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ABSTRACT OF THE DISSERTATION 

Creation of Thick Prevascularized Implantable Tissues 

By 

Lei Tian 

Doctor of Philosophy in Biomedical Engineering 

University of California, Irvine, 2014 

Professor Steven C. George, Chair 

Engineered thick tissues require rapid blood perfusion upon implantation for survival.  We 

have previously described a method to prevascularize (in vitro development of a vascular 

network) engineered tissues with endothelial cells and mural cells prior to implantation. 

That strategy has the potential to overcome the limitation of oxygen delivery by diffusion, 

and thus increase post-implantation survival rate. Pericytes are recruited to facilitate 

vessel maturation and stabilization during the formation of blood vessels. We 

hypothesized that the introduction of pericytes into the prevascularized tissue would 

enhance vessel formation and stimulate host anastomosis. Fibrin tissues were 

prevascularized by co-culturing human placental pericytes with endothelial colony 

forming cell-derived endothelial cells (ECFC-EC) from cord blood and normal human lung 

fibroblasts (NHLF) for 7 or 14 days in vitro. Tissues were then subcutaneously implanted 

to the dorsal side of SCID mice and retrieved 7 days later. Tissues with a low pericyte-

fibroblast ratio developed a vessel network that was well-perfused with host circulation 

after 7 days in vivo culture. In contrast, pericytes alone or with a high pericyte-fibroblast 



 
 

xiii 

ratio failed to develop significant in vitro vessel networks, and did not anastomose with 

the host circulation.  Our results suggest that a low pericyte-fibroblast ratio can enhance 

the in vivo perfusion of engineered tissues.  

Additionally, we designed and constructed a model to control oxygen diffusion during both 

in vitro and in vivo culture using biocompatible Poly (methyl methacrylate) (PMMA) and 

low-density polyethylene (LDPE). Tissues were prevascularized in the devices without 

limiting oxygen diffusion in vitro for 7 days. Once tissues were implanted into the host, 

tissue access to oxygen was limited to a small opening facing the host skin side.  Oxygen 

could diffuse through this opening, or be transported by convection following anastomosis 

with host vasculature. After 7 days, tissues were explanted. Blood perfusion is observed 

around the access point, but not the entire tissues, which is consistent with blood clotting 

following anastomosis.  
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Chapter 1 - Introduction 

 

Diffusion limitation and the need for thick tissues 

Tissue damage and organ failure create a significant burden each year in the world, both 

financially and in lost lives (1). While tissue transplantation could partially solve the 

problem (2), there remains a significant discrepancy between the demand and supply of 

transplantable tissues (3). Over the past two decades, this discrepancy has fueled the 

field of tissue engineering to create functional and transplantable tissues for organ 

replacement.  

Tissue engineering indeed holds the promise to cure numerous diseases by replacing or 

restoring function to a wide range of tissues.  However, despite recent advances in 

scaffold materials and stem cell culturing, the most successful applications have 

continued to be in thin (< 2 mm) avascular tissues.  As a matter of fact, the dimension of 

most engineered tissues is limited to a few hundred microns (4, 5), due to the diffusion 

limitation of oxygen in cell-dense (e.g. muscle) tissues (6). Oxygen can effectively diffuse 

only approximately 200 µm in cell-dense tissues before being consumed. Thus, for 

tissues thicker than 200 µm, oxygen cannot be transported throughout the tissue because 

of the oxygen consumption during the transfer. Alternative modes of transport, such as 

blood perfusion (convection), are used in vivo to overcome the diffusion limitation.  

Implanted tissues usually take days or weeks to develop new blood vessels in vivo; during 

the process, an insufficient supply of nutrients and oxygen predisposes the tissue to 
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ischemia (7) and nutrient depletion, which can compromise cell viability and function (8, 

9). As a result, only thin tissues or those with a small metabolic demand such as skin (10), 

cartilage (11), and cornea (12) have been successfully engineered. 

The only way for thick tissues (approximately > 1 cm) to survive after implantation is to 

have the tissues rapidly vascularized, ensuring adequate supply of oxygen and nutrients 

to all cells. The development of thick tissues beyond the diffusion limitation remains one 

of the greatest challenges in tissue engineering. 

 

Prevascularization 

To engineer thick tissues, nutrients and oxygen need to be delivered via perfusion (or 

convection) rather than diffusion alone. Several delivery strategies exist to overcome the 

oxygen diffusion limitation, one of which is prevascularization. Prevascularization means 

creating a network of blood vessels within the tissue construct prior to implantation. This 

can potentially shorten the time for delivery of oxygen through anastomosis with host 

vasculature, and thus improve the graft survival rate post-implantation.  

In prevascularization, a well-interconnected vessel network is formed prior to 

implantation. Endothelial cells and mural cells, including pericytes, vascular smooth 

muscle cells, and fibroblasts are co-cultured in vitro. The performance of the 

prevascularized tissues can be assessed through implantation into a subcutaneous 

pocket on the dorsal side of an immune-compromised mouse (13, 14). After another 7 
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days in vivo culture, human vessels in the prevascularized tissue implant anastomose to 

the host vasculature and achieve blood perfusion. 

There are two stages of blood vessel formation, vasculogenesis and angiogenesis. 

Vasculogenesis usually refers to spontaneous de novo formation of endothelial cells to 

blood vessels. Angiogenesis, on the other hand, refers to the formation of blood vessels 

from pre-existing vessels. During in vitro culture and prevascularization, vasculogenesis 

takes place first.  This process includes endothelial cell crosstalk (e.g., platelet-derived 

growth factor, PDGF) with mural cells, which recruits them to remodel the extracellular 

matrix (ECM) and provide the physical support for vessel formation and maturation. Once 

vessel is formed, angiogenesis can occur, allowing the remodel or extension from pre-

existing vessels.  

During in vitro culture, both vasculogenesis and angiogenesis are equally effective. 

However, the sequence is quite different after implantation. First, angiogenesis is the 

main driving force during in vivo culture. Second, after implantation, anastomosis of the 

vessel network in the engineered tissue to the host vasculature is the most important 

feature. Because of the oxygen diffusion limitation, local hypoxia is created, which can 

guide the vessel formation through angiogenesis down to the oxygen gradient.  

There are several ways to prevascularize engineered human tissues in vitro. One of the 

strategies is to embed growth factors either alone or with endothelial cells into a 

biocompatible matrix (15). The difficulty lies in how to control the release of the growth 

factors. Vessel formation is a delicate process tightly regulated both spatially and 

temporally by multiple growth factors. A typical setup makes use of a bio-degradable 
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synthetic material as the scaffold matrix. However, the bio-compatibility and the growth-

factor releasing ability of the matrix need to be carefully designed. For example, poly 

(lactic glycolic) acid (PLGA)’s degradation rate and drug release rate, can be manipulate 

by the ratio of PLA:PGA. However, the PLGA particle can still be detected in organs(16).  

Another strategy is to start with a decellularized matrix, and then recellularize it with 

endothelial cell or other supporting cells (1, 17). However, there is very little information 

on how to maintain the ultrastructural features of the natural extracellular matrix during 

the decellularization process.  

Our strategy is to co-culture endothelial cells with mural cells in a native or natural 

material, such as fibrin. Fibrin is a highly pro-angiogenic ECM (18). Endothelial cells and 

different mural cells can make physical contact with each other, and regulate the function 

of each other through paracrine signaling to promote vessel formation. Pericytes are 

known to be involved in vessel maturation and vessel stabilization (19, 20). However, it 

is not known whether pericytes facilitate anastomosis and blood perfusion with host 

vasculature after implantation of a prevascularized engineered tissue.   

I hypothesize that introducing pericytes into a co-culture system of endothelial cells and 

mural cells promotes vessel formation, and, as a result, facilitates anastomosis with host 

vasculature and improves oxygenation in the engineered tissue in vivo. As the first step, 

we prevascularize tissues with different pericyte-fibroblast ratio with endothelial cells, 

while keeping the total mural cell number constant. This design allows us to study the 

differences of vessel network formation both in vitro and in vivo under each condition. 
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Oxygen-limiting devices 

One of the major challenges in tissue engineering is to create thick (> 1 cm) tissues and 

improve post-implantation survival rate of the grafts. However, the most successful 

applications are still thin (< 2 mm) avascular tissues in which delivery of oxygen and 

nutrients primarily depends on diffusion. The prevascularization strategy allow us to 

successfully create thick tissues with well-interconnected vessel network in one 

dimension. But we have little to none idea if the thick tissue will survive post-implantation. 

To address this question, an oxygen-limiting devices will be needed. For the device, after 

tissues are implanted into animals, the edge of the tissues have to be at least 1 cm away 

from the oxygen source to make real 1 cm thick tissue. The oxygen-limiting devices need 

to insulate oxygen and only let the oxygen transport through access point, which is the 

anastomosis site after implantation. The devices also have to be an implantable size to 

access in vivo applications. 

The current design of oxygen-limiting devices does not meet our needs. Researcher has 

developed Thick-Tissue Bioreactor in microfluidic device to culture 3-D tissues while 

controlling oxygen (21). Other researches have showed that tissues cultured in glass 

chamber could monitor oxygen level changes due to cellular consumptions (22, 23). 

Obviously, those tissue constructs were not implantable. Other approaches could make 

thick implantable tissues but can only control oxygen in vitro (24-26). Therefore, we 

decided to attack this problem by building a device ourselves.  

Ideally, the same tissue-containing device will be using during in vitro culture, 

implantation, and in vivo culture and explantation phases. The device should have the 



 
 

6 

ability to modulate access to oxygen. Following these principles, I designed an oxygen-

limiting device that is the shape of a flat disk which is approximately 1-2 mm in height, but 

1 cm in diameter. If the oxygen access point is placed off-center, parts of the tissue are 

approximately 1 cm away from the oxygen access point. It is therefore a “thick” tissue in 

one-dimension, but remains easy to implant into small animals such as mice. Our goal is 

to fully prevascularize tissues during in vitro culture, but limit the oxygen source to one 

access point thereafter.  

This design is helpful in accessing oxygen profile of the implanted tissues. Normally, cells 

far away from the oxygen source will suffer from oxygen depletion and become more 

hypoxic. But with prevascularized tissues, if a well-interconnected network is formed 

before implantation, once the tissues get anastomoses with the host circulation through 

the access point, blood can potentially perfuse the entire tissue.  

I also created a hypoxia-responsive fibroblast to detect oxygen level changes. Fibroblasts 

were transduced with a Hypoxia inducible factor (HIF) driven GFP lentivirus construct. 

The fibroblast would therefore express GFP during hypoxia. These cells were using to 

sense oxygen level before and after anastomosis with host vasculature in vivo.  

The first step in prevascularization is to encapsulate endothelial cells together with mural 

cells within a scaffold. The scaffold can initially be in liquid form or a pre-formed porous 

structure. In either case, the cellularized scaffold is then cultured in growth factor 

supplemented media to encourage the development and maturation of an in vitro vessel 

network. A wide range of biomaterials has been used in prevascularization for scaffolding 

and other purposes (27-30). An ideal biomaterial should mimic structural and functional 
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properties of the natural extracellular matrix (ECM). This includes providing appropriate 

1) binding sites for cell-material interactions (31), 2) mechanical properties to maintain 

cell phenotype and function prior to host remodeling, and 3) biodegradation in terms of 

rate and biocompatible breakdown products. The next chapter surveys the most 

commonly used biomaterials used for prevascularizing 3-D tissue engineering constructs, 

with an emphasis on cellular scaffold applications. 
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Chapter 2 - Biomaterials to prevascularize engineered 

tissues 

Introduction 

Tissue damage and organ failure create a significant burden, both financially and in lost 

lives, each year in the world (1). While tissue transplantation can partially solve the 

problem (2), there remains a significant discrepancy between the demand and supply of 

transplantable tissues (3). Over the past two decades, this discrepancy has fueled the 

field of tissue engineering to create functional and transplantable tissues for organ 

replacement. 

Currently, the dimension of most functional engineered tissues is limited to a few hundred 

microns (4, 5), due to the diffusion limit of oxygen in cell-dense (e.g. muscle) tissues (6). 

Implanted tissues usually take days or weeks to develop new blood vessels in vivo; during 

this process, an insufficient supply of nutrients and oxygen predisposes the tissue to 

ischemia (7) and nutrient depletion, which can compromise cell viability and function (8, 

9). Hence, only thin tissues or those with a small metabolic demand such as skin (10), 

cartilage (11) and cornea (12) have been successfully engineered. To design larger 

tissues, nutrients and oxygen need to be delivered via perfusion (or convection) rather 

than diffusion alone. One strategy is to prevascularize tissues; that is, create a network 

of blood vessels within the tissue construct prior to implantation.  
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Prevascularization generally refers to the formation of a well-connected capillary or 

microvessel network within an implantable tissue prior to implantation. The microvessels 

can be created by either angiogenesis or vasculogenesis. Angiogenesis is the growth of 

new blood vessels from pre-existing vessels (32). Vasculogenesis is the spontaneous de 

novo formation of undifferentiated endothelial cells to blood vessels (33). Following 

implantation, a small number of anastomoses with the host circulation can then rapidly 

deliver nutrients and oxygen and remove waste products throughout the tissue construct 

(5, 34). Prevascularization shortens the time of functional vascular perfusion significantly 

(14) compared to alternative methods such as delivering exogenous growth factors (e.g., 

vascular endothelial growth factor, VEGF), within an acellular scaffold (35). For the latter, 

host blood vessels need to invade into the center of engineered tissue, a process that 

can take days to weeks (36, 37).  
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Figure 1 Schematic diagram of strategies to prevascularize an implantable tissue. 

The first step is to encapsulate cells (e.g., endothelial cells) within a scaffold and allow a network of vessels 

to develop in vitro. The scaffold can be either a liquid solution which is gelled or polymerized following 

mixing with cells, or a pre-formed porous solid scaffold that promotes cells attachment. Next, a continuous 

vessel network develops and matures in vitro. Following in vitro development, the tissue construct is 

implanted into an appropriate host (e.g., mouse). 
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To prevascularize a tissue (Figure 1), the first step is to encapsulate endothelial cells 

together with mural cells, such as fibroblasts or smooth muscle cells, within a scaffold. 

The scaffold can initially be in liquid form; for example, in collagen and fibrin scaffolds 

cells are encapsulated in the liquid matrix prior to polymerization or gelation. The scaffold 

can also be a pre-formed porous structure, such as polylactic-glycolic acid (PLGA), where 

cells are seeded onto the scaffold after polymerization. In either case, the cellularized 

scaffold is then cultured in growth factor supplemented media to encourage the 

development and maturation of an in vitro vessel network. After a well-connected capillary 

network is formed, the engineered construct is implanted into the host (e.g., mouse) to 

allow rapid anastomosis with the host circulation system.  

Several endpoints have been used generally to quantify the vessel network for both in 

vitro and in vivo studies. Examples of endpoints include the time to blood perfusion of the 

implant with host circulation after implantation, changes in endothelial cell specific marker 

expression, total vessel length per unit area (e.g., cm/cm2) based on brightfield 

microscopy or endothelial cell surface antibody staining (e.g., anti-human CD31), vessel 

density per unit cross-section area (e.g., vessel/cm2) after histology staining, and even 

evidence of new collagen synthesis in the implant (13, 38, 39). 
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Figure 2 Scanning electron microscope (SEM) figures of various biomaterials that have been successfully 

utilized to prevascularize engineered tissues. 

The images highlight similarities and differences in the microstructure of the materials. (a) collagen (40) (b) 

fibrin (41) (c) decellularized matrix (42) (d) silk fibrion (43) (e) SPCL (44) (f) Matrigel (45) (g) PEG (46) (h) 

PLGA (47) 

 

A wide range of biomaterials have been used to prevascularize an implantable tissue 

(Figure 2). An ideal biomaterial should mimic structural and functional properties of the 

natural extracellular matrix (ECM). This includes providing appropriate 1) binding sites for 
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cell-material interactions (31), 2) mechanical properties to maintain cell phenotype and 

function prior to host remodeling, and 3) biodegradation in terms of rate and 

biocompatible breakdown products. This review surveys the most commonly used 

biomaterials used for prevascularizing 3-D tissue engineering constructs, with an 

emphasis on cellular scaffold applications.  

 

Biomaterial properties 

Biomaterials used to prevascularize engineered tissues can be divided into two types: 

natural and synthetic. Natural materials include any material that appears in the natural 

world, whereas synthetic is limited to materials created by chemical synthesis of smaller 

precursor compounds in a laboratory setting. Whether natural or synthetic, there are 

several key properties to consider when selecting materials for tissue engineering, 

especially for prevascularizing engineered tissues: 

1. Biocompatibility 

Cells must proliferate, migrate, and function normally upon attachment to the 

material. Additionally, there should be no adverse foreign body reaction to the 

material upon implantation. If synthetic materials are used, the degraded by-

products should be non-toxic to the cells and limit the inflammatory response (15). 

  

2. Controlled biodegradation 
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The host will generally remodel an implanted tissue construct in process that 

degrades the implanted material. The degradation rate of the biomaterial should 

match the production rate of new extracellular matrix protein by the host. If the 

degradation rate is too slow, then nascent tissue formation could be impeded; in 

contrast, if the degradation rate is too fast, then the mechanical stability, and thus 

function, of the engineered tissue could be compromised (48). One way to control 

the degradation rate is to crosslink enzyme-sensitive peptides to the scaffold, such 

as tagging matrix metalloproteinase (MMP) to a polyethylene glycol (PEG) 

hydrogel (49, 50). Other ways include adjusting the ratio of two composites during 

polymerization, such as varying polyglycolic acid (PGA) and polylactic acid (PLA) 

in poly(lactic-co-glycolic acid) (PLGA) formation (51). 

  

3. Surface property 

A biomaterial will interact with host cells and impact their activities (52). The 

biomaterial should contain ligands (binding sites and signaling peptides) that 

facilitate these interactions such as cell surface adhesion (53). Natural biomaterials 

possess these ligands, whereas synthetic materials may require modifications 

such as linking with gelatin (54), fibronectin-mimetic protein fragments (55, 56), or 

Arg-Gly-Asp (RGD)-like cell attachment sites (57). 

  

4. Mechanical property 
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The mechanical property of the biomaterial should mimic the mechanical 

environment of the target anatomical site (58). The mechanical property can many 

times be characterized by Young’s modulus, E. E relates the stress (force per unit 

area) within a material to the strain (displacement). A “stiffer” tissue will have a 

smaller displacement for a given stress, and thus a larger E. Material stiffness can 

be easily modulated by varying the concentration of polymer (e.g., fibrinogen 

concentration in fibrin gel) (59), hybridization with other materials (e.g., to natural 

polymer (60)), or cross-linking following polymerization (61). 

 

5. Pore density and structure 

Biomaterials need to have interconnected pores to facilitate vessel growth as well 

as nutrient and waste product transport (62). Porosity is generally characterized by 

the volume fraction of the materials that is pores and interconnectivity of the pore 

architecture. The porosity requirement of biomaterials is highly tissue-specific, 

since different cell types prefer different pore sizes (15, 63). Pore size also can be 

easily modulated in synthetic materials. For example, the centrifugation method 

can alter the pore size of polycaprolactone (PCL) scaffolds, and freezing time can 

alter the pore size of the collagen-glycosaminoglycan (CG) scaffold (64, 65). 

Uniform pore size and a highly interconnective pore structure are desirable for 

uniform cell seeding (66, 67). 
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Natural materials 

Natural materials have several distinct advantages. Their intrinsic structure provides both 

chemical and physical cues to promote cell adhesion and cell growth (27). They are 

biocompatible, biologically active, and porous. They are also easily degraded by the host, 

thus facilitating tissue remodeling. Examples of natural materials that have been used 

extensively in the vascularization of tissue engineering constructs include collagen, fibrin, 

starch, matrigel, and more recently decellularized extracellular matrix, and silk fibrion (68).  

 

Collagen 

As the most abundant protein in mammalian extracellular matrix, collagen is ideal for 

tissue engineering. It has high mechanical strength (compared to fibrin) and low 

antigenicity (69). The latter is important for xenograft applications (e.g., rat tail collagen 

can support the growth and differentiation of human cells). Collagen degrades faster than 

most synthetic materials, and its degradation can be controlled by mixing with other 

polymers, such as chitosan and PLGA (38, 70). In addition, the pore size and mechanical 

properties of collagen can be manipulated by varying pH or temperature during 

polymerization (59, 71), or by mixing other biomaterials with collagen (65). Collagen has 

been widely used to prevascularize tissues. For example, a mixture of collagen and 

human endothelial progenitor cells (EPCs) injected subcutaneously into the rat or mouse 

demonstrates anastomosis of human vessels with the host circulation by 7 days with 30-

60 vessels/mm2 (72, 73). 
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Collagen can synergize with other materials to promote angiogenesis. For example, a 

hydrogel comprised of crosslinked collagen-chitosan seeded with human umbilical vein 

endothelial cells (HUVECs) will develop a rudimentary capillary-like network in vitro in 2 

days, compared to 7 days in collagen alone (38). In addition, collagen with hyaluronic 

acid (HA) can stimulate revascularization faster than collagen alone, demonstrating a 6-

fold higher vessel density at the same culture time (74). 

One drawback of collagen, similar to other natural materials, is the requirement of 

additional chemical or polymer crosslinking to confer mechanical strength. Collagen 

conjugated with glycosaminoglycan (CG) demonstrates a coarser and stiffer architecture, 

which is ideal for bone tissue engineering. When this scaffold is seeded with MSCs, 

vasculogenesis is initiated in vitro after one or two weeks (75).  

 

Fibrin 

Fibrin is a natural protein that plays critical roles in blood clotting and wound healing (76). 

It can be easily harvested from a patients’ own peripheral blood, therefore eliminating the 

possibility of a foreign body reaction or disease transmission (77). Fibrin has good surface 

properties, offering various binding sites that facilitate cell adhesion (78). Fibrin is 

biodegradable. Its degradation can be modulated by crosslinking with other polymers, like 

polyethylene glycol (PEG) or adding protease inhibitors, such as aprotinin (79, 80). The 

major weakness of a fibrin-based construct is low mechanical stiffness, which can be 

improved by mixing with collagen, or crosslinking with factor XIIIa (81, 82).  
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Fibrin’s porosity can be modulated. A fibrin gel is formed by mixing fibrinogen and 

thrombin. Increasing the fibrinogen concentration reduces the porosity, while increasing 

the density and stiffness of the fibrin matrix. Although increasing the matrix density 

increases the number of cell-matrix binding sites, the decrease of porosity and enhanced 

stiffness are dominant leading to reduced angiogenesis (83). 

Fibrin has been widely used to create vascularized tissue constructs for skin (84, 85), 

adipose tissue (85-88), bone (89-91), cartilage (92), skeletal muscle (93), retina (94), liver 

(95) and cardiovascular (96, 97) applications. The wide use of fibrin in vascularized 

tissues is due to its excellent pro-angiogenic properties. For example, HUVECs or hMSCs 

cultured in fibrin gel demonstrate initial capillary growth after 2 days of in vitro culture (18).  

Angiogenesis in fibrin gels can be further promoted by embedding growth factors or co-

culturing with other cells. Adding a low concentration of growth factor such as VEGF or 

fibroblast growth factor-1 (FGF-1) leads to a persistent and normal vascular response 

(98-100). Co-culturing endothelial cells with mural cells (pericytes, smooth muscle cells) 

significantly accelerates the prevascularization process in fibrin gels (16 vessels per unit 

area for co-culture compared to 9-12 vessels for individual culture), and it can also 

stabilize the capillary once formed (18, 101). Moreover, an in vitro prevascularized fibrin 

gel using EPC-ECs and fibroblasts implanted subcutaneously into an immune-

compromised mouse will anastomose with the host within 27 hours after implantation with 

an average of 150 vessels/mm2 (14).  
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Starch 

Starch is one of the most abundant polysaccharides found in nature. It is made of α-

amylose and amylopectin, hence it is biodegradable and easy to manipulate.(102). This 

review will focus on SPCL (starch and polycaprolactone). 

SPCL is a blend of starch with polycaprolactone (30/70% wt) obtained by a fiber bonding 

process (103). It is biocompatible in vitro, and is a highly interconnected porous scaffold 

with good mechanical properties (44, 104). HUVECs can be cultured on a SPCL scaffold 

resulting in capillary-like structures and expression of endothelial specific markers (105, 

106). However, SPCL induces a moderate inflammatory reaction following subcutaneous 

and intramuscular implantation (107). SPCL is susceptible to enzyme degradation by α-

amylase and lipase which can facilitate the enzymatic hydrolysis of SPCL both in vitro 

and in vivo (108). Degradation of SPCL has an advantage in that it increases porosity, 

providing more space for cell migration and ingrowth (109), although mechanical strength 

may be compromised. Cell adhesion to SPCL can be altered by coating SPLC with other 

materials such as fibronectin for vascularization applications (105). 

 

Recently, SPCL has shown great potential in prevascularizing tissue constructs. For 

example, human dermal microcapillary endothelial cells (HDMECs) and primary human 

osteoblast (hOBs) seeded on SPCL scaffolds form microcapillary-like structures with 

lumens after in vitro culture for 21 days (110).  Human outgrowth endothelial cells 

(hOECs) and hOBs, co-cultured in a prevascularized construct embedded in Matrigel 

prior to implantation, anastomoses with the host circulation after 14 days.  The hOBs in 
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this model also demonstrated pericyte-like behavior, providing additional structural 

support for the vessels (111). By improving OEC-induced vessel formation, anastomosis 

can be achieved within 48 hours after implantation, and demonstrated 25 vessels/mm2 

with 14 days (112). 

 

Matrigel 

Matrigel is extracted from Engelbreth-Holm-Swarm (EHS) mouse sarcoma cells (113). It 

is one of the most abundantly used natural materials in tissue engineering. It is pro-

angiogenic, and widely used in angiogenesis assays. For example, EPCs and MSCs can 

be suspended in Matrigel and implanted subcutaneously into a host. After 7 days of in 

vivo culture, vessels in the Matrigel implant anastomose with the host and demonstrate 

an extensive blood vessel network (114). However, a major disadvantage of Matrigel is 

batch to batch variability and other ill-defined properties, such as possible tumor formation 

after implantation, making it unfavorable for translational applications of implantable 

vascularized tissues (63, 115). 

 

Decellularized matrix 

Decellularized ECM is attractive because it removes most, if not all, antigens that invoke 

a host-immune response following whole organ transplantation. The process also retains 

the biocompatible and biodegradable features of collagen and fibrin, but also maintains 

3-D features of the ECM such as intact vascular spaces to facilitate endothelial cell 



 
 

21 

attachment and angiogenesis. Early attempts at decellularizing tissues were limited to 

thin tissues such as skin (116, 117), blood vessels (118, 119), heart valve (120), and 

urinary bladder (121). In these examples, delivery of oxygen and nutrients by diffusion is 

adequate during the recelluarization process (1). More recently, thick cellular scaffolds 

have been created through whole-organ decelluarization of heart (122), liver (17, 42, 123, 

124) and lung (125-127). To adequately recelluarize these scaffolds, oxygen and nutrient 

delivery will required convection through functional blood vessels.  

There are many methods to decellularize tissues. For example, chemical reagents such 

as alkalines, acids, detergents and other solvents are used to solubilize cytoplasmic 

components and disrupt nucleic acids and lipids. Biological reagents, such as enzymes 

(e.g., trypsin), cleave specific peptide bonds and remove residual cells. Physical 

processes such as freeze-thaw and external forces can also be used to efficiently lyse 

cells (128, 129).  

The surface and mechanical properties of the decellularized matrix are influenced by the 

decelluarization processes. For example, detergents can disrupt native tissue structure, 

damage collagen and remove GAGs (130, 131). However, if treated carefully, a 

decellularized matrix can preserve its 3-D architecture (ultrastructural and macroscopic), 

native matrix compositions, porosity, as well as biological signaling cues that facilitate in 

vitro vascularization and in vivo implantation (1).  

Several milestone studies have been published recently describing the decellularized 

matrix of whole organs such as heart, liver and lung. Ott et al. (122) decellularized an 

intact rat heart by coronary perfusion, and subsequently re-endothelialized the organ; 
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endothelial cells formed a single layer in coronary vessels after 7 days. The decellularized 

matrix of a liver was seeded with hepatocytes or human hepatic stem cells by different 

perfusion strategies (17, 42, 123, 124). Upon transplantation, the recellularized liver 

tissue was perfused with the host circulation within 5 min and remained metabolic active, 

indicating the ECM remained intact through the decelluarization procedure (123). A 

decellularized lung matrix was recently repopulated in vitro with epithelial and endothelial 

cells. After 5 days, cells were observed in large and small conducting airways, alveoli and 

vasculature. Upon transplantation, functional gas exchange was also observed (125, 

126).  

Despite recent advancements in decellularizing tissue to create a biomaterial scaffold for 

tissue engineering, many technical difficulties remain. Very little information is available 

on how to maintain the ultrastructural features of the natural ECM, which could be critical 

to maintaining a normal cellular phenotype. To restore tissue functionality, the 

recellularization process will need to include both nonparenchymal cells and parenchymal 

cells (such as hepatic cells for liver) (1). In addition, access to enormous numbers of cells 

of various types will be needed in a relatively short period of time to recellularize an entire 

human organ for clinical purposes. In the end, the choice of cell source (autologous or 

allogeneic cells), cell type (stem or progenitor cells) and culture system (bioreactor or 

perfusate) will need to be considered in a case-specific manner.  
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Silk fibrion 

Silk fibrion is a fibrous protein produced by arthropods such as silkworms (Bombyx mori) 

and spiders (Nephila clavipes) (132). It is useful as scaffolding material for tissue 

engineering applications due to its low toxicity, anti-inflammatory properties, low 

degradation rate, and excellent elastic properties (133). Silk fibrion is a tunable material. 

Plasma treatment, genetic engineering, or crosslinking with a cell-binding domain such 

as RGD, can improve cell attachment to the silk surface (134-136). The pore size of a silk 

fibrion gel can be modulated by varying the fibrion concentration, hybridization with 

collagen, or by altering the polymerization process (137, 138).  

However, several challenges need to be addressed. When cultured with HepG2 and HeLa 

cells , silk fibrion shows relatively weak cell infiltration and vascularization compared to 

other biomaterials (139). Due to its good elasticity and slow degradation rate, silk fibrion 

is still considered to be more appropriate for tissues with low oxygen and nutrient 

requirements (like bone, tendon and ligament), rather than highly vascularized systems 

(e.g. liver) (140, 141).  

Recently, the vascularization of silk fibrion-based constructs was improved both in vitro 

and in vivo by co-culture of endothelial cells with other cell types, the latter of which can 

provide essentials pro-angiogenic growth factors. Human aortic endothelial cells (HAECs) 

and human coronary artery smooth muscle cells (HCASMCs) seeded in a silk fibrion 

scaffold develop an interconnected vessel network after 7 days of in vitro culture (142). 

In addition, a prevascularized co-culture tissue of HDMECs and hOBs will demonstrate 

microcapillary formation by 7 days following subcutaneous implantation. After another 14 



 
 

24 

days, the tissue construct demonstrates anastomosis with the host with 108 vessels/mm2 

(143, 144). A similar in vivo result can be obtained using a co-culture of hOECs and 

primary human osteoblasts (pOBs) in silk fibrion. This model characterized the 

percentage of cells that stain positive for von Willebrand Factor (vWF) as the primary 

endpoint (145, 146).  

 

Synthetic materials 

Synthetic materials are chemical compounds synthesized from one or more precursors, 

and have several distinct advantages in the field of tissue engineering and 

vascularization. They can be reproduced consistently by large-scale production. They 

generally have tunable mechanical properties, degradation rates, and a porous 

microstructure (147). In addition, they do not introduce any potential risk of disease 

transmission. 

Synthetic materials possess several drawbacks, thus limiting the in vivo potential. They 

do not possess intrinsic surface ligands (biological recognition sites) for cell attachment 

(148). Therefore, they must be chemically modified such that they contain protein 

sequences such as RGD (Arg-Gly-Asp) or coated with serum proteins to obtain desirable 

properties that promote cell-scaffold interactions (149). An additional concern is the fate 

of the degradation products, which have the potential to impact normal cell function; 

however, most commonly used synthetic materials, have been designed with naturally-

occurring degradation products such as lactic acid (150).  
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Finally, although the porous microstructure can be controlled, creating well-defined, 

interconnected pore architectures and complex geometries has proven technically 

challenging (151). Nonetheless, in the past decade significant progress has been made 

as 3-D porous synthetic scaffolds have been fabricated with a variety of techniques such 

as solvent casting and particulate leaching, electrospinning and gas foaming (66). All of 

these techniques can manipulate porosity, pore size, and interpore connectivity of the 

scaffold. 

Many synthetic materials have been used to prevascularize tissue engineering 

constructs, such as polyethylene glycol (PEG), polylactic acid (PLA), polyglycolic acid 

(PGA), polylactic-glycolic acid (PLGA), polycaprolactone (PCL), polyurethane, and 

polyhydroxyalkanoate. This review will focus on the two most commonly used in 

vascularization applications: PEG and PLGA. 

 

Polyethylene Glycol (PEG) 

PEG is an inert hydrophilic polyether. The chemical structure is shown in Figure 3(a). Its 

hydroxyl end can be functionalized through conjugation with other polymers (152). PEG 

is an uncharged hydrophilic molecule, and thus attracts water molecules. This feature can 

be exploited to create a hydrogel that is resistance to protein absorption and cell adhesion 

(153, 154). As a result, PEG has been commonly used as an immunoprotective barrier 

between encapsulated cells and host immune cells in vivo (155). However, in order to be 

used for vascularization applications, PEG must be modified (156). Various molecules 

have been coupled to PEG to enhance cell attachment. For example, human foreskin 
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fibroblast spreading increased significantly in a PEG gel with high RGD concentration 

(157). In another example, gelatin macromere coupled with PEG will promote valvular 

interstitial cell function (158). 

 

Figure 3 Chemical structure of PEG and PLGA. 

(a) PEG. n represents the number of oxyethylene groups (b) PLGA. X represents the number of units of 

PLA. Y represents the number of units of PGA 

PEG is not naturally degradable, but its degradation can be improved by incorporating 

with other materials. Collagen and fibrin derived short peptides can introduce MMP-

sensitive and plasmin-sensitive regions in PEG, respectively (152, 159). Addition of PLA 

or poly(vinyl alcohol) into the PEG scaffold can also tailor the degradation rate (160, 161). 

PEG’s mechanical property can be modulated during polymerization. PEG polymerization 

can be photoinitiated by two approaches, chain growth and step growth (162). Chain 

growth can form gels under physiological and biocompatible conditions (163); step growth 

can offer more homogeneous network structures and thus, better mechanic properties 
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(164). PEG’s mechanical property can also altered by crosslinking with other polymer 

such as poly(vinyl sulfone) (165). 

PEG is widely used to prevascularize tissues (166).  For example, a porous PEG hydrogel 

supports extensive vessel formation when co-culturing HUVECs with human umbilical 

artery smooth muscle cells (HUASMCs). Interestingly, PEG pore sizes seems to have a 

positive effect on the collagen content; PEG with larger pores (100-150 µm) demonstrated 

a 23% collagen content 3 weeks post-implantation, compared to pores 25-50 µm in size, 

which had only ~12% collagen (167). PEG has also been hybridized with other materials 

to induce angiogenesis. HUVEC (in fibrin) and fibroblast cells (in PEG) co-cultured with 

PEG/fibrin ribbon hydrogel will form a capillary network after 7 days in vitro (156). 

PEG has also been shown to impact stem cell differentiation, which has significant 

potential in the vascularization of engineered tissues. For example, adipose-derived 

mesenchymal stem cells (ASCs) differentiate into endothelial cells in PEGylated fibrin 

gels (covalent coupling of PEG with fibrinogen) and will form tube-like structures 

resembling crude capillaries after 11 days of in vitro culture. The primary endpoint in this 

study was CD31 and vWF staining, which increased 25- and 45-fold, respectively (168). 

 

Poly (lactic glycolic) acid (PLGA) 

PLGA is the copolymer of PLA and PGA, and one of the most popular synthetic materials 

used in tissue engineering (169). The mechanical strength, porous structure and porosity, 

and degradation rate are all tunable. PLGA degrades to non-toxic naturally-occurring 
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compounds (lactic acid and glycolic acid), and is thus biocompatible. Furthermore, PLGA 

can absorb proteins (e.g. fibronectin (170)) or be coupled with RGD-like short synthetic 

peptides to provide cell attachment sites (171). 

PLGA’s degradation rate and mechanical strength can be manipulated by the ratio of 

PLA:PGA. The chemical structure is shown in Figure 3 (b). PGA is a simple linear aliphatic 

polyester with high mechanical strength and fast degradation rate (<20 days (172)). In 

contrast, PLA has an extra methyl group in the repeating unit, and is thus more 

hydrophobic and degrades slower. Mixing PGA with PLA reduces the crystallinity of the 

materials, thus increasing the degradation rate due to autocatalytic hydrolysis. For 

example, PLGA (50:50 PLA:PGA) usually takes one or two weeks to degrade, while 

PLGA (85:15) takes more than five weeks (173). 

The PLGA degradation by hydrolysis produces poly(α-hydroxy acids), which reduce the 

pH, promote further degradation, but can cause local acidosis (150, 174). As a result, the 

host inflammatory response can be augmented thus compromising implant integration 

with the host (175). Simple pH-compensation fillers can potentially reverse this effect. For 

example, the careful addition of inorganic compounds, such as sodium bicarbonate (176) 

and wollastonite (177), have been used to stabilize the pH in a physiological range for 

several weeks. 

For 3-D tissue in vitro prevascularization, PLGA has been primarily used as a scaffolding 

material to provide mechanical strength and 3-D structure. PLGA seeded with MSCs and 

kidney vascular endothelial cells (VECs) formed a vascularized network upon 
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implantation into a rat thigh. Compared to non-prevascularized PLGA scaffold, there is 

about a 2-fold increase in the bone density (178).  

PLGA can also be used for in vivo prevascularization. For example, a PLGA scaffold 

implanted into the flank of donor mice for 20 days develops a preformed microvascular 

network by host cell infiltration.  The prevascularized construct can then be excised and 

transferred to the dorsal skinfold chamber of a recipient host.  The implant anastomosis 

with the host circulation and develops a functional capillary density of 230 – 310 cm/cm2 

throughout the entire scaffold (179).  

PLGA is also used in conjunction with various materials to tailor its properties suitable for 

prevascularizing engineered tissues. For example, a macroporous PEG/poly-L-lysine 

hydrobromide hydrogel with PLGA outer scaffold supports the formation of tubular 

structures in a co-culture of neural progenitor cells and endothelial cells. Upon 

implantation to a spinal cord lesion, the construct develops stable, functional vascular 

networks with ~ 57 vessel/mm2 within 3 weeks (180). 

 

Future directions 

Current prevascularization methods have successfully demonstrated that co-culturing 

endothelial cells with mural cells in 3-D biomaterial scaffolds can support vessel formation 

for both in vitro and in vivo strategies. However, there remain limitations in our 

understanding of this process that must be overcome before this technology can be 

clinically relevant. The following represent critical areas of research in the near future. 
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1. Mechanical properties. Currently, engineered tissue is supported structurally by 

the 3-D scaffold, and is generally weaker than load bearing in vivo tissues. 

Although the scaffold is necessary for in vitro culture, the scaffold has to be 

removed eventually. Hence, new strategies must be employed to maintain the 

mechanical integrity of the tissue without negatively impacting the development 

of the capillary network. Cell-matrix and cell-cell interaction plays a major role in 

this remodeling process. 

2. Long-term function of vessels. Current studies have demonstrated the survival of 

engineered tissues and the prevascularized vessel network using biomaterial 

scaffolds for up to several weeks. Long-term studies are necessary to address 

the ultimate fate of the prevascularized microvessel network (e.g, remodeling and 

absorption).  In addition, current microvessel networks demonstrate evidence of 

vessels that are more complex that simple capillaries, but a larger (> 1 cm) 

implantable tissue will undoubtedly require more complex vessels such as 

arterioles and venules.  

3. Incorporate tissue function. Currently, most prevascularized tissues do not have 

any specific biological function. Cells with metabolic function (e.g., pancreatic 

islet) or mechanical function (skeletal muscle) need to be incorporated into future 

designs. Additional examples of function are contractility of cardiomyocytes, 

albumin production of hepatocytes, and oxygen exchange of alveolar cells.  

Appropriate biomaterial selection will likely play an important role in meeting the 

functional requirements for specific engineered tissue. 
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4. True 3-D tissues. Most biological functions (either structural or metabolic) require 

tissue volumes that exceed the diffusion limit for nutrient and waste transport.  

One key to thick tissue design is the ability to deliver nutrients and remove waste 

products during the in vitro prevascularization process. It is crucial to maintain 

tissue viability as the interconnected vascular network develops. One approach is 

to layer multiple tissue constructs; in this case, inter-tissue channels are used to 

provide nutrient and waste transport during in vitro development.  Advances in 

our ability to create truly thick 3-D tissues in vitro will be critical in the design of 

functional engineered tissue. 

 

Conclusion 

A wide range of biomaterials, including natural and synthetic, have been used to 

prevascularize engineered tissues. An ideal biomaterial should mimic structural and 

functional properties of the natural ECM. Hence, when selecting materials for specific 

tissue engineering applications, several key features should be considered such as 

biocompatibility, controlled biodegradation, surface properties, mechanical properties, 

and porosity. Generally speaking, natural materials are biocompatible, biologically active, 

and easily degraded and remodeled by the host. However because they are derived from 

biological components, they carry the risk of disease transmission. Compared to natural 

materials, synthetic materials have tunable mechanical properties, and are easily 

manipulated by different fabrication techniques. However they generally have inadequate 

biological cues to support cell adhesion and growth. Future success in prevascularizing 
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engineered tissues will require the advanced manipulation of both natural and synthetic 

materials. 
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Chapter 3 – Low pericytes:fibroblast ratio improves 

anastomosis of prevascularized tissues in vivo 

Abstract 

Engineered thick tissues require rapid blood perfusion upon implantation for survival.  

We have previously described a method to prevascularize (in vitro development of a 

vascular network) engineered tissues with endothelial cells and mural cells prior to 

implantation. This strategy has the potential to overcome the diffusion limitation of 

oxygen and increase post-implantation survival rate. During the formation of blood 

vessels, pericytes are recruited to facilitate vessel maturation and stabilization. We 

hypothesized that the introduction of pericytes into the prevascularized tissue would 

enhance vessel formation and stimulate host anastomosis. Fibrin tissues were 

prevascularized by co-culturing human placental pericytes with endothelial colony 

forming cell-derived endothelial cells (ECFC-EC) from cord blood and normal human 

lung fibroblasts (NHLF) for 7 or 14 days in vitro. Tissues were then subcutaneously 

implanted to the dorsal side of SCID mice and retrieved 7 days later. Tissues with a low 

pericyte-fibroblast ratio developed a vessel network that well-perfused with host 

circulation after 7 days in vivo culture. In contrast, tissues with pericytes alone or a high 

pericyte-fibroblast ratio failed to develop significant in vitro vessel networks and did not 

anastomose with the host circulation. We conclude that a low pericyte-fibroblast ratio 

can enhance the in vivo performance of prevascularized engineered tissues. 
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Introduction 

One of the major challenges in tissue engineering is to improve post-implantation survival 

of engineered tissues. The difficulty is particularly prevalent in thick or cell-dense tissues 

in which diffusion of oxygen alone is inadequate to meet the metabolic needs. One 

strategy is to prevascularize the tissue by forming an interconnected vessel network in 

vitro. Upon implantation, the network of vessels can anastomose with the host 

vasculature, thus improving delivery of oxygen and nutrients through convection in the 

blood (30, 181, 182). Blood capillaries consist of two cell populations, endothelial cells 

and surrounding mural cells generally referred to as pericytes (183-185). Pericytes 

interact with endothelial cells via paracrine signaling and physical contact (186, 187) to 

promote vessel formation, (188) maturation, and stabilization (19, 189). Pericytes can 

also manipulate vascular patterning by depositing and assembling vascular basement 

membranes during vessel development (190). 

Numerous in vitro cell assays have been utilized to determine the function of pericytes in 

vasculogenesis and angiogenesis. Recently, studies have shown that human brain 

vascular pericytes are recruited along vascular tubes and their presence correlates with 

basement membrane deposition in vitro after 5 days(191). The pericytes and endothelial 

cells co-culture showed a reduced vessel width compared to endothelial only cultures 

(192, 193).  In addition, pericytes and endothelial cells can assemble a vessel network in 

collagen gels during in vitro vasculogenesis (194-196). Implanted endothelial cells can 

also recruit host pericytes, which can then help organize vessel network remodeling to 

achieve blood perfusion in vivo (182). Finally, pericytes can modulate capillary diameter 
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dynamically and thus blood flow in the mouse brain (197). However, there are no in vivo 

studies that address how pericytes in an engineered implantable tissue affect vessel 

formation and blood perfusion. 

To determine whether pericytes facilitate vessel formation and promote anastomosis with 

the host vasculature, we cultured human placental pericytes with human endothelial 

colony forming cell-derived endothelial cells (ECFC-EC) from cord blood in 3D fibrin gels. 

The performance of the vessel network both in vitro and in vivo was assessed. Previous 

studies showed that endothelial cells with fibroblasts can form vessel networks and 

achieve anastomosis with the host vasculature within 27 hours (14). Therefore, we used 

the same model but introduced pericytes into the system while keeping the total mural 

cell (pericytes plus fibroblasts) population constant. We demonstrated that a low pericyte-

fibroblast ratio in the engineered human prevascularized tissues improved in vivo 

performance of prevascularized engineered tissues as determined by the density and 

area of perfused vessels. We also demonstrated that pericytes co-localize with 

endothelial cell during in vivo culture. Our results demonstrated that a small number of 

pericytes may be a useful strategy to prevascularize implantable tissues prior to 

implantation. 

 

Materials and Methods 

Cell culture 
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Endothelial colony forming cell-derived endothelial cells (ECFC-ECs) were isolated from 

human umbilical cord blood that was obtained from the University of California, Irvine 

Medical Center according to an Institutional Review Board-approved protocol. ECFC-EC 

isolation was performed as previously described (14). Briefly, ECFC-ECs were isolated 

from the mononuclear cell fraction of the blood after incubation with lymphocyte 

separation medium (Thermo Fisher Scientific, Waltham, MA). The cells were then plated 

on 1% gelatin (Sigma-Aldrich, St. Louis, MO) coated tissue culture flasks, fed with 

endothelial growth medium with 2% FBS (EGM-2, Lonza, Walkersvill, MD). The 

endothelial-like, colony formed cells were purified with CD31 (Dako, Carpentaria, CA) 

coated magnetic beads (New England Biolabs, Ipswich, WA) after 2-3 weeks of growth. 

Passage 4-7 ECFC-ECs were used in all experiments. Pericytes were isolated from 

human placentas after C-section as previously described (198). Pericytes were then 

cultured with M199 medium (Life Technologies, Grand Island, NY), supplemented with 

20% FBS (Life Technologies). Passage 3-7 pericytes were used in all experiments. 

Normal human lung fibroblasts (NHLFs, Lonza) were cultured in fibroblast growth medium 

with 2% FBS (FGM-2, Lonza). All experiments utilized passage 4-8 NHLFs. All cells were 

maintained at 37°C in humidified air with 5% CO2 and 20% O2. Medium was changed 

every other day. 

 

Pericyte transduction 

Pericytes were transduced with enhanced Green Fluorescent Protein (EGFP) by an HIV-

based Lentivirus. HEK293TN (System Biosciences, Mountain View, CA) cells were used 
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to prepare viral titer. Expression lentivector constructs, pRRLSIN.cPPT.PGK-GFP.WPRE 

(Addgene, Cambridge, MA), packaging plasmid Mix (pPACKH1-GAG, pPACKH1-REV 

and pVSV-G) and PureFection (System Biosciences) were incubated at room 

temperature for 15 min, and then added to HEK293TN culture. After 48 hours and 72 

hours of transfection, medium was collected and centrifuged. The supernatant was 

allowed to incubate with PEG-itTM Virus Precipitation solution (System Biosciences) for 2 

days, and then centrifuged. Concentrated titers were aliquoted to working volumes, and 

stored at -80°C. To transduce pericytes, 10% viral titer and 1xTransDux (System 

Biosciences) with regular culture medium were added to the cells and incubated for 24 

hours. Transduction efficiency exceeded 90% for all experiments.  

 

Three-dimensional prevascularized fibrin tissue construction 

The fibrinogen solution was prepared by dissolving 10mg/ml bovine fibrinogen (Sigma-

Aldrich) in EGM-2 medium without serum and then sterile filtered. The seeding density of 

ECFC-ECs was 1 million cells/ml for all conditions. The total seeding density of mural 

cells (pericytes plus fibroblasts) was held constant at 2 million cells/ml, but the ratio of 

pericytes:fibroblasts was varied (0, 12.5%, 25%, 37.5%, 50%, 100% pericytes). All cells 

including endothelial cells, pericytes and/or fibroblasts were trypsinized and resuspended 

in the fibrinogen solution. Two units/ml thrombin (Sigma-Aldrich) solution was then mixed 

with the cell suspension prior to tissue assembly. The mixture was quickly added into 

small disk-shaped devices (approximately 16 mm in diameter and 4 mm in height) made 

of polydimethly siloxane (PDMS) as previously described (13, 14). The tissue constructs 
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were left undisturbed for 10 min at room temperature to allow for complete gelation. After 

gelling, EGM-2 medium with 5% FBS was added. The constructs were then transferred 

to 37°C incubator with 5% CO2 and maintained for either one or two weeks. Medium was 

changed every other day.  

 

Immunofluorescence staining of in vitro tissues 

Immunofluorescence staining was performed with the whole tissues. Tissue constructs 

were fixed and stored within 10% formalin after in vitro culture. The tissues were then 

removed from the PDMS devices and permeabilized with 1x PBS and 0.5% Tween for 

one hour. Next, tissues were blocked with 10% goat serum (Life Technologies) followed 

by incubation with 1:200 diluted mouse anti-human CD31 antibody (Dako) overnight. 

ECFC-ECs were labeled using Alexa Fluor 555 secondary antibodies (Life Technologies) 

diluted at 1:500. Images of the positively stained cells were taken by an epifluorescent 

microscope (Olympus FluoView 1000, Olympus, Center Valley, PA).  

Vessels stained with positive anti-CD31 were analyzed by ImageJ (NIH, Bethesda, MD) 

and AngioTool (199). Images of the vessel networks were segmented and skeletonized. 

For each image, the percent area occupied by endothelial cells, total vessel length 

(mm/mm2), average vessel length (mm), branchpoint density (number/mm2), endpoint 

density (number/mm2), and connectedness were quantified.  An endpoint was defined as 

a vessel with an open endpoint (no connection with another vessel) (199). 

Connectedness was defined as the total number of branching points divided by the 
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number of endpoints. Therefore, a higher connectedness represents a more 

interconnected vessel network. 

 

Implantation of the tissue constructs 

Six to ten-week-old male ICR-SCID mice (Taconic Farms, Oxnard, CA) were used in all 

experiments. The PDMS tissue constructs, 4 mm in height and 16 mm in outer diameter, 

were implanted subcutaneously on the dorsal side of the mice. One incision was make 

on each side of the mouse allowing a total of two implants per animal. The incisions were 

closed with staples (Fine Science Tools, Foster City, CA). Animals were sacrificed at day 

7 after implantation. Tissue constructs were then retrieved and preserved in fresh 4% 

paraformaldehyde. Animal handling and surgeries were performed in accordance to 

Public Health Service Policy on laboratory animal usage, and our protocol was approved 

by Institutional Animal Care and Use Committee at the University of California, Irvine. 

 

Histology and immunostaining of in vivo tissues 

Tissues were fixed and stored in fresh 4% paraformaldehyde post-implantation, and then 

transferred to 1xPBS. PDMS devices were removed and tissues were embedded within 

low temperature paraffin wax (Electron Microscopy sciences, Hatfield, PA). Hematoxylin 

and eosin (H&E) and immunohistochemical staining were performed on 6 μm-thick tissue 

sections. Vessels with red blood cells in the vessel lumen were counted as perfused 

vessels. Immunohistochemical staining was completed using the Dako Envision HRP-
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DAB system after a 20 min Target Retrieval solution (Dako) treatment. Tissue sections 

were then incubated overnight with mouse anti-human CD31 antibody (Dako) diluted at 

1:150, followed by labeling with the horseradish peroxidase–conjugated anti-mouse 

secondary antibody for 1 hour. The sections were counterstained with hematoxylin. 

Images of the tissue sections were taken by Zeiss ApoTome microscope (Carl Zeiss 

Microscopy, Thornwood, NY). 

Immunofluorescence staining was performed on 6-μm thick paraffin embedded tissue 

sections. Tissue slides were deparaffinized and rehydrated, followed by boiling with 

Target Retrieval solution for 20 min. Tissues were then blocked with 10% goat serum for 

1 hour. Mouse anti-human CD31 antibody was diluted at 1:150 to label endothelial cells. 

Rabbit anti-GFP antibody (Abcam) was used to enhance signals of EGFP-transduced 

pericytes. Alexa Fluor 555 conjugated goat anti-mouse and Alexa Fluor 488 conjugated 

goat anti-rabbit antibodies were used accordingly as secondary detection. Images of 

tissue sections were taken by Olympus IX83 inverted motorized microscope (Olympus). 

Vessels positively labeled by CD31 (red) and EGFP transduced pericytes (green) were 

analyzed by ImageJ software. A contact site was counted if both green and red signal 

was present. 

 

Statistical Analysis  

Statistical analysis was performed using GraphPad Prism (GraphPad, La Jolla, CA). The 

data were presented as mean ± standard deviation. Analysis of variance (ANOVA) with 
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Dunnett’s multiple comparisons test, and two-tailed student's unpaired t-tests were 

performed. p <0.05 was considered statistically significant for all analyses.    

 

Results 

In vitro vessel network formation 

To understand how pericytes facilitate vessel formation in 3D fibrin tissues, we started by 

mixing all three cell types together in vitro and culturing them for either one or two weeks. 

Figure 4 and Figure 5 show the impact of varying the pericyte to fibroblast ratios. To 

overcome uncertainties of pericytes markers (187), we transduced pericytes with EGFP, 

instead of trying to label pericytes with antibodies such as NG2. Figure 4 shows 

qualitatively that the green fluorescence intensity increases as the seeding density of 

pericytes increases in the tissues. However, the ECFC-EC vessel formation progressively 

decreased as pericyte concentration increased. A low ratio of pericytes (12.5-25%) 

created a well-developed, interconnected prevascularized vessel network within 7 days 

or 14 days of in vitro culture (Figure 4 B2, C2, H2, L2). In contrast, higher pericyte-

fibroblast ratios or pericytes alone, inhibited vessel network formation (Figure 4. E2, F2, 

K2, L2).  Pericytes also elongated and co-localized with endothelial cells (Figure 4. B3 

and H3, arrow). 
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Figure 4 Endothelial cells developed 3-D vessel network with the presence of pericytes and fibroblasts 

during in vitro culture. 
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Tissues were cultured for 7 days (A1-F3) or 14 days (G1-L3) in fibrin gels. Pericytes were transduced with 

EGFP by Lentivirus (green, A1-F1, G1-L1). Endothelial cells (ECFC-ECs) were stained with anti-human 

CD31 antibody (red, A2-F2, G2-L2). Merged images (A3-F3, G3-L3) showed the relationship between 

endothelial cell and pericytes under each condition. The ratio of pericyte to fibroblast increased from left to 

right, with an interval of 12.5%. Tissues without pericytes (A1-A3, G1-G3) or low pericyte-fibroblast ratios 

developed a well-interconnected vessel network. Tissues with high pericyte-fibroblast ratios or pericytes in 

the absence of fibroblasts (F1-F3, L1-L3) failed to form vessel networks within two weeks. Image size is 

400µm x 400 µm. Scale bars represent 100 µm.  

 

Figure 5 shows the quantification of the in vitro vessel networks. In tissues with a low ratio 

of pericytes (12.5-25%), 35-40% of the area was occupied by endothelial cells, and the 

total vessel length was 15-20 mm/mm2. There was a significant decrease in percentage 

of area occupied by endothelial cells, total vessel length, average vessel length and 

number of branching points and connectedness, when pericytes exceeded 37.5% of the 

total mural cells.  There was also a marked decrease of vessel network indices at day 14 

compared to day 7 when the pericyte concentration exceeded 37.5%. In contrast, tissues 

with low pericyte:fibroblast ratio showed a trend of improved vessel formation at day 14 

compared to day 7, which was statistically significant in some conditions.  
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Figure 5 Quantification of 3-D vessel network with the presence of pericytes and fibroblasts after in vitro 

culture for 7 days and 14 days. 

Percentage area occupied by endothelial cells (A). Total vessel length (mm/mm2) (B). Average vessel 

length (mm) (C). Number of Branching points per mm2 (D), where branching points represent 

interconnected junctions between junctions. Number of Endpoints per mm2 (E) represents the number of 

open-ended segments per mm2. Connectedness (F) is the number of branching points divided by the 

number of endpoints. #: Significantly different from conditions with endothelial cells and fibroblasts in the 
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absence of pericytes in 7 day cultures. *: Significantly different from conditions with endothelial cells and 

fibroblasts in the absence of pericytes in 14 day cultures. -: Vessel formations within the same pericyte-

fibroblast ratio conditions at 7 day and 14 day cultures are significantly different. Significantly different 

means p < 0.05. 

 

In vivo anastomosis with host vasculature. 

To examine the impact of pericytes on in vivo anastomosis, prevascularized tissue were 

subcutaneously implanted into mice for 7 days. Figure 6 shows qualitatively and 

macroscopically that during in vivo culture, prevascularized tissues anastomosed with 

host circulation, and tissues were perfused with blood. Tissues that anastomosed with 

the host circulation were filled with blood, showing an obvious red coloration in the 

explanted tissue. In contrast, tissues lacking anastomosis and thus perfusion remained 

pale or devoid of red coloration. The number of tissues demonstrating any level of 

anastomosis (i.e., any red coloration) was highest (83% and 100% following 7 and 14 

days of in vitro culture, respectively) when the pericyte:fibroblast ratio was low (12.5%). 

Interestingly, with pericytes alone, none of the implanted tissues demonstrated 

anastomosis. Moreover, severe gel contraction at the time of implantation was observed 

in the high pericyte:fibroblast ratio tissues with tissue diameters being reduced to one 

quarter of their original size. 
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Figure 6 Prevascularized tissues with the presence of different pericyte densities anastomosed with host 

vasculature. 

Tissues with different pericyte-fibroblast ratios were implanted into mice for 7 days and perfused with host 

circulation. Tissues cultured in vitro for 7 days (A-F) and 14 days (G-L) were subcutaneously implanted into 

mice for another 7 days in vivo culture. Tissues were allowed to anastomose with host and retrieved after 

7 days. Macroscopic images of the implanted tissues (A-L) with presence of pericytes and fibroblasts. The 

table below each panel shows the number of tissues retrieved under each condition, together with the count 

and percentage of perfused tissues. Tissues were considered perfused if they showed signs of blood 

presence within the tissues. Scale bars represent 5 mm. 

 

Histological analysis and quantification was consistent with the macroscopic images 

(Figure 7).  Tissues with a low pericyte:fibroblast ratio (12.5%) had the highest density of 

perfused vessels and area occupied by perfused vessels.  In addition, these indices 
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further increased when the tissues were cultured in vitro for 14 days (Figure 7 A-L). When 

pericyte density in the culture system increased beyond 25%, less perfused vessels were 

observed, and vessels were significantly smaller if the ratio exceed 12.5%.  

 

Figure 7 Prevascularized implanted tissues perfused with host circulation with the presence of both 

pericytes and fibroblasts. 

Tissues were stained with Hematoxylin and Eosin to visualize blood vessels (red). Prevascularized tissues 

were cultured for 7 days (A-F) and 14 days (G-L) before implantation into animals. Number of perfused 

vessels per mm2 (M) and percent area occupied by perfused vessels (N) are used to quantify perfused 

vessel networks with the presence of pericytes and fibroblasts. #: Significantly different from conditions with 

endothelial cells and fibroblasts in the absence of pericytes in 7 day cultures. *: Significantly different from 

conditions with endothelial cells and fibroblasts in the absence of pericytes in 14 day cultures. -: Vessel 
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formations within the same pericyte-fibroblast ratio conditions at 7 day and 14 day cultures are significantly 

different. Statistical significance means p < 0.05. Scale bars represent 100µm. 

 

Association of endothelial cells and pericytes in vivo  

To assess the potential role of pericytes to improve tissue perfusion in vivo, 

immunostaining was performed to visualize the spatial relationship between pericytes and 

endothelial cells during the culture.  Pericytes in the low pericyte:fibroblast condition 

(12.5%) contacted and wrapped around the vessels (Figure 8A).  In contrast, with a higher 

pericyte:fibroblast ratio, some of the pericytes associated with endothelial cells, but the 

majority of the pericytes were freely distributed within the gels. The association of 

pericytes to endothelial cells and vice versa both peaked at a pericyte:fibroblast ratio of 

12.5%, and both associations tended to increase with increased in vitro culture time 

(Figure 8 C and D).  
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Figure 8 Pericytes associated with endothelial cells to form vessels during in vivo culture. 
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Examples of pericytes co-localized with endothelial cells (A), and examples of pericytes that did not 

associate with endothelial cells (B). EGFP transduced pericytes were stained with anti-GFP antibodies to 

enhance signals (green). Endothelial cells are stained with anti-CD31 antibodies (red). A green and red 

signal overlay counts as one contact sites. #: Significantly different from conditions with endothelial cells 

and fibroblasts in the absence of pericytes in 7 day cultures. *: Significantly different from conditions with 

endothelial cells and fibroblasts in the absence of pericytes in 14 day cultures. -: Vessel formations within 

the same pericyte-fibroblast ratio conditions at 7 day and 14 day cultures are significantly different. Scale 

bar represent 50µm. Statistical significance means p < 0.05. 

 

Discussion 

Pericytes facilitate endothelial cell vessel formation and stabilization (184, 187), and are 

thus of potential interest in the prevascularization of implantable tissue constructs.  We 

have previously demonstrated that a co-culture of endothelial cells and fibroblasts will 

form a contiguous vascular network within a fibrin gel in vitro, and that this network will 

anastomose with a host vasculature upon implantation. We hypothesized that the addition 

of pericytes would stabilize and enhance the vessel network and thus improve the in vivo 

performance of the prevascularized construct. Our study demonstrates that a low 

pericyte:fibroblast ratio (12.5% of total mural cell population) improves in vivo 

performance as assessed by the density and area of perfused vessels. A larger ratio of 

pericyte:fibroblast is detrimental to both in vitro and in vivo performance. Therefore, a 

small number of pericytes may be advantageous in prevascularization strategies to create 

thick implantable tissue constructs.  
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We demonstrated that during in vivo culture, pericytes facilitate endothelial cell vessel 

formation by direct contact, and potentially through paracrine signaling (200). It is possible 

that a small fraction of pericytes is sufficient to facilitate vessel formation. For example, 

endothelial cells secrete angiogenic factors such as platelet derived growth factor (PDGF) 

and epidermal growth factor (EGF) (195, 201) into the extracellular environment to recruit 

pericytes. Upon receiving those signals, pericytes release angiopoietin to activate 

endothelial cells to promote pericyte adhesion (189). Furthermore, co-culturing 

endothelial cells and murals cells caused profound gene expression changes in Notch 

signaling (202). Such endothelial cell-pericyte interactions can mature and stabilize the 

neovasculature. However, an excess of signals, such as vascular endothelial growth 

factor (VEGF), might also negatively regulate pericyte coverage and vessel maturation 

(203). Hence, it is perhaps not surprising that an optimal density of pericytes exists to 

promote vessel formation and maturation.  

Alternatively, pericytes might modulate cell-matrix binding sites and physical support for 

vessel growth. Pericytes can promote selective vessel regression (186) and vessel 

stabilization to prevent leakage (20, 204). Matrix metalloproteinases (MMPs) from the 

endothelial cells can also contribute to pericyte recruitment (205). Therefore, a very high 

or very low pericyte:fibroblast ratio can change the physical environment available for 

endothelial cell attachment to the ECM (83, 193). 

Our results also demonstrated that a high pericyte:fibroblast ratio inhibits vessel network 

formation in vitro and anastomosis in vivo. (206)This may be related to that fact that 

pericytes negatively regulate endothelial cell tube width by restricting the tendency of 

endothelial cells to expand the luminal compartment during tube morphogenesis (193).  
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However, this may also be due to a reduced number of fibroblasts.  We previously 

demonstrated that a lower 1:2 (1 million:2 million cells/ml) ratio of endothelial:fibroblast 

cells in our culture system for in vitro vessel network formation was superior to a high 

ratio (5:1, 1 million endothelial cells) (14). Thus, it is possible that increasing the number 

of pericytes in the culture may simply reduce the necessary soluble mediators produced 

by the fibroblasts or limit contact-mediated interactions between the endothelial cells and 

fibroblasts. 

It is interesting to note that the impact of varying pericyte densities was similar for in vitro 

and in vivo performance. While there were small differences, the optimal ratio of 

pericyte:fibroblast was essentially 12.5% for both conditions. This suggests that in vitro 

development of the vascular network can predict in vivo performance. In other words, if a 

well-developed interconnected vessel network does not form in vitro, it will not form in 

vivo either. Nor will it anastomose with the host vasculature. 

Previous researchers have successfully constructed vascular networks in a collagen gel 

using only pericytes and endothelial cells (193, 194); however, there are several 

differences between their system and ours. First, our system employed fibrin as the 

extracellular matrix. Second, our system use a ratio of 1:2 (1 million:2 million cells/ml) 

endothelial:mural cells in our co-culture system compared to  a ratio of 5:1 (2 million:0.4 

million cells/ml) in their system. Third, our system used human placental pericytes instead 

of human brain vascular pericytes, and pericytes function can be tissue-specific (184). 

Several major sources of human pericytes have shown potential to co-culture with 

endothelial cells, including brain (193, 194, 196), placenta (198, 207, 208), bone-marrow 

(209), retinal (210), hiPS-derived (211, 212), and even fibroblast-derived (213).  
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In summary, we have demonstrated that a co-culture system with a low pericyte:fibroblast 

ratio promotes in vivo perfusion of prevascularized tissues. In addition, we demonstrated 

that high pericyte:fibroblast ratio in the system failed to develop vessel networks and 

anastomose with host circulation. Future studies will focus on the mechanism of the small 

fraction of pericytes to facilitate vessel formation in vivo.  
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Chapter 4 - Device design to control oxygen transport 

 Abstract 

Tissue engineering promises to restore tissue and organ function following injury or failure 

by creating functional and transplantable artificial tissues. The development of artificial 

tissues with dimensions that exceed the diffusion limit (1-2 mm) requires nutrients and 

oxygen to be delivered via perfusion (or convection) rather than diffusion alone. Our 

strategy for perfusion is to prevascularize thick (~1 cm) tissues prior to implantation, which 

has the potential to significantly shorten the time of functional vascular perfusion from the 

host. We have designed a simple device to control oxygen tension before (or during 

prevascularization) and after tissue implantation. The design allows the tissue to have 

sufficient nutrients and oxygen by diffusion during in vitro development, but then severely 

limits nutrient access by diffusion during in vivo culture. Finally, we used our device to 

test the hypothesis that prevascularization will lead to rapid anastomosis with the host 

and improved oxygen content in the implantable tissue. 

 

Introduction 

Tissue engineering holds the promise to cure numerous diseases by replacing or 

restoring function to a wide range of tissues.  However, despite recent advances in 

scaffold materials and stem cell culturing, the most successful applications have 

continued to be in thin (< 2 mm) avascular tissues in which delivery of essential nutrients 

occurs primarily by diffusion.  The only way for thick connective tissues (>1cm) to survive 
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after implantation is to have the tissues rapidly vascularized, ensuring adequate supply 

of oxygen and nutrients to all cells. The development of thick tissues beyond the diffusion 

limitation remains as one of the greatest challenges in tissue engineering. 

Our key objective is to create a thick (~ 1 cm) implantable tissue with a prevascularized 

interconnected network, consisting of well-formed, interconnected microvessels with 

lumens and supporting mural cells. The tissue should anastomose with the host 

circulation in 24 hours with continuous flow and enhances cell survival (Figure 9). 

 

Figure 9 The conceptual framework for prevascularizing a thick tissue.  

Create a thick prevascularized tissue with endothelial cells and mural cells (left) and establish rapid 

anastomosis with host circulation in vivo (right). 

 

The dimension of most functional engineered tissues is limited to a few hundred microns 

due to the diffusion limit of oxygen in cell-dense tissue. But the clinical-meaningful 

implantable tissues require a thick dimension (> 1 cm). For a thick tissue, nutrients and 

oxygen need to be delivered via perfusion (or convection) in addition to diffusion. Our 
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strategy is to prevascularize tissues; that is, to create a network of blood vessels within 

the tissue construct prior to implantation. When the tissue anastomoses with the host 

through the access point, the whole tissue should be perfused in a relatively short period 

of time (in a few hours, Figure 10). This proposed work focuses on developing devices 

and optimizing conditions to achieve rapid anastomosis and continuous flow in thick 

tissues. We will also investigate the viability and functionality of hypoxic response in the 

co-culture gel system. 

 

Figure 10 Rapid anastomosis with interconnected vessel network through access point leads to restored 

oxygen concentration in prevascularized tissue.  

Schematic representation (top view of devices) of implantable prevascularized tissue construct with 

hypothesized radial concentration profiles of limiting oxygen (green). At the time of implantation (day 0, left 

column), a tissue that is NOT prevascularized (top row) or a tissue that is prevascularized (bottom row) 

both have uniform concentration profiles of nutrients (uniform green shading). The nutrients come from the 

porous lid which covers the tissues during in vitro development. A second lid is placed over the tissue at 
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the time of implantation, limiting oxygen access to a single access point on the left hand side (white circle). 

Time < 24 hours post-implantation (central column), in both tissues, nutrient concentrations are reduced far 

from the access point due to metabolism. Time > 24 hours post-implantation, for the prevascularized tissue 

(right column), anastomosis between the host circulation and prevascularized capillary network results in 

rapid restoration of oxygen throughout the tissue; for the non-prevascularized tissue, oxygen concentration 

keeps dropping, leading to eventual cell death. 

 

We proposed a device that controls the surface area through which oxygen and nutrients 

are transmitted by diffusion. During the in vitro phase, the surface area is large enough 

to provide sufficient oxygen and nutrients to the tissue. The capillary network forms 

without any delay caused by a limitation in oxygen diffusion. Right before implantation, 

the surface area is dramatically reduced to only one access point for the whole tissue. 

This allows us to create a thick prevascularized tissue in one dimension and minimize the 

total volume of the construct such that we can conduct the study with 

immunocompromised mice instead of more expensive larger animal models.  

 

Materials and Methods 

Device design 

Poly (methyl methacrylate) PMMA sheets of varying thickness (0.75mm, 1.5mm and 

2mm) were employed (McMaster-Carr, Santa Fe Springs, CA). Designs (Figure 11) were 

created using AUTOCAD (Autodesk, San Rafael, CA). A carbon dioxide laser cutting 
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machine, VersaLaser VLS-2.30 (Universal Laser System Inc. Scottsdale, AZ) was used 

to etch the PMMA sheets according to the design. PMMA parts were then assembled 

using acrylic glue (McMaster-Carr). A thin layer of Polydimethylsiloxane (PDMS, Dow 

Corning, Midland, MI) coating was layered onto PMMA, forming the surface that contacts 

the fibrin gels. Devices were sealed with oxygen-impermeable Low-density polyethylene 

(LDPE) with a 3 mm-diameter hole on the membrane.  Devices were washed and stored 

in 70% ethanol and sterilized under UV for at least an overnight. Devices were wash with 

cell medium three times before using in fibrin gelation.  
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Figure 11 Designs of five devices with three different materials, PDMS, PMMA and LDPE. 

(A, B) Device #1 is an opened container made by PDMS only. (B) Top view of device #1. (C, D) Device #2 

is an opened container made by PMMA with PDMS coating the inner-side. (D) Top view of device #2. (E, 

F) Device #3 is sealed container with one access point (3 mm in diameter) on the top. LDPE film is anchored 

on the top of device #2 sealed with a PMMA-made ring. The distance between the access point to the far 
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edge of the device is 1 cm. (F) Top view of device #3. (G-I) Device #3 is similar to device #3. The only 

difference is the bottom PMMA piece is porous (pore size: 2 mm in diameter). This design gives the tissue 

sufficient surface area to access oxygen by diffusion through the medium during in vitro culture. (H) Top 

view of device #4. (I) Bottom view of device #4. (J-L) Device #5 is made by device #4 plus another piece of 

PMMA shell at the bottom to block the porous. PMMA shell is added to the device right before the 

implantation to block the oxygen from the bottom side. Therefore, during in vivo oxygen, oxygen could only 

get through the top access point. (K) Top view of device #5. (L) Bottom view of device #5. PDMS: blue. 

Fibrin gel: pink. PMMA: grey. LDPE: green. Units: mm. 

 

Cell culture 

Cells types used included endothelial cells, fibroblasts, pericytes, smooth muscle cells 

and hypoxia-sensitive cells. Endothelial colony-forming cells derived endothelial cells 

(ECFC-ECs) were isolated from human umbilical cord blood as described previously (14, 

50). Briefly, human umbilical cord blood was obtained from University of California, Irvine 

Medical Center according to an Institutional Review Board – approved protocol. ECFC-

ECs were isolated from the mononuclear cell fraction of the blood, and then plated on 1% 

gelatin (Sigma, St. Louis, MO) coated tissue culture flasks, fed with endothelial growth 

medium with 2% FBS (EGM-2, Lonza, Walkersvill, MD). The endothelial-like cells were 

purified with CD31 (Dako, Carpinterial, CA) coated magnetic beads (New England 

Biolabs, Ipswich, WA). The population was subsequently seeded on the flasks with EGM-

2 medium. ECFC-ECs were split 1:5 every 5 days. Passage 4-7 ECFC-ECs are used in 

all experiments. Normal human lung fibroblasts (NHLFs, Lonza) were cultured in 

fibroblast growth medium with 2% FBS (FGM-2, Lonza). All experiments are utilizing 

passage 4-7 NHLFs. 
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Pericytes were isolated from human placentas after C-section as described previously 

(167). Briefly, central section of human placental tissue was dissected and washed with 

PBS, and then digested by collagenase type D at 37°C for two hours. The digested 

suspension was passed through a 100 µm mesh filter and then collected by 40 µm mesh 

filter. The population was subsequently washed from 40 µm mesh filter and plated on 

tissue culture plate with M199 medium, supplemented with 20% FBS, L-glutamine, 

penicillin and streptomycin. After reaching confluence, the primary outgrowth cells were 

purified once again with 40 µm mesh filter. Cells are spit 1:2. Passage 5-10 pericytes are 

used in all experiments. 

 

Fibroblast transduction 

Fibroblasts were transduced with HIF1 driven GFP by HIV-based Lentivirus. HEK293TN 

(System Biosciences, Mountain View, CA) cells were used to prepare viral titer. 

Expression lentivector constructs, pGreenFire1-HIF1 (System Biosciences), packaging 

plasmid Mix (pPACKH1-GAG, pPACKH1-REV and pVSV-G) and PureFection (System 

Biosciences) were incubated at room temperature for 15 min, and then added to 

HEK293TN culture. After 48 hours and 72 hours of transfection, medium was collected 

and centrifuged. The supernatant was allowed to incubate with PEG-itTM Virus 

Precipitation solution (System Biosciences) for 2 days, and then centrifuged. 

Concentrated titer were aliquoted to working volume, and store at -80°C freezer. To 

transduce Pericytes, 10% viral titer and 1xTransDux (System Biosciences) with regular 

culture medium were added on to cells and remain for 24 hours.  Cells were then cultured 
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at 1%, 3%, 5% or 20% O2 to test GFP intensities. All cells were maintained at 37°C in 

humidified air with 5% CO2. Medium were changed every the other day. 

 

Three-dimensional prevascularized tissue construction 

Endothelial cells, mural cells (fibroblast, pericytes and smooth muscle cells) and hypoxia-

sensitive cells were resuspended in fibrinogen or collagen/fibrinogen solution. 2 units/ml 

thrombin (sigma) solution was then mixed with cell suspension for tissue assemble. The 

gel solution was quickly added into PDMS or PMMA devices slowly without introducing 

bubbles. The tissue construct was left undisturbed for 10-30 min at room temperature to 

allow gelation. After polymerization, EGM-2 medium with 5% FBS (Invitrogen, Carlsbad, 

CA) was added to tissue culture plate. The device was then transferred to 37°C incubator 

with 5% CO2 for seven days. Medium was changed every the other day.  

 

Immunofluorescent staining 

Tissues were fixed and stored in 10% formalin after in vitro culture. Immunofluorescent 

staining is performed on the whole tissue. Tissues were incubated with mouse anti-human 

CD31 antibody (Dako) or rabbit anti alpha-smooth muscle actin (Abcam, Cambridge, MA), 

followed by labeling with the Alexa Fluor488 or 555 secondary antibody (Life 

Technologies). 
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Implantation of the tissue constructs 

Prior to implantation, device #5 was covered by another piece of acrylic shield. The shield 

limits the oxygen diffusion/perfusion to the access point after implantation. 6 to 8-week-

old male ICR-SCID mice (Taconic Farms, Oxnard, CA) were used in all experiments. The 

mice have severe combined immunodeficiency, which lack T and B cells. These mice 

won’t show immune response to foreign implanted tissue. The devices were implanted 

subcutaneously within the abdominal wall on the dorsal side of mice. The incisions were 

closed by staples (Fine Science Tools, Foster City, CA). Two implants can be put into 

one animal. Animals were sacrificed at day 3, 7 or 14 after implantation. Devices were 

retrieved and preserved in 10% formalin. Animal surgery and animal handling were 

performed according to NIH guidelines for laboratory animal usage, and our protocol was 

approved by Institutional Animal Care and Use Committee at the University of California, 

Irvine. 

 

Histology and immunohistochemistry 

Tissues were fixed and stored in 10% formalin post-implantation, and then embedded in 

paraffin. Hematoxylin and eosin (H&E) and immunohistochemical staining were 

performed on 10 μm tissue sections. Immunohistochemical staining was performed using 

the Dako Envision HRP-DAB system (Dako, Carpinteria, CA). Tissue sections were 

incubated with mouse anti-human CD31 antibody (Dako) diluted at 1:150, followed by 

labeling with the horseradish peroxidase–conjugated anti-mouse secondary antibody. 
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The sections were counterstained with hematoxylin. Vessels positively stained with anti-

human CD31, and with red blood cells in the lumen are considered perfused vessels. 

 

Statistical Analysis  

Statistical analysis were performed with GraphPad Prism (GraphPad, La Jolla, CA). The 

data were expressed as means ± standard deviation. Analysis of variance (ANOVA) with 

Dunnett’s multiple comparisons test, and two-tailed student's unpaired t-tests were 

performed. p <0.05 were considered statistically significant.    

 

Results 

Device design 

To create a prevascularized tissue in vitro with a thickness of ~ 1 cm, we needed to design 

a device in which the tissue was 1 cm away from the oxygen source. The tissue, however, 

must contain a well-interconnected vessel network supported by mural cells after 

prevascularization in vitro. We focused on creating a “thick” tissue in one-dimension to 

reduce device size, making it suitable for implantation into small animals such as mice.  

There are several criteria for the implantable devices. First, the device must be 

biocompatible. Second, the device must be well-sealed. The materials should essentially 

block oxygen diffusion completely so that oxygen can only travel through prefabricated 



 
 

65 

holes/pores. Third, the device must have a diameter smaller than 2 cm, due to the body 

size of the SCID mouse. This size limit also requires the material to be as thin as possible. 

Last, but not least, the device must be easy to create, assemble, sterilize, and disperse 

after explantation. Based on the constraints, we chose three materials: PDMS, PMMA 

and LDPE. Their material properties are shown in Table 1. In short, PMMA and LDPE are 

nearly oxygen impermeable, making them ideal for our device. However, PMMA has a 

manufacturing limit of 0.75 mm in thickness, while LDPE has no such limit.  In other words, 

LDPE could be made as thin as a film. Hence, we decided to use the combination of these 

two materials. PDMS is well-known for its biocompatibility, but it is gas permeable. Hence, 

we used PDMS to coat the inner side of the devices to create a transition region between 

tissues and stiff material (PMMA). PDMS can also overcome gel contraction and maintain 

the gel size during culture. Table 1 and Figure 11 show the detail material properties and 

designs. 

Table 1 Materials used for design oxygen-limit access devices 
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Figure 11 shows the details of our implantable device design. Briefly, device #1 is made 

by PDMS only. Device #2 is made by PMMA with PDMS coating inner side of the device. 

These two devices serve as positive controls since they will not limit the oxygen diffusion 

during culturing. Device #3 serves as a negative control. It is made by adding an LDPE 

film on the top of device #2. It limits oxygen diffusion to only one access point. Device #4 

is similar to device #3. The difference is the bottom PMMA cover is porous, containing 17 

pores with a diameter of 2 mm. Hence, the tissue can get sufficient nutrient and oxygen 

during in vitro culture. Device #5 is based on device #4, adding another piece of acrylic 

shield at the bottom to block the pores. This was to limit the oxygen transportation to only 

the access point on the top after implantation.  

The single hole on the top of the LDPE membrane serves as the anastomotic point 

between the host and the tissue construct. In the absence of rapid vascularization, a radial 

gradient in nutrients and oxygen will be established with the outer most region of the 

tissue being the most starved. Figure 10 describes schematically our anticipated results 

using our proposed design. Both prevascularized and non-prevascularized tissues are 

saturated spatially with nutrients at the end of the in vitro development period. Once 

implanted, both tissue types will experience hypoxia before the anastomosis occurred. At 

a critical time point, anastomosis occurs between the host and the interconnected vessel 

network of the prevascularized tissue, resulting in rapid and complete delivery of nutrients 

to restore the spatially uniform concentration profile. In contrast, the non-prevascularized 

tissue will experience a further decrease in nutrients resulting eventually in cell death.  
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We could manipulate several variables to achieve rapid anastomosis. Those variables 

include number of access points, access point diameter (3 mm), PDMS coating thickness 

(100 µm) and tissue thickness (1.5 mm). 

 

Figure 12 design the devices to control oxygen level before and after tissue implantation.  

Summary images of actually devices used in the experiments. 
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Create an in vitro prevascularized tissue with a thickness of ~ 1 cm. 

 

Figure 13 Prevascularized tissue constructs in device #2 and device #4 forms vessel network during in vitro 

culture. 

 (A, B) Endothelial cells and fibroblasts were co-cultured in 3D fibrin gel in device #2 (A) and device #4(B) 

for 7 days. Endothelial cells were observed with anti-human CD31 antibody (green). Images were z 

projection on a 150 µm thick tissues. Stack images were taken every 5µm. Scale bar represents 100 µm. 

 

First, we tested the cell viability in co-culture system during in vitro culture. Secondly, we 

conducted measurements of the in vitro cultured vessel network. Endothelial cells formed 

interconnected vessel network in vitro with fibroblasts’ support (Figure 13). Tissues in 

Device #2 formed more interconnected vessels compared to tissues in Device #4 (Figure 

13B). Finally, we implanted the prevascularized tissues into animals. Animals are 

sacrificed on day 7 and devices are retrieved and stored in 10% formalin solution. Figure 

14 showed the macroscopic images of tissues 7 days after implantation. Tissue 



 
 

69 

constructs in Device #1 and #2 showed blood perfusion in the entire tissues (Figure 14F, 

G). However, in Device #3, 4 and 5, anastomosis is limited to the area around the access 

point or pores (Figure 14 H-J).  

 

Figure 14 Prevascularized tissue constructs in designed devices perfused with host circulation after 7 days 

in vivo culture.  

Macroscopic View of the explanted tissues for each kind of device. (A-E) Device used to perform the animal 

study, respectively. (F-J) Macroscopic view of the tissue constructs post-implantation. (F) Tissue in device 

#1, the PDMS chamber got anastomosis with host throughout the whole tissue. (G) Tissue in device #2 got 

anastomosis as well, but had a pattern with more blood perfusion around the edge of the device. (H) Tissue 

in device #3 only got anastomosis around the access point. (I) Tissue in device #4 got anastomosis around 

the top access point (barely can see it) and the bottom pores. (J) Tissue in device #5 got anastomosis 

around the access point area. Tissues that anastomosed with host circulation were fulfilled with blood, 

showing in red on the explant tissues. On the contrary, tissues lacked of perfusion remained in white/pink 

color. PDMS: blue. Fibrin gel: pink. PMMA: grey. LDPE: green. 
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Figure 15 Detail views of Device #1. 

Device #1 was made with PDMS. Fibrin gels were casted in the PDMS container as shown (lower left), and 

left for 7 days for in vitro culture. Prevasularized vessel network was formed, and then implanted into 

animals and achieved anastomosis with host during 7 days of in vivo culture. Blood perfusion was seen in 

the entire tissue after explantation. 



 
 

71 

 

Figure 16 Detail views of Device #2. 

Device #2 was made with PMMA, coated with PDMS. PMMA container was coated with PDMS to better 

hold the tissues during the two weeks of culture and reduced contraction. Fibrin gels were casted in the 

container as shown (lower left), and left for 7 days for in vitro culture. Prevasularized vessel network was 

formed, and then implanted into animals and achieved anastomosis with host during 7 days of in vivo 

culture. Blood perfusion was seen in the entire tissue after explantation. 
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Figure 17 Detail views of Device #3. 

Device #3 was made with PMMA, coated with PDMS, with one access point on top surface. Similar to 

device #2, an extra layer of LDPE was served as the lid of the PMMA container. A 3 mm in diameter hole 

was punctured and left as the oxygen access point. A PMMA ring was using to secure the LDPE membrane 

on the top. Fibrin gels were casted inside the container through the access point as shown (lower left), but 

left a thin layer on top of the LDPE membrane to increase the anastomosis surface area.  Tissue was left 

for 7 days in vitro culture. Prevascularized vessel network was formed, and then implanted into animals 

and achieved anastomosis with host during 7 days of in vivo culture. Blood perfusion was seen around the 

access point, but not in the entire tissue. 
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Figure 18 Detail views of device #4. 

Device #4 was made with PMMA, coated with PDMS, with one access point on the top and multiple access 

points at the bottom of the device. Referring to device #3, instead of a seal insulated bottom, the bottom 

PMMA piece was laser cut into a porous bottom with 17 2 mm in diameter holes evenly distributed. The 

design intended to providing more oxygen access points during in vitro culture, there oxygen source is not 

a limiting factor to restrain the tissue to prevascularize into vessel network. Fibrin gels were casted inside 

the container through the access point as shown (lower left), and left for 7 days in vitro culture. 

Prevascularized vessel network was formed, and then implanted into animals and achieved anastomosis 

with host during 7 days of in vivo culture. Blood perfusion was seen around the access point on both sides, 

but not in the entire tissue. 
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Figure 19 Detail views of device #5. 

Device #5 was made with PMMA, coated with PDMS, with one access point on the top and multiple access 

points at the bottom of the device, the same as device #4. But before implantation, an extra piece of PMMA 

container was put on device #4 to seal the porous bottom to limit the oxygen source to the only access 

point on top the device. Fibrin gels were casted inside the container through the access point as shown 

(lower left), and left for 7 days in vitro culture. Prevascularized vessel network was formed, and then 

implanted into animals and achieved anastomosis with host during 7 days of in vivo culture. Blood perfusion 

was seen around the access point on both sides, but not in the entire tissue. 
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Figure 20 ECFC-EC derived vessel formation contributes to the perfusion of the implanted tissues. 

Hematoxylin and eosin stain (A-C) and human specific CD31 stain (D-F, brown) of tissues retrieved from 

host after 7 days in vivo culture. MT: mouse tissue. IT: implanted tissue. Scale bar: 100 µm. 

 

Figure 20 showed the histological images, hematoxylin and eosin staining and 

immunohistochemistry staining with anti-human CD31. It demonstrated that the perfused 

vessels in the implanted tissues are human-derived endothelial cells.    

 

Hypoxia responsive fibroblasts to detect oxygen level in situ 

One dominant feature of our design is the modulated access by providing sufficient 

oxygen and nutrient during in vitro culture and suddenly reducing to one access point 

after implantation. Hence, cells will likely experience hypoxia because of oxygen 
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depletion. After implanted tissue gets anastomosis with the host, blood will perfuse, 

bringing in oxygen and nutrients. Hence cells should recover from hypoxia. To document 

this transition, we would need a hypoxia-sensitive cell line.  

We transduced ECFC-ECs and NHLF with Lentivirus constructs to avoid introducing a 

third cell type into the co-culture system. Cells were transduced with Lentivirus constructs 

with HIF driven GFP reporter. GFP expression is turned on when the cell starts 

experiencing hypoxic tension. The HIF-GFP expression was tested in a 2-D monolayer 

culture to ensure both ECFC-ECs and NHLF were hypoxia-sensitive enough to detect 

oxygen differences under various oxygen tension (1%, 5%, and 20% O2).  

 

Figure 21 Transduced fibroblasts expressed GFP signals responded to 1% oxygen tension.  

Fibroblasts were transduced with different Lentivirus titer concerntration 2%, 6% and 10%. Transduction 

lasted for 24 hours, and then fibroblasts were transferred with fresh medium. Transduced fibroblasts were 
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culture in 1% O2, 5% CO2 incubator. Intensity fo GFP expression was recorded at day 5 and day 12 after 

transduction.  

 

Figure 21 showed GFP expression of transduced fibroblast responding to hypoxia 

condition (1% O2). Fibroblasts transduced with higher titer concerntration showed higher 

GFP intensities. GFP signals after 5, 8 and 12 days after transductions were quantified 

and analyzed in Figure 22. GFP signals increased steadily over time under hypoxia 

conditions. When titer concerntrations higher than 10% were tested, high apoptosis rate 

and cell death were observed. Therefore, 10% titer concerntration was used for all 

subsequent experiments. ECFC-ECs failed to show HIF-GFP expression while remained 

healthy under 2-D monolayer culture (data not shown). Therefore, we chose fibroblasts 

(NHLF) as the hypoxia sensitive cells. 

 

Figure 22 Quantification of GFP intensity of transduced fibroblast responded to hypoxia condition (1% O2) 

with various titer concentrations (2%, 6% and 10%). 
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Fibroblasts were transduced with different Lentivirus titer concerntration 2%, 6% and 10%. Transduction 

lasted for 24 hours, and then fibroblasts were transferred with fresh medium. Transduced fibroblasts were 

culture in 1% O2, 5% CO2 incubator. Intensity fo GFP expression was recorded at day 5 and day 12 after 

transduction. 

 

Culture transduced fibroblasts under different oxygen tension in vitro to mimic 

Oxygen level changes before and after anastomosis with host vasculature. 

To detect the oxygen level change in physical conditions, cells have to be able to 

distinguish small changes before and after anastomosis with host vasculature. To 

determine whether fibroblasts were hypoxia-sensitive enough to detect oxygen 

differences, experiments were designed with step changes of oxygen concentration to 

best mimic in vivo conditions. Fibroblasts were cultured under various oxygen tension 

(1%, 3%, 5%, and 20% O2) for 5 days. After that, cells were either changed to a different 

oxygen tension, or remain at their previous oxygen tension as a control. Fluorescence 

intensities were recorded for each condition from day 5 to day 11 after transduction.   
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Figure 23 Quantifications of fluorescence intensity changes with response to varying oxygen tension after 

a step change of oxygen tension on day 6. 

Transduced fibroblast were culture in 1%, 5% and 20% respectively until day 5. On day 6, fibroblasts were 

switched to higher oxygen tension, while some cells remained at their previous oxygen conditions. The 

fluorescence intensities of fibroblasts were recorded from day 5 until day 12. Statistics showed the 

relationship between the time and the fold-change of fluorescence intensities is significantly different in 1%, 

5% and 5%-1% (One-way ANOVA). 

 

Figure 23 demonstrated the fluorescence intensities changes of fibroblasts before and 

after a step change of oxygen tension on day 6. The line of 1%-5% is to mimic the oxygen 

level increase when the implanted tissues achieved anastomosis with host vasculature 

and the blood perfusion started. The line of 5%-1% is to mimic the implanted tissues’ 

failure to anastomosis with host vasculature. After failing to anastomosis, tissues should 
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experience severe hypoxia conditions, eventually leading to cells death. In Figure 23, the 

fluorescence intensities of transduced fibroblast decreased after step increase in oxygen 

tension compared to fibroblasts remaining at the previous oxygen conditions.  

 

Create a prevascularized tissue containing hypoxia-sensitive cells, endothelial cell 

and mural cells under previously optimized culture condition. 

 

Figure 24 The histology of tissues explanted from Device #5. 
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Tissues were explanted from animal after 7 days in vivo culture, and sectioned to stain the cells from access 

point (left) and cells from distal region of the tissue (right). Tissues stained with H&E (top) to visualize red 

blood cells (arrows). Scale bar represents 100 µm. Tissues stained with GFP and CD31 to stain fibroblast 

(green) and endothelial cells (red). Scale bar represents 50 µm.  

 

In Figure 24, tissues were retrieve from Device #5 after 7 day of in vivo culture and 

followed by embedding and sectioning. When tissues were sectioned, if a blood perfusion 

were seen, it would be marked as “access point” and the orientation of the individual 

section. The other side of the section would be “distal region”. The sections were H&E 

stained. Perfused vessels were marked in Figure 24 (top). There was no perfused vessel 

seen in distal region of the tissues. However, the vessels were present in the entire 

tissues, as shown in Figure 24 (bottom). The tissues around access point showed closed 

to none association of endothelial cells and HIF-GFP expressed fibroblast. In contrast, 

the tissues at the distal region demonstrated strong associations between the two 

populations that cells were under hypoxia stress. 

 

Discussion 

Our objective is to enhance transport and nutrients and waste products within implantable 

tissues to substantially increase the physical dimension of viable tissues. We focused on 

the creation of a three-dimensional continuous network of well-formed, interconnected 

vessels with supporting mural cells within the prevascularization tissue. The approach is 

both biology-directed and inspired. In short, we supply the fundamental building blocks in 
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a limited architecture to allow for flexibility within the tissue to respond and change to 

meet metabolic and functional demands. In other words, the tissue is allowed to self-

organize, both in vitro and in vivo, in response to biological cues. Our approach utilizes 

endothelial cells derived from human cord blood endothelial colony-forming cells (ECFC-

ECs), and mural cells, both of which are readily available in adults, thus avoiding the 

problem of a host immune response. While we have demonstrated the functionality of the 

capillary network and early anastomosis, we have not yet demonstrated the utility of this 

approach in creating thicker tissues. 

 

Figure 25 Expectations of hypoxic response of implanted tissues before and after tissue implantation. 

During the in vitro and in vivo culture of engineered tissues, cells experienced difference 

oxygen tension.  Figure 25 summarized the oxygen conditions for each devices before 

and after implantation, and the correlation of HIF-GFP expression. Tissues in device # 1 

and 2 should be under normoxic condition after perfused with the host. Therefore, HIF1α 

expression level should be high/ON right after implantation (depending on oxygen 

consumption rate), and then switch to low/OFF after anastomosis with the host. Tissues 
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in device # 3 should remain hypoxia. Hence, we expect high expression level in HIF1α, 

for a relative longer time since the insufficient vessel development in vitro.  

We have repeatedly observed the anastomosis with host. The problem is that the blood 

didn’t perfuse into the entire tissue. Instead, the perfusion was limited to the areas 

surrounding the access point. This could be due to several factors. First, it might be 

caused by immature vessel network formation in terms of vessel diameter and 

interconnectivity. This hypothesis can be tested by comparing the staining of gels before 

and after implantation. If the hypothesis is confirmed, then we need to optimize the in vitro 

prevascularized gel culture condition. Second, the limited blood perfusion might be 

because of the incompatibility in fibrin coagulation between mouse tissues and human 

tissues. We can test this hypothesis by adding anti-coagulant drugs such as anti-thrombin 

drug, dabigatran etexilate. The drug has a recommended dosage of 10mg/kg, and can 

be delivered by oral gavage or grind with food and feed to mice. Third, it might be caused 

by clotting due to static culture. There was no flow in the tissue after implantation. Once 

the tissue at access point anastomosed with host vasculature. Blood perfused to human 

vessel, but clotting occurred due to no flow in the vessel network (214).  

Hypoxia-inducible factor-1 alpha (HIF1α) is a constitutively expressed transcription factor 

that is degraded under normal oxygen tensions but stabilized when oxygen is limiting 

(hypoxia). Under hypoxic conditions, stabilized HIF1A promotes the transcriptions of a 

host of genes through hypoxia response element (HRE) that enable the cell to adapt to 

the lack of oxygen. HIF1α mRNA is constitutively transcribed, while HIF1α protein 

expression level is subject to post-translational regulation by oxygen tension. HIF1α is 

rapidly degraded in the presence of oxygen. The half-life of HIF1 is less than 5 min under 
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normoxic conditions, but when subjected to low oxygen tension, HIF1 protein levels 

increase exponentially (215-218). Other labs have detected HIF1α expression using 

immunohistochemistry (219). If we could adopt their methods to detect the HIF1α 

expression in our tissue before and after implantation, we can determine whether our 

device can limit oxygen accessibility and create implantable thick tissue.  

HIF-GFP transduced NHLFs can detected different oxygen levels (1%, 5% and 20% O2) 

in 2-D culture by showing varying fluorescence intensities. Moreover, transduced NHLFs 

can also sense the oxygen changes when cultures were moved from 1% to 5% or vice 

versa. While during 3-D tissue culture, transduced fibroblast with endothelial cells 

developed vessel network within 7 days of in vitro culture and anastomosed with host 

circulation after implantation into mice. H&E and fluorescence stating also demonstrated 

that there were perfused vessels around access point in Device #5 in the explanted 

tissues, and little GFP was associated with endothelial cells. In contrast, there was no 

perfused vessel present in the distal region of the tissue, and GFP-fibroblasts were 

associated with endothelial cells, which indicated cells were under hypoxia stress. We 

also noticed that vessels were form in the entire tissues because oxygen was not limited 

during in vitro culture in Device #5. However, there were still no blood perfusion to the 

entire tissues. 

Transduced Fibroblasts had a longer doubling time compared to non-transduced 

fibroblasts, which is normal to transduced primary cells. But the transduced cells can still 

form vessel network with endothelial cells. We may extend in vitro culture time to fully 

grow vessel network. We might also consider using the third cell type to detect oxygen 

levels. However, additional cell types increase the difficulty to culture the prevascularized 
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tissue. In addition, culture conditions such as medium, cell density and culture time need 

to be adjusted to accommodate the additional cell type. 

In conclusion, we created an oxygen-limit access device. In this device, oxygen is not 

limited during in vitro culture, and endothelial cells fully grew into well-connected vessel 

network with the support of mural cells. But during in vitro culture post-implantation, 

oxygen source has been limited to only one access point face host skin side. Tissues 

were only anastomosis with host through the access point. 
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Chapter 5 - Summary and conclusions 

Tissue Engineering holds the promise to cure numerous diseases by replacing or 

restoring function to a wide range of tissues.  However, the development of artificial 

tissues with dimensions that exceed the oxygen diffusion limitation (100-200 μm) will 

require delivery via perfusion or convection other than diffusion alone. Our strategy to 

achieve blood perfusion in thick (~ 1 cm) tissue is to prevascularize tissues prior to 

implantation, which will significantly increase the graft survival rate, therefore, higher 

perfusion rate. Without prevascularization, the tissues might be exposed to hypoxia 

condition for a long period of time post-implantation, inducing apoptosis and cell death.  

In this study, a prevascularization strategy was used to co-culture endothelial cells with 

mural cells in the engineered human tissues. Based on our previous studies, endothelial 

cells with fibroblast can form well-connected vessel network in vitro and achieved 

anastomosis in vivo. Pericytes, on the other hand, can promote vessel formation involving 

vessel maturation and vessel stabilization. We hypothesized that co-culturing endothelial 

cells with mural cells, including pericytes and fibroblast, would further promote vessel 

formation and increase perfusion rate in implanted tissues.  

To test our hypothesis, cord blood derived endothelial cells (ECFC-ECs), placenta 

derived pericytes and fibroblasts (NHLF) are co-cultured in vitro for 7 or 14 days. 

Endothelial cell seeding density was kept constant at 1 million cells/ml. Total mural cells 

were at 2 million cells/ml, but with different pericyte-fibroblast ratio (12.5%, 25%, 37.5%, 

50%, 100% pericytes) for each condition. 
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In this study, we first looked at the role of pericyte in facilitating vessel formation in 

prevascularized tissues during in vitro culture. We showed that low pericyte-fibroblast 

ratio created well-developed, interconnected prevascularized vessel network within 7 

days or 14 days of in vitro culture. In contrast, with high pericyte-fibroblast ratio or 

pericytes in the absence of fibroblast, endothelial cells failed to construct vessel network.  

Intuitively, additional culture time should help vessel formation. Tissues with low pericyte-

fibroblast ratio showed better vessel formation at day 14 compared to day 7, though not 

always statistically significant. Recalling vessel formation is the net result of vessel 

creation and vessel destruction, it would be interesting to investigate the temporal 

regulation of vessel destruction in future studies. 

Quantifications were performed on in vitro vessel network. Six different metrics were 

carefully examined. There was a significant drop of percentage of area occupied by 

endothelial cells, total vessel length, average vessel length and number of branching points 

and connectedness, when pericytes reach more than 37.5% of the culture. However the 

number of endpoints increased at day 14, suggesting vessel networks disruption. In addition, 

with only endothelial cells and pericytes in the co-culture system, no connected vessel was 

observed after 14 days of in vitro culture. It might indicate that only appropriate amount of 

pericytes in the co-culture system have positive impact on vessel formation. One possible 

explanation is that contact inhibition might exist between pericytes and endothelial cells when 

pericytes dominated the culture. The other possibility is that pericytes regulate a process that 

is related to the instability of the vessel. At a low pericyte-fibroblast ratio, there is some 

instability that promotes the vessel formation, presumably by making more vessel fragments 

available. While at a high pericyte-fibroblast ratio, the instability dominates and no vessel 
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network can form. We have also tested the co-localization of endothelial cells and 

pericytes, but little to none correlations were seen in vitro.  

Secondly, we investigated the role of pericytes to promote blood perfusion with host 

vasculature after implantation. Tissues with low pericyte-fibroblast ratio had higher 

perfusion rate than those with fibroblasts in the absence of pericyte. At day 14, 12.5% 

pericytes achieved 100% anastomosis with host vasculature. Interestingly, tissues with 

high pericyte-fibroblast ratio failed to show any signs of blood perfusion. Additionally, 

those tissues didn’t show improvement of vessel formation after implantation into the 

animal. Basically, the morphology could not be rescued. After all, it showed that, 

interconnected prevascularized tissue is important for achieving perfusion with host 

vasculature after implantation. 

Thirdly, we closely investigated pericytes’ functions in the implanted tissues. Histology 

and immunostaining were performed. When pericyte-fibroblast ratio increases, a smaller 

number of perfused vessels were observed and vessels were significantly smaller. 

Tissues with low pericyte-fibroblast ratio showed more perfused vessels, and larger area 

occupied by perfused vessel, meaning there are more large vessels. Tissues with 12.5% 

pericyte of total mural cells population after 14 days prevascularized culture, showed the 

best vessel network formation.  

One possible explanation is that pericytes restrict the endothelial cell luminal expansion, 

hence negative regulating endothelial cells tube width. A small amount of pericytes in the 

system allows the vessel diameter to stay in the physical range. On the contrary, 
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abundant pericytes will likely induce small vessel lumen formation, resulting in blood 

clotting, or even failures of vessel formation. 

Lastly, we examined the co-localization of endothelial cells and pericytes during in vivo 

culture. Results demonstrated that pericytes associated with endothelial cells by wrapping 

around them. Tissues with 12.5% pericytes in total mural cells population, showed closed 

to 100% association of endothelial cells with pericytes and vice versa. While tissues with 

pericytes in the absence of fibroblast showed closed to zero correlation, as expected. 

Moreover, there were a lot of gel contractions seen in the high pericytes-fibroblast ratio 

tissues. 

In this project, we have constructed hypoxia responsive fibroblasts (NHLFs), which 

showed abilities to detected oxygen tension changes by florescence intensities. 

Fibroblasts were transduced with HIF driven GFP, and once cells were under hypoxic 

stress, GFP expression was observed. Our results showed these transduced fibroblasts 

could express GFP and retain the signal for a period of time under 1% oxygen tension. 

Moreover, these cells can even sense small oxygen tension changes (less than 4%) by 

showing a step increase or decrease of fluoresce signals. More importantly, these cells 

remained healthy during the 2-week culture and showed no difference from normal cells. 

The only exception is that it has a slightly longer doubling time compared to non-

transduced cells, which is a normal phenomenal seen in transduced primary cells. 

We created an oxygen-limit access device. During in vitro culture, oxygen is not limited, 

allowing endothelial cells to fully grow into well-connected vessel network with the support 

of mural cells. But during in vivo culture post-implantation, oxygen source has been 



 
 

90 

limited to only one access point facing host skin side. Tissues were only anastomosis with 

host through the access point. However, blood was not perfused to the entire tissue due 

to static culture. 

Conclusion 

First, we showed that pericytes facilitated endothelial cell vessel formation by direct 

contact, potentially through paracrine signaling. A low pericyte-fibroblast ratio (1:7) is 

optimal for vessel formation. Secondly, we created an oxygen-limited access device, 

which limits the oxygen source to one access point during in vivo culture. The device is 

fully functional and we have observed the blood perfusion through the access point 7 

days post-implantation.  
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