eventually leads to anastomoses between the 

sprouts and microvessels and perfusion of the network. 

 If early perfusion proves unsuccessful, late-perfusion (with microchannels 

still seeded within the first 24 hours of culture) could be tested, with perfusion 

being initiated at any time, depending on the circumstances. If perfusion is 

disrupting the development of the microvascular network, then waiting until day 5 

when the microvascular network is fully developed could prevent issues with 

tubulogenesis. If a more robust tissue is required before perfusion can be 

initiated (due to leaking or channeling through the fibrin gel, as examples), then 

waiting 1-3 days after gel compaction could prove more successful.  
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 If perfusion of sprouts and microvessels can be shown, but perfusion of 

the outlet microchannel is not occurring, then the flow could be reversed by 

connecting the outlet glass capillary tube to the perfusion lines. This could induce 

sprouting from the opposite microchannel, encouraging anastomosis with the 

existing network. Reversal of the flow could be done a number of times, 

alternating the inlet and outlet microchannels to encourage even sprouting from 

each, if necessary. 

5.2.6 Perfusion during compaction to prevent lumen collapse and create 

physiological lumen densities 

The methods described in this dissertation have created dense and 

aligned microvascular tissues with the highest lumen densities reported to date. 

However, previous studies with these tissues have shown that many lumens 

present prior to compaction, are not maintained after compaction, suggesting 

many of the lumens collapse under the cell traction forces.30 If these lumens 

could be prevented from collapsing, it would yield an even higher lumen density 

than the current 940 lumens/mm2, currently achieved (Chapter 2).  

Flow through microvessel lumens may provide enough support to prevent 

the lumens from collapsing under the traction forces of gel compaction. If the 

microvessels could be perfused using the methods outlined in this dissertation 

and their lumens could be prevented from collapsing during gel compaction, this 
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would dramatically increase the lumen density in these microvascular tissues to 

near-physiological levels for adult human myocardium.  

The in vitro perfusion of such a native-like tissue would be a major 

breakthrough for the field of tissue engineering, and would motivate a wave of 

future research incorporating these microvascular tissues into the development 

of other dense, highly metabolic tissues such as engineered liver or heart 

patches for the treatment of myocardial infarction. 
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