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Abstract 

 

  In the human body, blood flows from the heart to organs and tissues through a hierarchical 

vascular tree, consisting of large arteries that branch into arterioles and further into capillaries 

where gas and nutrient exchange occur. Engineering a complete, integrated vascular hierarchy 

possessing vessels large enough to suture, strong enough to withstand hemodynamic forces, and a 

branching structure to permit immediate perfusion of a fluidic circuit across length scales would 

be transformative for the field of regenerative medicine, enabling the translation of engineered 

tissues of clinically-relevant size, and perhaps whole organs. Within the field of tissue engineering, 

there has been extensive research towards engineering vessels at each caliber individually, while 

hierarchical vasculature has been comparatively understudied. This dissertation investigated the 

engineering of various two-scale hierarchical vascular tissues (HVT) which were integrated to 

form a complete, three-scale HVT composed of capillaries, mesovessels, and a macrovessel 

suitable for surgical anastomosis.  

Aim 1 investigated the fabrication of meso-microvascular hierarchies and explored how 

stromal cell (SC) identity influenced endothelial cell (EC) morphogenesis and the formation of 

perfusable HVT. A microfluidic lab-on-a-chip system was adopted and modified to enable the 

formation of both microvascular capillary beds and mesovessels, and then used to evaluate 

inosculation between the two scales to support functional perfusion. The presence of supportive 

SC that can adopt perivascular phenotypes was essential, and lung fibroblasts (LF), dermal 

fibroblasts, and mesenchymal stem cells were compared and contrasted for their abilities to support 

EC morphogenesis and subsequent perfusion of the HVT. LF supported microvascular network 
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morphologies with the highest vessel density, diameter, and interconnectivity, and were the only 

SC type to support functional perfusion of the hierarchy. By comparing three SC types and their 

abilities to support the formation of multiscale HVT, this study provided insights regarding the 

choice of cells for vascular cell-based therapies and highlighted the importance of SC identity in 

the regulation of tissue-specific vasculature.  

Aim 2 focused on incorporating a functional macrovessel to suture the HVT into 

circulation. We compared and contrasted vessels of venous, arterial, thoracic, and femoral origins 

for their ability to sprout EC capable of inosculating with surrounding microvasculature. We 

identified the thoracic aorta as the vessel yielding the greatest degree of sprouting and 

interconnection to surrounding capillaries and the only vessel capable of cannulation. The presence 

of cells undergoing vascular morphogenesis in the surrounding hydrogel attenuated EC sprouting 

from the macrovessel, but ultimately sprouted EC interacted with capillaries in the bulk supporting 

an interconnected HVT. This study yielded HVT suitable for surgical anastomosis and a platform 

to study vascular inosculation to provide insights for cell-based therapies.  

Aim 3 focused on the biomanufacturing of fibrin-based tissue engineered vascular grafts 

for scale-up of HVT towards translational applications avoiding the need for autologous vessel 

harvest. Three-layered grafts mimicking the native tunica intima, media, and adventitia composed 

of smooth muscle cells (media layer), LF and EC (adventitial layer), and EC only (intima layer) 

were successfully engineered and evaluated. Cells in the adventitial layer formed a vasa vasorum 

that sprouted into surrounding hydrogels that also contained microvasculature and mesovessels to 

support the formation of integrated HVT. Extended adventitia culture was critical for integration 

across length scales. Overall, this dissertation integrated top-down and bottom-up fabrication 



 xxviii 

approaches towards the engineering of a complete HVT suitable for surgical anastomosis for 

translational regenerative medicine applications.  
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Chapter 1 – Introduction 

1.1 The Need for Vascularization in Tissue Engineering  

The field of tissue engineering (TE) operates at the intersection of biology and engineering 

to fabricate functional bioartificial constructs to replace damaged tissues or whole organs [1, 2]. 

The goal of the field is for these engineered tissue constructs to fulfil part or all of the functionality 

of the replaced tissue or organ. The need for transplantable organs significantly exceeds the 

availability of donor organs. Despite 2021 reaching the milestone of the most organ transplants in 

a single year, over 100,000 people are still awaiting a life-saving transplant and over 6,000 people 

per year still die awaiting an organ transplant [3] because the number of people on the waiting list 

far outweighs the number of donors available and the number of transplants performed (Fig. 1.1). 

The field of tissue engineering aims, in part, to solve this organ shortage through the development 

of tissues to maintain, restore, and improve biological tissue and organ function.   

Figure 1.1: Organ waiting list and donor statistics.  Number of patients waiting for a kidney transplant in 

comparison to the number of kidneys available from deceased and living donors in the United States. Image 

reproduced with permission from [4], Copyright 2018, Massachusetts Medical Society. 
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The fabrication of tissue engineered constructs traditionally requires three components: 

scaffolds, cells, and bioactive signaling molecules, together called the tissue engineering triad (Fig. 

1.2). These three factors are critical to recapitulating properties of native tissues [5-7]. Each tissue 

within the body has its own set of material properties, cell identities, and growth factors (GF) that 

are essential for the proper function of that tissue and its replication in the lab. For vasculature, 

common scaffolding materials include fibrin, collagen, gelatin methacryloyl (GelMA), Matrigel, 

poly (ethylene glycol) (PEG), and poly-L-lactic acid (PLLA), and common cells include 

endothelial cells (EC), fibroblasts, and mesenchymal stem cells (MSC). These and other examples 

of vascular specific components of the TE triad are indicated in italics in Figure 1.2. 

Figure 1.2: The tissue engineering triad. Examples of vascular specific components are indicated in 

italics. Figure created with Biorender.com. 

 

Engineered vascular tissues are typically fabricated using all components of the TE triad. 

Biomaterial scaffolding is critical to mimic the native in vivo tissue environment, EC and stromal 
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cells (SC) are critical to the formation of functional vessels, and growth factors are critical to 

support EC morphogenesis into fully developed vasculature. The successful engineering of nearly 

all functional tissues requires a hierarchical vascular blood supply. With the exception of cartilage, 

cornea, and epithelial tissue, all native tissues are vascularized. Implantable tissues greater than 

200 m in thickness, the diffusion limit of nutrients and gasses in most solid tissues, may not 

remain viable upon implantation in vivo due to limited and untimely ingrowth of host vasculature 

[8]. This ingrowth rate is typically on the order of microns per day [9]. Therefore, implantable 

tissues must contain a preformed vascular network that can inosculate with the host upon 

implantation. A substantial number of studies have investigated engineered meso- and 

microvasculature in vitro [10-17] and in vivo [18-24]. However, engineered tissue constructs 

containing only meso- and microvasculature still do not inosculate with host vasculature 

immediately, and have been shown to take up to five days to connect with the host [25]. On the 

other hand, significant advancements have been made in engineered macrovessels suitable for 

surgical anastomosis [26-29], though these grafts do not solve the problem of capillary perfusion 

to parenchymal cells and surrounding tissues. Thus, it is critical that engineered tissues and organs 

contain a preformed hierarchical vasculature across length scales that can be sutured to the host 

blood supply via microsurgical anastomosis yielding immediate perfusion of the implanted 

engineered tissue or organ [30].  

 

1.2 Fibrin as a Material for Tissue Engineering 

Fibrin is a natural fibrous biomaterial found within the body. It is the primary component 

of provisional blood clots and is critical for wound healing and tissue regeneration [31]. Fibroblasts 

and other cells present at the wound site readily remodel the fibrin matrix and (among other things) 
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induce angiogenic sprouting to revascularize healing wounds. Therefore, fibrin has been a 

repeatedly used material in the field of TE for vascular applications.  

The fibrin matrix is a conglomerate of fibrils that are crosslinked when fibrinogen, 

specifically fibrinopeptides A and B are cleaved by thrombin, a clotting enzyme (Fig. 1.3) [31]. 

Fibrinogen is a soluble protein dissolved in the blood until thrombin transforms it into the insoluble 

fibrin matrix [31]. In turn, fibrin clots are degraded primarily through the action of plasmin, a 

fibrinolytic protease. Plasminogen, a plasma protein also found in blood serum, is converted to the 

active form, plasmin, by urokinase-type plasminogen activator (uPa)-induced cleavage [32]. 

Plasmin is one of the key mediators, among others, of fibrin proteolysis allowing cells to degrade 

and move through the fibrin clot to form blood vessels to vascularize the wound site and begin the 

healing process.  

Fibrin is well-suited as a biomaterial for tissue engineering applications as it is a natural, 

self-assembling, biocompatible material that cells can directly bind to, degrade, and remodel. EC 

and SC interact directly with the fibrin matrix through integrin binding to peptide sequences, 

including Arginine-Glycine-Aspartic Acid (RGD) [33, 34]. EC can additionally bind to fibrin via 

vascular endothelial cadherin (VE-cadherin) receptors, which normally mediate cell-cell 

interactions but also may be critical for vessel formation in 3D fibrin gels [35]. EC and SC can 

also interact indirectly with the fibrin matrix through basement membrane (BM) proteins, which 

are capable of binding to the fibrin matrix. In particular, fibronectin found in blood serum and/or 

secreted by EC is an important component of the vascular BM. Additionally, GF such as fibroblast 

growth factor-2 (FGF-2) and vascular endothelial growth factor (VEGF), which aid in the 

vascularization of provisional fibrin matrices at wound sites, are capable of binding to fibrin.  
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In tissue engineered fibrin matrices, it has been shown that uPa and its receptor, uPAR, are 

required for EC migration and the formation of capillary-like structures [36, 37].  Yet, there are 

also other mechanisms of fibrin degradation induced by cell secreted molecules. EC and SC must 

degrade the fibrin matrix to migrate and form vessels within the material. Another family of 

matrix-degrading enzymes, termed matrix metalloproteinases (MMP), also play important roles in 

this process in addition to plasmin-mediated degradation. Our lab has shown that EC employ 

different mechanisms of fibrin degradation (e.g., plasmin- or MMP-mediated) and utilize different 

types of MMPs in manner that depends on the identity of the SC in both vasculogenic and 

angiogenic co-culture models [10, 38]. These studies showed that in addition to cell-ECM 

interactions, cell-cell interactions and paracrine signaling are critically important factors in 

vascularizing engineered fibrin matrices.  

Figure 1.3: Fibrin Assembly. Schematic diagram of fibrinogen structure, its conversion to fibrin, and the 

thrombin-mediated conversion of native factor XIII to XIIIa. Binding sites for proteins, enzymes, receptors, 

and other molecules that participate in fibrin(ogen) functions are illustrated. Reproduced with permission 

from Elsevier from reference [39]. Copyright 2005, International Society on Thrombosis and 

Haemostasias. 
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1.3 The Role and Importance of Stromal Cells at All Vascular Length Scales 

SC provide critical support for blood vessels at all length scales during morphogenesis, and 

for maturation and proper functioning [40]. SC are found in abundance throughout the body, 

making up the connective tissue of nearly all organs. At the vascular level, SC can differentiate 

into constituents of the tunica media and tunica adventitia layers of blood vessels. In the context 

of this dissertation, SC is used as a somewhat general term that encompasses pericytes, 

mesenchymal stem/stromal cells (MSC), smooth muscle cells (SMC), and fibroblasts. Pericytes 

are a type of mesenchymal cell that reside within vessel wall of capillaries [41]. They have many 

functions including in vessel maturation, contractility, and regulation of vascular permeability. 

During development, the vasculature is formed by a process called vasculogenesis, the de 

novo formation of a primitive vascular network, in which angioblasts cluster into cord-like vessel 

structures and subsequently lumenize (Fig. 1.4) [42, 43]. Through angiogenesis, the sprouting of 

new vessels from existing blood vessels, the primitive vascular plexus remodels into an 

arteriovenous vascular network making up the human circulatory system (Fig. 1.4). After primitive 

vessels and vessel networks are formed, SC play a crucial role in vessel remodeling, maturation, 

and stabilization through both direct and indirect EC-SC interactions [44, 45]. At the capillary 

scale, EC secrete platelet-derived growth factor B (PDGFB) to recruit PDGFR- expressing SC to 

the vessel wall (Fig. 1.5) [46-49]. The secretion of this GF results in SC migration towards 

developing blood vessels, leading to perivascular association of SC and consequently maturation 

of the blood vessel. There are many additional GF critical to the maturation of blood vessels, 

including the angiopoietin family of GF, sphingosine-1 phosphate (S1P), and transforming growth 

factor-beta (TGF-), among many others [50, 51]. An important aspect of blood vessel maturation 

is the development of tight barrier function enacted by EC, which form the barrier between blood 
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and all surrounding tissues, only permitting the passage of fluids, nutrients, waste products, and 

some cells. Once SC are recruited to the vessel wall, EC and SC maintain close association through 

cell-cell and cell-ECM junctions to maintain proper barrier function. To promote EC quiescence 

and vessel maturation, SC secrete BM proteins and angiopoietin 1 (Ang-1). EC bind to Ang-1 

secreting SC via Tie-2 receptors (Fig. 1.5) [52, 53]. These signals further induce capillary 

maturation by inducing the formation of EC-EC junctions through VE-cadherin. These VE-

cadherin junctions ensure vessels maintain a tight, non-leaky barrier by preventing VEGF induced 

sprouting.  

Capillaries consist of a small number of SC (pericytes specifically) in relation to the 

number of EC. The ratio of EC to pericytes and percentage of vessels covered with pericytes varies 

widely between tissues depending on the capillary function within the tissue. The ratio of EC to 

pericytes can vary from 1:1 to 10:1 while the pericyte coverage can range from 10 to 70% [54]. 

These capillary-associated SC are typically localized to EC cell-cell junctions. In contrast, larger 

arterioles and arteries are wrapped in sheaths of SC, primarily SMC, concentrically wrapped 

around the endothelial intima. Concurrent with development of larger vessels from the vascular 

plexus, pericytes differentiate into SMC (Fig. 1.4) [55, 56]. Arterioles, the next scale up from 

capillaries, have one to five rings of SMC, while large muscular arteries are composed of a much 

thicker SMC layer. In larger vessels with a greater distance between the vessel lumen and 

surrounding tissues, SC are responsible for different functions. In the arterioles, the SMC are 

responsible for regulating vascular tone [57, 58]. EC secrete vasoactive signals causing the SMC 

to constrict or dilate the vessel accordingly. In large arteries, SMC help maintain the high blood 

pressure within the vessel needed to transport blood throughout the entire vascular system [59]. 

Additionally, SC in the adventitia layers of large vessels support the development of a network of 
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capillaries called the vasa vasorum, which supplies blood to the large quantity of cells within the 

thick vessel wall. Overall, SC play a critical role at all levels of the vascular system and help 

maintain the proper functioning of the vascular system.  

Figure 1.4: Vasculogenesis and Angiogenesis. The differentiation of angioblasts, or endothelial precursor 

cells, from mesoderm and the formation of primitive vascular plexus from angioblasts are the two distinct 

steps during the onset of vascularization that together constitute vasculogenesis. Angiogenesis refers to the 

growth of new capillaries from preexisting blood vessels either via sprouting or intussusception. 

Reproduced with permission from Elsevier from reference [42]. Copyright 2016, Elsevier Inc. 
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Figure 1.5: Pericyte-endothelial interactions. Pericytes are embedded into a basement membrane that is 

shared with endothelial cells and composed primarily by collagen IV and laminins. Adherence to the 

basement membrane occurs via integrins. Pericyte adherence to endothelial cells at ‘peg and socket’ 

connections is mediated by N-cadherins and other junctional proteins. Pericyte-endothelial cell cross-talk 

occurs through multiple molecular pathways, including PDGF-BB/PDGFRβ, Notch receptors and ligands, 

Angiopoietin-Tie2 and TIMPs. Alteration of these interactions directly impacts pericyte-endothelial 

interactions and ultimately vessel stability. Ang-1, angiopoietin-1; Ang-2, angiopoietin-2; EC, endothelial 

cells; Jag1, Jagged1; PC, pericytes; PDGF-BB, platelet derived growth factor; PDGFRβ, PDGF receptor 

β; TIMP-3, tissue inhibitor of matrix metalloproteinases-3. Reproduced from reference [49], used under 

Creative Commons CC BY license. Copyright 2020, Nwadozi, E., et al. 

 

1.4 Specific Aims  

The following specific aims were proposed to achieve the overarching goal of this 

dissertation to bring tissue engineered hierarchical vascular tissue constructs suitable for surgical 

anastomosis closer to realization.  

 Aim 1: Investigate the influence of stromal cell identity on the formation of perfusable 

two-scale hierarchical vascular networks. This aim focused on integrating engineered capillary 

networks and mesovessels to fabricate a two-scale hierarchical vascular tissue construct. Meso-
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vessels formed by sacrificial templating and subsequent seeding of ~300 m diameter channels 

were integrated with capillary networks formed by co-cultures of EC with three different SC types 

embedded within fibrin hydrogels in order to directly compare the effects of SC identity. Physical 

(capillary diameter, density, and interconnectedness) and functional (mesovessel patency and 

perfusion, meso-microvessel integration, and capillary perfusion) metrics were quantified at 

multiple timepoints.   

Aim 2: Integrate functional macro-scale vessels and engineered capillaries to yield a 

hierarchical tissue construct suitable for surgical anastomosis. This aim assessed the 

integration of functional macrovessels and engineered capillaries. Hierarchical vascular networks 

were fabricated by embedding ex vivo murine vessels within cellularized fibrin hydrogels, enabling 

self-assembly of microvasculature capable of inosculating with the larger vessel. Macrovessels of 

different origins were explored (arterial and venous, thoracic and femoral). Endothelial cell 

sprouting was quantified using two metrics, percentage of explant perimeter that sprouted and 

sprout distance into the hydrogel from the explant edge, at multiple timepoints. The morphology 

of sprouted endothelial cells and inosculation with capillaries in the bulk hydrogel were analyzed. 

The impact of sprouting on hydrogel mechanical properties was analyzed as well as the correlation 

between endothelial sprouting and hydrogel stiffening.  

Aim 3: Create tissue engineered vascular grafts (TEVG) to adapt and scale-up 

hierarchical vascular tissue constructs towards translational applications. In this aim, the 

scale-up of hierarchical vascular tissue constructs towards clinical utility was assessed by 

fabricating TEVG to use in place of the explanted murine macrovessels in Aim 2. A three-layer 

TEVG was fabricated, mimicking the native three-layer morphology of native arteries (i.e., tunica 

intima, tunica media, and tunica adventitia). The adventitia layer was analyzed for the formation 
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of a vasa vasorum, the media layer was analyzed for proper smooth muscle cell alignment, and the 

fabrication of a complete endothelial cell monolayer was analyzed within the intima layer. Further, 

this aim sought to integrate the meso- and microvascular hierarchy developed in Aim 1 to engineer 

a complete vascular hierarchy containing all three vascular length scales suitable for surgical 

anastomosis. The overall construct size was scaled by ~20-fold from Aim 1 yielding a more 

clinically translatable tissue.  Integration and inosculation between macro- and microvasculature 

and meso- and microvasculature were analyzed via confocal microscopy and via dextran perfusion.  

 

1.5 Translational Potential 

Clinical translation of engineered tissues and organs requires approval by the Food and 

Drug Administration (FDA). There are currently no FDA approved and successfully 

commercialized cellular solid tissues and organs. The regulatory hurdle for new biomaterials is 

significant as biocompatibility with the human body must be determined; however,  for materials 

that are deemed substantially equivalent to existing approved devices, the path to market is much 

clearer through the 510(k) pathway [60]. Fibrin is FDA cleared as a sealant and a sealant patch 

[61] and therefore an engineered vascular tissue construct fabricated from this material may have 

an easier route to clinical translation.  

Despite the use of an approved biomaterial within this dissertation, there is still the 

regulatory hurdle associated with the use of human-derived cells. There are currently no approved 

therapies that are categorized as tissue and tissue products and fewer than 30 therapies categorized 

as cellular and gene therapy products have been approved by the FDA [62]. Beyond 

biocompatibility and safety, efficacy is a critical hurdle for cellular therapies, particularly 

autologous cell therapies where variability between cells from different patients exists. 
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Additionally, the approval of combination products composed of a drug, device, or biological 

products presents additional hurdles for clinical translation [63]. Therefore, while the long-range 

goals of the strategies described in this dissertation include eventual clinical translation, the final 

hierarchical tissue construct presented in Aim 3 represents a proof-of-concept for such a construct 

that, with more research and development, could be applied towards clinical applications for 

patients.  

The models presented herein may provide insights to better engineer vascular tissue 

constructs for implantation and study drug development. The model developed in Aim 1 could be 

further developed towards emulating tissue specific vasculature and subsequently used to study 

drug interactions with the vascular system within specific parenchymal tissues. The model 

developed in Aim 2 could be used to better study host-implant vascular inosculation without long-

term, costly animal studies. Despite numerous studies investigating vascular development in vitro 

and the ability of engineered vasculature to function in vivo, to my knowledge only one study has 

investigated mechanisms of host-implant vascular inosculation [64]. However, this study required 

the use of specialized knockout mouse models and complex intravital imaging technologies. The 

model developed in Aim 2 of this thesis can be used with standard mouse strains, is performed in 

simple three-dimensional (3D) hydrogels, and only requires more standard confocal microcopy 

techniques, thereby providing an easier methodology to investigate how engineered vasculature 

interacts and inosculates with host vasculature, which could greatly improve engineered vascular 

constructs and aid more rapid clinical translation. Finally, the TEVG and hierarchical vascular 

tissue construct developed in Aim 3 could be used to better understand arteriogenesis and how 

implanted vascular grafts integrate with the surrounding tissue. If implanted in vivo, many 

questions could be answered including but not limited to how quickly arteriogenesis is initiated 
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and how it progresses, how the composition of the vessel wall impacts integration of blood vessels 

across length scales, and how sprouting from a macrovessel could support the proper functioning 

of implanted parenchymal cells (e.g., transplanted islets or muscle cells).   

 

1.6 Overview of Dissertation 

The overarching goal of this dissertation was to engineer a complete hierarchical vascular 

tissue construct suitable for surgical anastomosis. To accomplish this, three distinct methodologies 

were used to fabricate vessels of each caliber. Macro-scale vessels were created using a two-step 

annular molding process, meso-scale vessels were fabricated using sacrificial needle templating 

and subsequent cell seeding, and microvessels were fabricated by vascular self-assembly in a 

manner akin to developmental vasculogenesis. Chapter 1 highlighted the motivation for the 

dissertation, the specific aims to address the overarching goal, and the translational potential of the 

work.  

Chapter 2, currently under review at Trends in Biotechnology, provides background 

information on the native vascular hierarchy, previous work in engineering vessels of each caliber, 

and recent advances in engineering hierarchical vasculature. Chapter 2 includes an assessment of 

the current state of the art in vascularization and how best to proceed towards meeting the grand 

challenge of the TE field, manufacturing a hierarchical vascular tissue construct for transplanting 

functional engineered tissues. The remaining chapters present my own original experimental work 

towards engineering hierarchical vascular tissue constructs.  

To address Aim 1 of this thesis, the studies described in Chapter 3 utilized a microfluidic 

chip platform to engineer perfusable two-scale hierarchical tissue constructs composed of 

mesovessels and capillaries. This work revealed that EC co-cultured with lung fibroblasts (LF) 



 14 

resulted in a dense, interconnected capillary network that inosculated with patent and perfusable 

mesovessels, yielding an interconnected two-scale hierarchy. Dermal fibroblast (DF)- and 

mesenchymal stem cell (MSC)-supported capillary networks failed to yield perfusable hierarchies. 

Parts of Chapter 3 were published in Lab on a Chip in 2021 following peer review. 

In Chapter 4, explanted mouse vessels were integrated ex vivo with human engineered 

capillary networks. This work showed that macrovessels can sprout from the longitudinal edge of 

the vessel into surrounding acellular and cellular fibrin matrices, despite the dogmatic view that 

presumably quiescent vessels only sprout from cut or damaged ends. Sprouting was diminished in 

the presence of human cells, yet sprouted endothelial cells did interact with self-assembled 

capillaries in the surrounding cellular fibrin gel yielding chimeric, hierarchical vascular structures. 

This chapter is in preparation for submission as a peer-reviewed journal article. 

In Chapter 5, this work was scaled-up towards translational applications by exchanging the 

explanted mouse vessel for a newly developed TEVG. The mesovessel length was increased 3.67-

fold from Chapter 3 and the overall tissue volume was scaled ~20-fold from Chapter 3 and 1.5-

fold from Chapter 4. Further, all three length scales were integrated into one single tissue construct 

to create a complete vascular hierarchy suitable for surgical anastomosis. TEVG were composed 

of a tunica media (SMC in fibrin) and tunica adventitia (LF and EC in fibrin) fabricated via 

sequential annular molding and a tunica intima (EC monolayer) fabricated by seeding the inner 

lumen of the graft with EC. This work ultimately yielded a complete proof-of-concept three-scale 

hierarchical vascular tissue construct that was perfusable across two length scales. This chapter is 

in preparation for submission as a peer-reviewed journal article. 

Finally, a summary of key findings is presented in Chapter 6. Additionally, future 

directions for each aim are presented. The model systems developed in Aims 1 and 2 could be 
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applied to study a number of mechanistic questions about vascular morphogenesis and integration 

of engineered tissue constructs with host tissues. The tissue construct engineered in Aim 3 

represents a proof-of-concept for the idea of a complete vascular hierarchy that could be further 

developed and implemented clinically to treat a myriad of diseases, or towards developing organ-

specific vasculature and tissue implants.  
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Chapter 2 – Manufacturing the Multiscale Vascular Hierarchy: Progress Towards Solving 

Tissue Engineering’s Grand Challenge  

 

*This chapter is currently in review at Trends in Biotechnology following the approval of a pre-

submission inquiry.  

 

2.1 The Native Vascular Hierarchy 

The field of regenerative medicine (RM) has captivated the attention of physicians, 

scientists, and patients alike, with the hope that engineered tissues and organs may become reality 

for individuals afflicted with traumatic injuries, birth defects, or awaiting an organ transplant. In 

the US alone there are more than 100,000 people on the organ transplant list, with a new person 

added every 9 minutes [1]. Groundbreaking developments, including the generation of induced 

pluripotent stem cells (iPSC), decellularized organs, 3D bioprinting, the FDA approval of 

engineered skin and cartilage products, and clinical trials for hollow organs and vessels, have 

furthered the field towards the brink of new therapies for the heart, kidney, lungs, and nearly every 

solid tissue and organ in the body. Despite numerous advancements, off-the-shelf organs to end 

the organ shortage and transplant waiting lists remain more promise than reality. The grand 

challenge of the field arguably remains the engineering of a fully interconnected, perfusable, 

hierarchical vascular tree. Solving this challenge is essential to enable the promise of engineered 

whole organs to be fulfilled.   
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The native vascular hierarchy within the human body consists of arteries, arterioles, 

capillaries, venules, and veins. Blood flows from the heart through the large caliber arteries to 

branching smaller arterioles and finally through the capillary beds [2, 3]. Nutrient and gas 

exchange occurs primarily in the capillary beds, along with the collection of waste products that 

are transported back through the venous system to the heart. Each of these vessels has unique 

anatomy to support the physiological function of the cardiovascular system (Fig. 2.1).  

Vessels of all calibers have a tunica intima comprised of a single endothelial monolayer 

and a basement membrane (BM). The smallest vessels in the body, the capillaries, facilitate 

transport of oxygen, nutrients, and other small molecules and typically only have a single 

discontinuous layer of supportive pericytes beyond the tunica intima. These pericytes are critical 

for blood vessel formation, maintenance, and barrier function [4]. Pericytes are also characterized 

by alpha-smooth muscle actin (a-SMA) expression, which plays a role in maintaining the 

contractile tone of these blood vessels. There are three main categories of capillaries - continuous, 

fenestrated, and sinusoid - characterized by their different functions and their different endothelial 

and pericyte phenotypes. Continuous capillaries are characterized by tight cell-cell junctions 

permissive only to the transport of water, gases, and some small molecules. The endothelial cell 

(EC) monolayer and BM are completely intact. Fenestrated capillaries maintain tight cell-cell 

junctions, but also contain small pores between some cells and within the BM to allow the transport 

of larger molecules through the vessel wall. These capillaries are prevalent in tissues that require 

significant exchange between the blood and the tissues, such as the kidney and small intestine, 

responsible for filtration of waste products and absorption of nutrients from food, respectively. 

Finally, sinusoid capillaries are the leakiest. These capillaries lack tight cell-cell junctions leading 

to gaps in the endothelial monolayer permissive to the transport of very large molecules and some  
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Figure 2.1: The native vascular hierarchy and methods for engineering the individual components. The 

human vascular system is a complex hierarchical network with three main vessel types: arteries, arterioles, 

and capillaries. Arteries branch into smaller arterioles which branch further into a complex network of 
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capillaries. Each vessel type has a unique structure, function, and engineering fabrication strategies. 

Figure created using BioRender.com. 

 

cells such as new blood cells and immune cells. In addition to gaps in the endothelial monolayer, 

these vessels have gaps in the BM layer and decreased pericyte coverage compared to that of 

continuous and fenestrated capillaries. Sinusoid capillaries are prevalent in the liver and bone 

marrow.  

Arterioles, the next caliber of vessels, have a thicker vessel wall composed of 1-5 layers of 

smooth muscle cells (SMC), extracellular matrix (ECM), and adventitia [5]. The smooth muscle 

layers of these vessels are responsible for changes in diameter, and therefore blood flow, in 

response to tissues’ needs for nutrients and oxygen. While the SMC enact changes in arteriole 

diameter, EC in the intimal layer sense and respond to shear stresses and inflammatory cues by 

secreting vasoactive compounds to signal the SMC to contract or relax, thereby regulating arteriole 

diameter. A critical result of this ability to change vessel diameter is dilation in response to both 

tissue hypoxia and high metabolic activity in downstream parenchymal tissues, both of which 

necessitate increased blood flow to the tissues.  

Arteries, the largest caliber vessels, have a much thicker tunica media and tunica adventitia 

to support large volumes of blood flow and maintain blood pressure. Muscular arteries (e.g., 

femoral artery, brachial artery) have a thick tunica media composed of many layers of SMC and a 

thinner tunica adventitia compared to elastic arteries (e.g., aorta, pulmonary artery), which have a 

few layers of SMC and many layers of elastin, which allows for a constant maintenance of vessel 

pressure. The adventitial layer of these vessels is composed of supportive connective tissue and 

contains small capillaries, called the vasa vasorum, to supply nutrients to cells within thick vessel 

walls.  
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Despite the hierarchical nature of the cardiovascular system (Fig. 2.1), and the multi-length 

scale damage caused by cardiovascular diseases (CVD), many clinical interventions typically 

focus on a single length scale. For example, synthetic vascular grafts (e.g., Dacron) used to treat 

peripheral artery disease (PAD) bypass around a blockage in an artery to restore blood flow. With 

the advent of tissue engineering (TE), new biological grafts are being explored. Other clinical 

interventions involve an atherectomy to break up the blockage and the use of stents to hold the 

vessel open. These strategies show clinical benefit and have been successful, but they only focus 

on the blocked artery and do not address downstream damage to the tissues and/or occlusive 

disease in smaller caliber vessels. Newer regenerative medicine strategies have focused on 

injection of pro-angiogenic factors or cells to the downstream ischemic site to generate new blood 

vessels and reestablish capillary blood flow. These therapeutic angiogenesis strategies focus on 

revascularizing the necrotic tissues, but alone do not address the blocked artery which created the 

initial ischemia. To fully mitigate disease symptoms and progression, there is a significant, unmet 

need to restore perfusion across length scales from capillaries to arteries.  

Hierarchical vasculature can potentially meet this need, and is similarly needed to engineer 

functional organs for transplant. Clinical successes in TE have been achieved in thin (e.g., skin) 

[6], tubular (e.g., urethra) [7], or hollow (e.g., bladder) [8] tissues and organs. These tissues and 

organs are typically characterized by their thin nature and lower complexity. By contrast, solid 

organ engineering has not yet reached clinical success due to the need for extensive vascularization 

throughout the entire thickness beyond diffusion limitations of ~200 m [9] to support the large 

numbers of unique cell types needed to carry out each function within the organ. The development 

of more complex tissues or solid organs with unique vascular architectures has been stymied by 

the difficulty of engineering multiscale vasculature. 
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To engineer, and eventually transplant, a solid organ for clinical applications, a hierarchical 

vascular blood supply is needed. In this review, we highlight select recent advances in engineering 

vasculature at individual length scales, studies that have integrated two or more length scales into 

a primitive hierarchy, key anatomical features required for hierarchical and organ-specific 

vasculature, and key barriers to the translation of hierarchical vasculature. We conclude with our 

vision for furthering the engineering of hierarchical vascular constructs for clinical utility.  

 

2.2 Engineering the Vascular Tree 

Over the past few decades, significant research efforts have focused on engineering various 

components of the native vascular hierarchy, but the integration of these components across length 

scales in the context of TE is a more recent endeavor. For this review, capillaries are considered 

<50 m in diameter, mesoscale vessels are considered 50-1000 m, and vascular grafts are 

considered >1 mm.  

 

2.2.1 Tissue engineered vascular grafts 

Since the 1950s, synthetic materials, such as Dacron, expanded polytetrafluoroethylene 

(ePTFE), and polyurethane [10], have been used as vascular grafts for repair of large diameter 

vessels. These medical devices have high patency rates (>90%) for large diameter vessel 

applications (e.g., in the treatment of aortic aneurysms), but are not well-suited for small diameter 

(< 6 mm) applications due in part to compliance mismatch with native vessels that can give rise to 

disturbed blood flow, which in turn contributes to the formation of acute thrombi and chronic 

stenosis [11]. Instead of synthetic grafts, such smaller diameter applications, including coronary 
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artery bypass grafting (CABG), typically use autologous vessels such as the saphenous vein or 

mammary artery. However, these autologous vessels vary in quality from patient to patient due to 

age, cardiovascular health, and other comorbidities. Saphenous vein grafts also present potential 

compliance mismatch complications when used in arterial applications. To overcome these 

limitations, tissue engineered vascular grafts (TEVG) have been a major focus of the TE/RM 

community for nearly 30 years.   

TEVG fabrication typically combines vascular cells with tubular scaffolds composed of 

natural and/or synthetic hydrogels, degradable polymers, or decellularized human and animal 

tissues. Natural hydrogels and decellularized tissues are generally biocompatible and 

biodegradable, but often lack the mechanical integrity required to withstand burst pressures in the 

arterial system. While the mechanical properties of natural materials have been improved via 

chemical crosslinking, synthetic materials, including both macroporous polymeric scaffolds and 

hydrogels, have also been extensively explored and offer the potential advantages of better 

mechanical tunability and control of cell adhesion and degradation. TEVG fabricated from either 

natural or synthetic scaffolds have also been matured via mechanotransduction strategies, typically 

involving mechanical loading in perfusion bioreactor systems. Physiologic loading regimens have 

been shown to significantly improve the mechanical properties of TEVG by inducing new matrix 

deposition [12-14].  

Recent progress within the TEVG field has been more extensively summarized in other 

reviews [15-17]. Several TEVG fabrication techniques are progressing towards clinical 

implementation, and are relevant for fabricating hierarchical vasculature. These include 

tubular/annular molding, cell sheets [18], electrospinning [19, 20], decellularization [21], and 3D 

bioprinting [22]. Annular molding involves injection of a liquid hydrogel precursor into an annular 
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mold; following crosslinking of the hydrogel, the inner mandrel is removed leaving an open lumen. 

Cell sheets and electrospinning typically use a mandrel, with sheets of cells and ECM wrapped 

around a mandrel or electrospun polymer collected around a mandrel, yielding a lumen upon 

removal from the mandrel. Decellularization techniques often employ detergents to remove 

cellular material from human or animal arteries, leaving behind the hollow lumens and some native 

matrix proteins present within the vessel. These decellularized vessels can be further modified with 

other proteins and growth factors and/or seeded with EC to create an antithrombogenic lining. 3D 

bioprinting is the newest methodology employed to fabricate vascular grafts [23, 24] and 

mesovasculature. One promising technique to print soft materials within a supportive slurry bath 

allows for the printing of vascular constructs and even larger organ structures [22, 25].  

Other novel techniques for engineering vascular grafts have emerged in recent years. One 

study described a new stepwise molding technique to fabricate TEVG with three distinct layers 

mimicking the three layers of a native artery (Fig. 2.2A) [26]. The authors first fabricated the tunica 

media comprised of dense fibrin and SMC within an annular mold. The tunica adventitia was 

fabricated next with lower density fibrin, EC, and stem cells cast around the media layer. Finally, 

the inner lumen was seeded with EC to create the tunica intima, and then the graft was cultured 

under pulsatile flow. The complete TEVG displayed similar properties to a native carotid artery. 

A similar three-layer vascular graft was fabricated by a unique drop-on-demand 3D printing 

technique where each layer was comprised of merged microdroplets [27]. The tunica intima was 

fabricated by printing droplets of dissolvable gelatin containing a high density of EC. The tunica 

media layer was fabricated by printing droplets of an SMC containing fibrinogen ink and a 

thrombin-based ink integrated to create a thin layer of SMC containing fibrin around the inner 

gelatin layer. Then a hybrid fibrin-collagen hydrogel containing fibroblasts was cast around the 
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3D printed object to fabricate the adventitia layer. Finally, the sacrificial gelatin was dissolved 

leaving behind the ECs lining the inside of the media layer as the tunica intima. The authors 

showed that both printed and cast cells remained in the distinct layers. Of note, they were able to 

successfully print fibrin hydrogels, a typically challenging material to print, with this novel 

printing technique.  

 

Figure 2.2: Fabrication strategies for each length scale of the vascular tree. Schematic examples of 

distinct strategies for forming vasculature ranging from arteries to capillaries. (A-C) Fabrication of artery-

scale grafts has been achieved using an annular molding technique with (A) liquid prepolymer solutions 

containing cells, (B) cell suspensions alone, or (C) sheets of decellularized ECM. (D-F) Methods to 

fabricate mesoscale vasculature employ (D) 3D printing of sacrificial glass (Abbreviations: Panel (D) Par 

VP = parallel vascular patch, Grid VP = grid vascular patch, Sm_D VP = Small diameter vascular patch, 

EP = endothelial patch, AP = acellular patch) or (E, F) removable solid templates – spring (E) or needle 
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(F). (G-I) Capillary-scale structures have been fabricated via (G) monocultures of cells with angiogenic 

factors to elicit vasculogenesis-like self-assembly, (H) co-culture of cells which undergo vasculogenesis-

like self-assembly, or (I) angiogenic sprouting from existing blood vessels. Panels (A), (B), (C), (D), (E), 

(F), and (G) reproduced with permission from [26] (from Springer Nature – Copyright 2021, Biomedical 

Engineering Society), [28] (from Mary Ann Liebert – Copyright 2018, Mary Ann Liebert, Inc.), [30] (from 

John Wiley and Sons – Copyright FASEB), [41] (from Springer Nature – Copyright 2017, Macmillan 

Publishers Limited), [47] (used under Creative Commons license CC BY-NC), [45] (from PNAS, available 

through open access), and [50] (from Elsevier – Copyright 2020 Elsevier Inc.), respectively. Panels (H) 

and (I) created using BioRender.com.  

 

Not all TEVG approaches fully replicate the typical three distinct layers of native arteries; 

simpler constructs containing only single layer organization have also advanced to preclinical and 

clinical trials. One approach from two of the co-authors fabricated tissue rings from various types 

of stromal cells (SC), including SMC, mesenchymal stem cells (MSC), and iPSC-SMC, using an 

annular agarose mold around a central mandrel [28, 29]. Multiple rings were then merged to form 

a full graft (Fig. 2.2B). Polymer cuffs were incorporated at the ends of the vessel to facilitate 

anastomosis. Other studies implanted acellular grafts into rodent models, showing successful 

perfusion and the maintenance of patency achieved by recruiting host cells to populate the grafts. 

One such study used an annular mold and naturally derived small intestinal submucosa (SIS) 

commercially available from Cook Biotech [30]. The SIS material was rolled around a mandrel 

and subsequently functionalized with heparin and vascular endothelial growth factor (VEGF) (Fig. 

2.2C). These acellular TEVG were implanted as arterial interpositional grafts in the descending 

aorta of adult mice. Addition of VEGF to the graft prior to implantation significantly increased 

cellularization of the graft but did not improve patency over heparin-only grafts (60% perfused in 

both groups at the conclusion of a one-month study). Further, the cellularization of VEGF grafts 

correlated well with native arterial anatomy with CD144 EC marker expression on the lumenal 

side and a-SMA SC marker expression in the wall of the graft, whereas expression was mixed in 

the heparin only group. Increased cellularization correlated with increased remodeling, where a 
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greater percentage of the implanted SIS had degraded in the VEGF group compared to the heparin 

only group. Another study used a similar methodology of rolling a decellularized tissue around a 

mandrel [31]. In this work, decellularized bovine pericardial ECM integrated with poly(propylene 

fumarate) was used to create a biohybrid vascular graft with circumferential stresses and suture 

retention strengths comparable to those of native porcine arteries. Two grafts implanted as 

interpositional grafts in the rat abdominal aorta remained patent throughout the two-week study 

with evidence of host cell recruitment.  

Cell-seeded TEVG have also been fabricated with both natural and synthetic biodegradable 

matrices. One study seeded aortic EC into the lumens of collagen grafts and implanted them 

interpositionally in the femoral artery of inbred Lewis rats [32]. A one-week implantation study 

revealed that 40% of the grafts remained patent and expressed endothelial markers on the lumenal 

surface and the outside of the graft. In this study, an endothelial lining was required to prevent 

thrombosis, as none of the grafts seeded with EC that subsequently detached from the surface after 

surgical handling remained thrombus free. However, this may be animal model or material specific 

as other studies, as noted in the preceding paragraph, have shown somewhat surprising success 

without lumenal seeding when host cells populate and endothelialize the graft. Another study 

implanted iPSC-SMC seeded vascular grafts fabricated from biodegradable synthetic materials 

into the abdominal aorta of nude rats [33]. When grafts were cultured for 8 weeks under pulsatile 

radial stress, they exhibited burst pressures and suture retention strengths comparable to human 

saphenous veins (commonly used for bypass surgeries). The high mechanical strength of these 

grafts prevented rupture and deformation during a one-month in vivo study. The implanted grafts 

remained cellularized throughout the study and showed evidence of collagen deposition and host 

cell recruitment.  
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Excitingly, a few studies have now shown long-term patency of TEVG in large animal and 

human studies, leading to commercialization efforts. Building on the success of their TEVG in 

baboons, sheep, and pigs, one such effort to commercialize allografts for human clinical 

applications has led to the formation of a start-up called Vascudyne. Their approach involves first 

seeding fibrin-based TEVG with human dermal fibroblasts, followed by culture in a pulsed 

flow/mechanical stretch bioreactor to attain suitable tissue mechanical properties and then 

decellularization prior to implantation [34]. The burst pressures and suture retention strengths were 

comparable to those of the internal mammary artery, commonly used for CABG. When implanted 

in baboons, patency rates were 83% at 3 months and 60% at 6 months. Grafts at both timepoints 

exhibited significant mesenchymal cell recruitment within all regions of the graft. Host EC 

infiltrated the graft at 3 months with a complete lumenal endothelium present at 6 months. The 

grafts exhibited extensive remodeling, no signs of calcification or aneurysm, and only minimal 

inflammatory responses, all positive indications for future clinical testing.  

A similar strategy involving decellularization of TEVG is being commercialized by 

Humacyte, a North Carolina-based start-up that has significantly advanced their technology, 

human acellular vessels (HAV), through multiple clinical trials. Initially focused on creating grafts 

as vascular access for kidney dialysis patients, HAV are fabricated by seeding human vascular 

cells onto degradable polyglycolic acid tubular scaffolds, subjected to radial strain via a pulsatile 

flow bioreactor during a maturation period of 8 weeks, and then subsequently decellularized and 

implanted as an HAV [35]. In a pivotal study, suture strengths and burst pressures of the HAV 

were comparable to, or exceeded, that of the human internal mammary artery. Grafts underwent 

significant remodeling and host cellular infiltration, eventually developing into a native vessel 

mimetic with three distinct layers. Originally a single layer graft, a neoadventitial layer formed 
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around the graft after implantation, along with lumenal endothelialization representative of an 

intima (Fig. 3.3A). As early as 16 weeks, capillaries mimicking the vasa vasorum were observed 

within the adventitial layer, and complete endothelialization of the lumen was observed at 44 

weeks. Humacyte has also reported positive progress in the development of their grafts for CABG 

and the treatment of traumatic injuries [36-39]. 

 

 
 

Figure 2.3: Engineered vasculature connects to the host yielding perfused vasculature in vivo. (A) 

Engineered large caliber decellularized vascular grafts have been shown to support cellular infiltration 

and remodeling upon transplantation. Panel A shows a macroscopic image of the vascular graft pre-

implantation (left) and fluorescent images taken upon explantation of the graft (right). A neoadvential layer 

with a vasa vasorum is observed at 16 weeks (A, top right) while an endothelialized lumen is observed at 

44 weeks (A, bottom right). (B) Parallel patterned mesovessels restored blood flow to ischemic tissues. The 

Par VP (schematic shown in Fig. 2D) inosculates with the host yielding perfusion of ischemic limbs by day 

5 as shown by Laser Doppler Perfusion Imaging. (C, D) Microvascular and (E) hierarchical micro-

mesovascular constructs connected to host tissues yielded host blood-perfused vessels within engineered 

tissues. Panel C shows perfused vessels integrated with the host circulation. Implanted human self-

assembled vessels (red) and hydrogel-infiltrating mouse vessels (green) were perfused with a lectin to stain 

species-specific EC via tail vein injection to identify only perfused vessels. There is evidence of chimeric 

vasculature in both red stained vessels. Panel D shows engineered vessels (green) perfused with dextran 

(red) via a tail vein injection. The lack of red stain throughout the rest of the image indicates functional, 

non-leaky vasculature. Panel E shows the perfusion of engineered vessels within the implanted multiscale 

vascular tissue via the host circulation – engineered vessels (green), host vessels (blue), dextran (red). 

Panels (A), (B), (C), (D), and (E) reproduced and adapted with permission from [35] (from Science 

Translational medicine – Copyright 2019, Kirkton, RD. et al.), [41] (from Springer Nature – Copyright 

2017, Macmillan Publishers Limited), [58] (from Springer Nature used under Creative Commons CC BY 

license – Copyright 2017, Kang, K.-T., et al.), [40] (from Mary Ann Liebert – Copyright 2013, Mary Ann 

Liebert, Inc.), and [63] (from Elsevier used under Creative Commons CC BY license – Copyright 2021, 

Debbi, L., et al.), respectively.  
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While initial efforts in the creation of TEVG focused on biological mimicry of the native 

vascular anatomy, recent progress with acellular grafts suggests two questions. How critical is it 

that an engineered graft be comprised of three distinct layers representing the tunica intima, tunica 

media, and tunica adventitia prior to implantation? Can function be satisfied without complete 

structural mimicry? Many of the studies described above showed successful patency, perfusion, 

and remodeling by the host without mimicking the exact native architecture of arteries when 

initially implanted in vivo. Single layer grafts and grafts lacking an antithrombogenic EC lining 

showed substantial success. Therefore, at this length scale, function may be achieved with a more 

simplistic structure that matures into a more native-like structure over time post-implantation, 

potentially providing an easier route to clinical translation. Relying on host remodeling upon 

implantation, rather than trying to fully prescribe the anatomical architecture, may also be 

applicable for creating a more complete hierarchical vasculature.  

 

2.2.2 Mesovascular tissue engineering 

Vascular engineering at the mesoscale has similarly focused on both acellular and cellular 

tissues and constructs. One simple approach has been to incorporate acellular mesoscale channels 

within engineered tissue constructs to increase the surface area for diffusion of nutrients from 

media (or blood when implanted in vivo) [41]; in some studies, these channels have been seeded 

with endothelial cells to fabricate mesoscale vessels comparable to the size of arterioles found in 

vivo (Fig. 2D, AP vs. Par VP) [42]. Similar to studies fabricating single-layer TEVG, strategies to 

fabricate these cellular mesovessels have not necessarily incorporated the characteristic smooth 

muscle layers found in arterioles in vivo, but rather have been fabricated with a single EC layer 

mimicking the arteriole intima layer.   
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Acellular channels have also been used to better integrate biomaterial implants with host 

vasculature. Host cells and vessels that infiltrate an engineered tissue construct must traverse solid 

tissue to reach the center; by contrast, in constructs containing channels, host cells can migrate 

through empty channels and populate the interior more easily. However, this technique has had 

varying success in different in vivo models. One study examining silk implants with or without 

channels in a subcutaneous model observed increased tissue ingrowth and vessel perfusion in 

channeled implants compared to unchanneled bulk implants [43]. In another study, acellular 

channels alone failed to restore limb perfusion in a model of hindlimb ischemia [42]. However, 

mesovessels seeded with EC were spatially patterned into parallel and grid-like orientations (Fig. 

2.2D), with the former arrangement able to effectively restore limb perfusion (Fig. 2.3B); acellular 

channels or disorganized cells alone did not rescue perfusion.   

Efforts to engineer the mesovasculature have examined a range of vascular morphologies 

(Fig. 2.2D-F), including single linear channels, uniquely shaped and branched channels, and 

multilayered gridded structures. Studies have investigated both blood and lymphatic vasculature 

at this scale. Two studies investigated single linear lymphatic vessels and their barrier function 

within collagen microfluidic hydrogels [44, 45]. Another study fabricated single blood vessels 

within collagen hydrogels with varying ratios of supportive MSC to EC, where the MSC are 

intended to function as pericytes or SMC in vivo [46] (Fig. 2.2F). Vessels surrounded by a greater 

number of MSC exhibited greater barrier function characterized by lower permeability to both 10 

kDa and 70 kDa fluorescent tracers. These types of models have been used to study changes 

resulting from flow or pressure, cell-cell interactions, response to inflammatory cues, and other 

pathophysiological conditions.  
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New 3D bioprinting technologies have also enabled the fabrication of linear channels and 

more complex curved, zigzagging, winding, and branched channels, and many other complex 

geometries. For example, coaxial printing methods were used to fabricate three differently shaped 

channels from a decellularized ECM bioink and examine EC morphology, permeability, anti-

adhesion to platelets, and inflammatory response [47]. These vessels additionally supported pump-

driven perfusion throughout the duration of culture, a distinction over traditional 

polydimethylsiloxane (PDMS)-based microfluidic devices which often rely on gravity-driven 

flow. Another unique technique enabled the fabrication of a 3D spiral shaped vessel using a spring 

to template the vessel (Fig. 2.2E), rather than a needle traditionally used for single linear vessels 

(Fig. 2.2F) [48]. The authors used this model to assess endothelial flow responses in a curved 

geometry more replicative of in vivo anatomy, observing an increased cell proliferation rate in 

spiral channels compared to straight channels despite similar morphologic response to various flow 

rates. This approach enabled patterning a solid cylinder of cells inside of the spiral shape and cells 

dispersed throughout the gel outside of the spiral shape. The authors used this model to engineer a 

tumor with the surrounding spiral vasculature, and a cardiac model with dispersed cardiomyocytes.   

Compared to the large numbers of studies and impressive translational progress on 

macrovasculature, very few studies have focused on mesovascular engineering, with even fewer 

advancing to preclinical studies. Most focus on using these vessels as models of vascular 

pathophysiology and/or for drug testing applications. Furthermore, only one of the above studies 

incorporated SC to support the EC. SMC in the tunica media of native arterioles play critical roles 

in the physiologic functions of arterioles, in part by regulating vascular resistance and vessel 

diameter as blood flows from larger arteries into smaller capillaries (Fig. 2.1). The replication of 

both the tunica intima and the tunica media will likely be critical to the proper functioning of 
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mesovasculature, but it is not yet clear if such complexity needs to be fully prescribed a priori. 

Much like studies with TEVG have shown for macroscale vessels, morphogenetic adaptation may 

take over to remodel crude mesoscale conduits into bona fide arterioles, especially when subjected 

to blood flow and host cells upon transplantation. There is also a need to better understand the 

integration of engineered vasculature across length scales. In the body, the vascular hierarchy is a 

continuum, with a gradual tapering of vessel sizes as they branch, dictated in part by flow-mediated 

mechanotransduction. Reproducing this hierarchical and biomechanical continuum represents a 

significant challenge and opportunity.  

 

2.2.3 Engineering capillary networks 

The primary methodologies for engineering capillaries seek to replicate vasculogenesis, 

the de novo formation of new vasculature from individual cells (Fig. 2.2G, H), and/or angiogenesis 

(Fig. 2.2I), the formation of new blood vessels from existing blood vessels. Both processes rely on 

supportive SC, which regulate the development of vessel networks through the secretion of growth 

factors and take on a perivascular phenotype to promote maturation and proper function of the 

microvasculature [49]. Matrix composition, stiffness, and degradability also significantly impact 

these processes.  

Despite the critical support SC provide for developing microvasculature, cell-based 

vascularization strategies involving multiple cell types may complicate regulatory approval and 

clinical translation, which has prompted focus on acellular approaches or those using EC or EC 

progenitors alone. One such study fabricated a hydrogel composed of a collagen and norbornene-

modified hyaluronic acid interpenetrating network (IPN) [50]. The authors observed the degree of 

vascular formation, the number of branch points in the resulting network, and vessel lumenization 
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were dependent on the IPN stiffness, which was modified by increasing the crosslinking. Another 

recent study reported that hydrogels containing dynamic crosslinks supported self-assembly of EC 

into vessel-like networks [51]. Vascular assembly depended on cellular contractility to promote 

integrin recruitment and focal adhesion development. Another paper investigated neutral-swelling 

synthetic PEG hydrogels [52]. These gels were fabricated by incorporating a helical PEG 

macromer into the hydrogel and yielded enhanced capillary morphogenesis compared to controls, 

though they observed minimal lumen formation.  

While the aforementioned studies successfully engineered microvasculature without SC, 

their presence and tissue-specific origins have also been shown to influence microvascular network 

formation and function in both natural and synthetic hydrogels. For example, recent work from 

one of our groups revealed that fibroblasts from either lung or skin supported a greater degree of 

vessel formation than bone marrow SC in co-culture models of vasculogenic self-assembly [53]. 

This mirrors a prior study in a fibrin-based sprouting angiogenesis model system, which 

demonstrated that SC identity affects the mechanism of fibrinolysis during vascular 

morphogenesis [54]. Another recent study involving SC focused on endothelial network formation 

in animal-component-free constructs under serum-free conditions, potentially providing a more 

reproducible route for clinical translation and regulatory approval [55]. The authors combined 

human umbilical vein EC (HUVEC) and human adipose derived SC in a human collagen and 

decellularized porcine SIS and cultured these constructs under serum-free conditions, yielding 

similar network parameters to cells cultured in Matrigel and rat tail collagen controls in the 

presences of serum.  

While in vitro studies are useful to investigate the mechanisms underlying the formation 

of microvascular networks, in vivo investigations are critical for vascularization strategies to 
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progress to clinical translation. They shed light on inosculation between host and engineered 

vasculature and the ability to restore physiologic vascular function in regenerative and disease 

models. In a recent study, a subset of our team investigated modular microbead constructs and 

showed that prevascularization catalyzed the formation of new microvasculature at the implant 

site [56]. A key element of microvascular engraftment and inosculation is the host inflammatory 

response. Utilizing a subcutaneous mouse model, another group found that prevascularized 

networks failed to inosculate with host vessels upon transplantation when neutrophils were first 

depleted in the host [57]. Vascularization was recovered when neutrophils were transferred to 

mice. Such insights suggest vascularized constructs may perform differently in immune-deficient 

patient populations. Other studies have shown that cells suspended in hydrogels capable of 

assembly into microvascular networks salvaged limbs, prevented necrosis, and restored blood 

perfusion compared to single cell type or hydrogel only controls [58, 59], with one observing 

similar effects using prevascularized tissue constructs. These hindlimb ischemia models bear some 

resemblance to human PAD and serve as a key step towards progressing cell-based therapies to 

the clinic. In an ischemic stroke model, a study of integrin binding in engineered hydrogels showed 

that scaffolds capable of supporting 3/51 integrin binding led to increased angiogenesis at the 

stroke site, yielding non-tortuous, non-leaky vasculature by day 10 post stroke (Fig. 3.3C) [60].  

Though several studies have advanced to animal models focused on ischemic injuries, cell-

based approaches to restore perfusion have not yet been successfully translated into human 

patients, despite a large number of clinical trials using cells like MSC or EC by themselves. There 

are many possible reasons, including poor cell survival upon delivery into an ischemic tissue as 

well as issues of cell sourcing and the underlying health status of the patient. Approaches 

containing both EC and SC in hydrogel delivery vehicles have not progressed into clinical trials, 
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to the best of our knowledge. However, in our view, cell-based microvasculature is unlikely to be 

effective as a treatment alone for a disease that begins with an arterial blockage (e.g., PAD, stroke), 

unless the blockage is also cleared and/or the occluded vessel is stented open. Similarly, stenting 

or vascular grafting alone, without microvasculature, may not fully restore perfusion to the tissue 

if the function of the existing capillary beds has been compromised by underlying disease. Given 

these challenges, vascular integration across length scales may be also required in the treatment of 

ischemic conditions, as we expect it will be for engineering whole, functional, solid organs.  

 

2.2.4 Engineering multiscale hierarchical vasculature 

While many studies have engineered vasculature at single scales, progress towards 

engineered hierarchical vasculature has been much more limited. As described above, each 

vascular length scale often involves different fabrication techniques, which presents a challenge to 

engineering a complete vascular tree. Initial efforts focused on integrating capillary-artery, 

capillary-arteriole, or arteriole-artery vascular networks, with more recent efforts to create three-

scale hierarchies spanning capillary-arteriole-artery.  

 Several groups, including ours, have engineered capillary-mesoscale hierarchical 

vasculature, mostly within microfluidic chips. A common approach involves templating larger 

mesoscale channels with acupuncture needles [61, 62] or with a sacrificial ink via 3D bioprinting 

[63], followed by seeding the lumens with EC. Capillaries are then formed via vasculogenic 

assembly of co-cultured SC and EC between the two channels. An important distinction between 

these studies is the presence of flow within the system and how the fluidic circuit is established. 

Samples were either cultured statically [61], under oscillatory flow applied via a rocker plate [62], 

or under unidirectional flow via a syringe pump [63]. Such microphysiological systems identify 
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key parameters for engineering functional hierarchies, enable fundamental studies to assess 

vascular morphogenesis, perfusion, and permeability, and have been touted as innovative 

platforms to evaluate and screen drugs and/or biologics. However, their small size and encasing 

within glass/PDMS chambers limits their potential as transplantable tissue constructs. Two studies 

engineering capillary-arteriole hierarchies created larger tissue implants and evaluated their 

hierarchical structure versus capillary-only implants in a subcutaneous mouse model [64] and rat 

infarct model [65]. In the subcutaneous model, host vessel infiltration into hierarchical implants 

and blood perfusion were increased compared to capillary only implants (Fig. 2.3E). Similarly, in 

the ischemia model, increased numbers of perfused vessels and increased density of transplanted 

human cardiac cells were observed in hierarchical implants. One of the more advanced of these 

capillary-mesoscale vascular systems is a particularly innovative microtechnology called the 

AngioChip [66]. This multiscale vascular construct featured capillaries that sprouted from 100-

500 m mesovessels, supported parenchymal cell function, and was successfully integrated with 

host vasculature via both an artery-to-artery and an artery-to-vein surgical anastomosis aided by 

surgical cuffs and tissue glue (Fig. 2.4B).  

Though less physiologic initially, capillary-artery hierarchical vasculature has also been 

investigated in a few studies. These approaches have the advantage of direct surgical anastomosis 

of the artery in vivo to provide immediate perfusion to interconnected capillaries within the 

engineered hierarchy. One study investigated sprouting between two segments of isolated artery 

ex vivo, tested with both rodent and human vessels [67]. Artery segments were connected by 

sprouted capillaries within 21 days and successfully perfused. The survival and functionality of 

co-cultured cardiomyocytes were also assessed by culturing on top of the vascular bed. In the 

presence of hierarchical vasculature, cardiomyocytes exhibited a lower excitation threshold and 
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more organized sarcomeres compared to controls. A promising recent study described the 

fabrication of similar capillary-artery hierarchical vasculature by integrating vasculogenic self-

assembly and 3D printing [68]. The artery-like conduit was fabricated from a synthetic polymer 

containing small pores along its length while the capillary-like network was fabricated via 

vasculogenic self-assembly of a co-culture of EC and SC bioprinted within methacrylated 

collagen. The polymeric artery-like structure was seeded with EC which sprouted through the 

pores to integrate with capillaries in the surrounding hydrogel. The hierarchy was assessed in vivo 

in a rat femoral artery ligation model. Host vasculature infiltrated the hierarchical construct, with 

many vessels invested with mural cells expressing a-SMA (Fig. 2.4A). The vasculature within the 

entirety of the construct was also perfused via the host blood circulation.  

 

 

Figure 2.4: Surgically anastomosed grafts with structurally complex hierarchical architecture perfuse 

and integrate with host tissues. (A) A two-scale artery-capillary hierarchy surgically connected to host 

arteries showed evidence of blood perfusion in capillaries formed within a cell-laden bioprinted hydrogel. 

The top panel shows macroscopic perfusion of the implanted construct after clamp removal. The middle 

and bottom images show matured vessels within the construct as evidenced by sheaths of BM (laminin) and 

perivascular stromal cell association (SMA). (B) Engineered devices containing meso-microvascular 

hierarchies surgically anastomosed with host arteries also yielded functional perfusion. (C) Surgically 
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anastomosed three-scale vascular hierarchies have been shown to yield significantly greater functional 

perfusion than hierarchies that were not surgically anastomosed, or microvascular only cell sheets. The 

panel shows bioluminescent perfusion with significant signal shown in the anastomosed group and limited 

signal in the other two groups. Panels (A), (B), and (C) reproduced and adapted with permission from [67] 

(from John Wiley and Sons – Copyright 2021, Szklanny, A.A., et al.), [65] (from Springer Nature – 

Copyright 2016, Macmillan Publishers Limited), and [68] (from Springer Nature used under a Creative 

Commons license CC BY-NC-SA – Copyright 2013, Sekine, H., et al.), respectively. 

 

Only a few studies have attempted to engineer a complete vascular hierarchy containing 

capillaries, arterioles, and arteries. Similar to capillary-artery hierarchies, there are two distinct 

strategies: explanted functional vasculature integrated with tissue engineered microvasculature or 

creation of a fully tissue-engineered structure. As an example of the former, one group explanted 

rat femoral tissue containing an artery-vein bundle and the surrounding branching arterioles, and 

then cultured this vasculature with EC-containing cardiac cell sheets [69]. The artery and vein pair 

were connected to a syringe pump in vitro and could be sutured into existing circulation upon 

transplantation into a second animal. In the presence of growth factors, EC in the cell sheets 

assembled into vessels and inosculated with the explanted vascular bed, creating an integrated 

vascular hierarchy capable of supporting a parenchymal cell population. When implanted in vivo 

in the neck of a nude rat, the surgically anastomosed hierarchical vasculature integrated with the 

rat’s blood circulation to a significantly greater degree than capillaries within cell sheets alone or 

non-surgically anastomosed hierarchies (Fig. 2.4C). As an example of the latter approach, a recent 

study tissue engineered a complete hierarchy by employing vasculogenic self-assembly, needle 

templating, and annular molding to fabricate the three different vascular length scales [70]. Fibrin-

based artery-scale vessels were fabricated using annular molds and fixed into a bioreactor. 

Subsequently, ~1 mm diameter needles were inserted perpendicular to the artery-scale vessels, 

around which a bulk fibrin matrix containing EC and SC was molded. Upon removal of sacrificial 

needles and seeding of the meso-scale channels, the final construct contained two artery-scale 
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vessels, 4 arteriole-scale vessels, and cells to undergo vasculogenic self-assembly to form 

capillaries. Although this hierarchical construct was not evaluated in vivo in this study, the 

hydrogel and cell components used were all human-derived, suggesting a clearer path towards 

clinical translation of this promising approach.  

3D bioprinting, as briefly mentioned above, is quickly emerging as a new technology to 

engineer hierarchical vasculature, organ models, and full-scale organs. One group described a 

projection stereolithography-based printing approach, named SLATE (Stereolithographic 

Apparatus for Tissue Engineering), to generate multiscale vascular tissue constructs resembling 

alveolar morphology and a grid-like structure capable of supporting co-transplanted parenchymal 

liver cells in vivo [71]. Another group employed a microbead slurry support bath to bioprint 

multiscale vasculature from MRI and models of the human heart [22]. This technique, named 

FRESH (Freeform Reversible Embedding of Suspended Hydrogels), allows for the high-resolution 

printing of soft hydrogel-based materials with micron-scale precision. In a similar approach, 

another group developed a microbead support bath composed of high density cell aggregates 

(organoids) capable of forming functional microtissues around the printed vasculature [25]. Their 

approach, termed SWIFT (Sacrificial Writing into Functional Tissue), enabled the successful 

printing of multiscale vascular tissue capable of supporting the perfusion and function of an 

engineered cardiac muscle tissue. Another unique printing technique developed by one of our 

groups is the use of cell-only bioinks without the support of hydrogel materials [72], which could 

be applied as a means to facilitate the interconnection of vasculature across different length scales. 

While these studies have collectively made promising strides, bioprinted constructs containing 

hierarchical vasculature, with macroscale vessels large enough for surgical anastomosis integrated 
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with meso- and microscale vessels capable of supporting the immediate perfusion of embedded 

parenchymal cells, have not yet been realized, to the best of our knowledge.  

 

2.3 Replication of Anatomical Vasculature and Key Barriers to Translation 

As engineered tissues progress towards the clinic, replication of physiologic vascular 

function is critical. But is complete replication of vascular anatomy a priori also required? At the 

arterial scale, function has been largely achieved with TEVG meeting the thresholds for suture 

strength and burst pressure to remain functional upon implantation, despite not fully replicating all 

anatomical features (i.e., three distinct layers representing the tunica intima, media, and 

adventitia). Compliance is a parameter of critical importance in small diameter (<6 mm) vascular 

grafts, as compliance mismatch leads to reduced long-term patency rates due to intimal 

hyperplasia. One group studying this problem elucidated the effects of compliance specifically on 

intimal hyperplasia and developed a system to screen vascular grafts for cellular markers of this 

pathophysiology [73]. At the arteriole scale, a critical function that has not yet been replicated in 

engineered mesovessels is the ability to regulate vessel diameter. In the human body, this function 

is achieved through SMC in the tunica media, an anatomical feature often lacking in engineered 

mesovascular models. Replicating contractile smooth muscle will be important to ensure that 

mesovessels within an implanted construct can regulate blood flow from arteries into surrounding 

capillary beds immediately upon implantation. 

At the microvascular scale, tissue-specific capillary density and permeability are critical to 

the normal function of native tissues. With respect to the former, skeletal muscle has a density of 

~500-1500 capillaries/mm2 [74], while cardiac muscle has a density of ~2000-4000 

capillaries/mm2 [75]. Approaches are therefore needed to engineer constructs with tissue-specific 
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vascular densities. However, current approaches have largely ignored these tissue-specific 

differences, and often do not even meet the lower threshold of the capillary density in the skeletal 

muscle. For example, several studies, including our own, report ~100-200 vessels/mm2 in varying 

in vivo models [56, 76]. Though these engineered tissues may function in vitro and provide 

therapeutic benefit in small animal models, strategies to achieve an appropriate capillary density 

will likely be necessary for the proper functionality of human-scale engineered tissues and organs. 

With respect to the latter, physiologic control of permeability is a key tissue-specific function of 

the vasculature [77, 78]. For example, brain microvasculature (continuous) is highly impermeable 

to constitute the blood-brain barrier [79], while kidney microvasculature (fenestrated) is leakier to 

facilitate nutrient exchange and glomerular filtration. Vascular permeability is also tightly 

correlated with endothelial phenotype. Whether the use of specialized EC will be required to create 

vasculature with tissue-specific permeability requirements remains unclear. It’s also possible that 

EC may have some degree of phenotypic plasticity [80, 81], enabling them to adapt to distinct 

tissue-specific microenvironments.  

Related to the issue of tissue specificity, the question of cell source remains a significant 

challenge for vascularizing engineered tissues. HUVEC have been widely used as a model EC type 

for proof-of-concept studies throughout the literature. They readily and reproducibly form robust 

microvasculature both in vitro and in vivo, but their applicability for clinical applications is often 

questioned, in part due to their venous origins. Significant progress has been achieved with other 

cell sources, including endothelial colony forming cells (ECFC) [82-84] and EC derived from 

induced pluripotent stem cells (iPSC-EC) [85].  

An important consideration when evaluating iPSC-EC and other alternative, potentially 

more translatable, EC types, is the suitability of the assay in which they are studied. In general, 
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there is a lack of standardization with respect to assays used to evaluate EC phenotypes and 

functions. For example, the Matrigel cord assay, though widely-used, involves EC cultured in 2D 

on top of Matrigel; the cord-like structures that form in this environment typically lack hollow 

lumens, and form via a process that does not require proteolytic remodeling of the ECM. Recent 

studies directly comparing the potential of iPSC-EC and HUVEC have yielded different results, 

depending on the functional outcome measured in a specific assay [85-87]. For example, our lab 

published a head-to-head comparison of HUVEC and iPSC-EC in a sprouting angiogenesis assay 

in which EC coated on microcarrier beads were evaluated for their ability to undergo vascular 

morphogenesis in the presence of supportive SC [87]. While HUVEC reliably sprouted and formed 

vessels, iPSC-EC sprouted to significantly lesser degrees and in some cases did not sprout at all. 

Despite diminished sprouting, the iPSC-EC derived capillary structures displayed characteristics 

of BM proteins and other characteristics of mature capillaries. In a follow-up study, we showed 

that iPSC-EC fared better at forming capillaries in vivo, albeit still to a lesser degree than HUVEC 

[88]. These results further highlight the need for pre-clinical characterization of engineered cell- 

and tissue-based therapeutics.  

Another group conducted a head-to-head comparison of HUVEC and iPSC-derived human 

brain microvascular endothelial cells (BMEC) in a model consisting of a single EC-lined tube 

within a hydrogel [86]. In this study, the authors examined and compared the ability of the EC to 

form a monolayer on the channel wall and assessed vascular permeability and the expression of 

junctional and cytoskeletal markers. In this model, EC proliferate and migrate to form a confluent 

monolayer and develop tight cell-cell junctions to maintain good barrier function, a critical feature 

of the blood brain barrier. These functions are distinct from those required for a sprouting 

angiogenesis assay. Their study revealed that BMEC had ~100-fold lower permeability to 3 kDa 
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dextran than HUVEC on day 1 and ~10-fold lower on days 7 and 14. Perfusion of the engineered 

vasculature led to sustained 100-fold differences in barrier function over time, a finding which was 

reproducible across different iPSC lines. Consistent with low permeability, the iPSC-derived 

BMEC expressed and properly localized occludin and claudin-5 at the cell-cell junctions, as well 

as VE-cadherin both in static and perfused conditions. Together, the results of these studies suggest 

the need to standardize assays evaluating EC for multiple functions before adopting a specific 

population for clinical translation.  

Despite iPSC-derived cells being hailed as a potentially autologous cell source for clinical 

translation, a recent study found that 72% of skin cell derived iPSC and 18% of blood-derived 

iPSC at one cell bank may harbor genetic mutations [89]. Some of these mutations were detected 

in genes implicated in multiple types of cancer. These mutations were not previously identified 

because the required testing for banking cells is much lower than the clinical standard of practice. 

Therefore, despite the increased interest in using pluripotent stem cells to generate cells for 

therapies and engineered tissues, many significant challenges must be overcome before these cells 

represent a clinically viable source for creating vascularized tissue constructs. 

Another important consideration with all EC sources is the age of the donor. The vast 

majority of cells purchased or isolated by labs are from young, healthy adults and/or children. The 

results from studies using these cells may not readily translate to autologous cell therapies for older 

adults with cardiovascular disease or other comorbidities. In addition, both the sex and ancestral 

background of the cell source may also influence how cells respond to different stimuli used in 

creating engineered tissue constructs [90, 91]. Understanding the influence of patient-specific 

differences may therefore be an additional consideration when fabricating engineered tissues and 

organs that represent equitable clinical solutions. 
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Finally, another key barrier to clinical translation is the source of natural materials. Many 

current therapies that have advanced to the clinic use human-derived materials or synthetic 

materials. However, much of the academic community uses animal-derived natural materials such 

as rat tail collagen, bovine fibrinogen, and porcine gelatin. Further, nearly all cells are grown in 

medium containing fetal bovine serum. Though many companies are progressing animal-based 

decellularized tissues and organs towards the clinic, ensuring robustness of responses across 

different material sources represents a significant challenge.  

 

2.4 Concluding Remarks and Future Perspectives 

The field of tissue engineering has progressed considerably towards transplantable tissues 

and whole organs over the last three decades; however, the number of tissue-engineered products 

progressing towards FDA approval remains somewhat underwhelming. This review highlights the 

need for hierarchical vasculature as a critical limiting factor, if not THE limiting factor, in realizing 

the potential of this field. Many examples cited herein provide proof of principle techniques to 

engineer vasculature at individual length scales. However, integrating these techniques (or creating 

new ones) to engineer hierarchical vasculature will be essential to manufacture functional 

implantable tissues and organs.  

While this so-called “vascularization challenge” has long been recognized, it has yet to be 

solved. The advent of new biofabrication techniques over the last 15-20 years, along with 

dedicated funding streams, led to a pivot towards using microfluidic lab- and organ-on-chip 

systems for drug development and as model systems for development and disease. The recent 

passage of the FDA Modernization Act to utilize such systems in lieu of small animal models is 

especially exciting, and will undoubtedly lead to more widespread adoption [92, 93]. Emulate, a 
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company focused on these devices, has already endorsed the act publicly [94]. These systems are 

useful for mechanistic investigations of vessel development in healthy and diseased states as well, 

but their small sizes mean that cells within can often be sustained by diffusive transport of oxygen 

and nutrients alone.   

To solve this grand challenge of the field of tissue engineering, perhaps it is time for a 

vascularization “moon shot.” The technical breadth required to solve a problem of this scope is 

immense, and will necessitate collaboration between scientists, engineers, and clinicians with 

complementary skill sets. Both knowledge and technical gaps exist, including the need to better 

understand vascular biology at each length scale, the requirements for tissue- and organ-specific 

vascular form and function, and the technologies to fabricate large constructs, perfuse them, and 

maintain their viability and sterility over prolonged periods of time. Solving a problem of this 

magnitude will require collaborative and cooperative teams incentivized to solve this grand 

challenge.  

Excitingly, the maturation of existing methodologies and the emergence of new 

technologies has the community poised to achieve this long-standing goal. Recent advancements 

in 3D bioprinting have yielded remarkable progress, and bioprinting strategies to fabricate 

vasculature of multiple length scales within a single construct are beginning to emerge. However, 

like most emergent technologies, the promotion has so far outpaced the reality. More progress has 

been made in the development of instrumentation and bioinks than large living tissue constructs. 

Cell viability and function in bioprinted constructs, following either extrusion and/or 

photocrosslinking, and the stability of printed architectures also remain concerns [95]. In addition 

to scientific concerns, there are moral and ethical concerns raised by some members of society 

over the widespread use of these technologies [96]. While these (and many other) critical hurdles 



 51 

need to be overcome, and many questions remain unanswered, we are optimistic the 

vascularization challenge will not be cited as the biggest hurdle to the clinical translation of 

engineered solid tissues and organs in 20 years, as it has been for the last 20 years!  
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Chapter 3 – Stromal Cell Identity Modulates Vascular Morphogenesis in a 

Microvasculature-on-a-Chip Platform 

 

*Portions of Chapter 3 were previously published as: Lab Chip, 2021, 21, 1150-1163. Copyright 

2021, The Royal Society of Chemistry. 

 

3.1 Introduction  

Capillaries are necessary to transport blood, oxygen, and other nutrients throughout the 

body. Vascularization of engineered tissues is required to avoid tissue death and allow convective 

transport of nutrients in metabolically active tissues that are too thick to be sustained via diffusion 

alone [1]. An important objective in biomedical engineering is to create functional (perfusable) 

capillary networks that can rapidly inosculate with host blood vessels upon transplantation to 

regenerate large tissue volumes. The ability to create functional and stable blood vessels remains 

a significant hurdle in the clinical implantation of nearly all engineered tissues [2]; without 

microvasculature, many tissues greater than 200 m in thickness may not remain viable [3]. 

Existing methods to form functional vasculature include creating prepatterned vessel structures 

seeded with endothelial cells [4, 5] or harnessing existing vasculature’s ability to undergo 

angiogenesis to create new vessels [6]. While these methods can create vasculature in as short as 

3 days, the vessels often lack supportive mural cells required to maintain long-term function and 

stability in vivo [7, 8].  
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Another approach to achieving neovascularization involves vascular self-assembly, which 

occurs when endothelial cells (EC) and stromal cells (SC) are co-cultured in three-dimensional 

hydrogels and undergo a process akin to developmental vasculogenesis. Our group has developed 

several assays to investigate neovascularization in the presence of multiple SC types including 

sprouting vascular bead assays [9-11], vasculogenesis in bulk hydrogels [12-14], and 

vasculogenesis in modular microtissues [15]. However, these methods lack the ability to study 

perfusion of microvessels in a physiologic manner in vitro. In this study, we examined the ability 

of various SC to aid the formation of functional microvasculature when co-cultured with EC in a 

perfusable microfluidic system. While the creation of microvasculature using co-culture systems 

within microfluidic platforms has been previously explored [16-18], comparisons across systems 

have been limited by differences in microfluidic geometries, endothelial cell lineages, types of 

anastomoses (i.e., to openings in PDMS channels or to endothelialized vessels), and culture 

duration. In this study, we directly compared the abilities of different SC to modulate network 

formation and function within a single physiologically-relevant model system, and the abilities of 

microvascular networks to inosculate with mesovessels within the chip to form perfusbale, 

hierarchical vascualture. Notable key features in our comparison were the use of a consistent EC 

source to isolate the effect of SC identity and the use of endothelialized channels within the 

hydrogel to simulate biologically relevant inosculation of microvessels to arteriole-scale vessel 

structures rather than PDMS channels (endothelial cell lined or not) in a chip. In the present study, 

we successfully developed a widespread capillary bed within a microfluidic hydrogel and 

deciphered the roles of each SC type in modulating vessel formation, inosculation, and perfusion 

over time. The three SC types chosen for this study (lung fibroblasts (LF), dermal fibroblasts (DF), 

and mesenchymal stem cells (MSC)) are known to support vessel formation in a range of 3D 
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culture systems. LF have been shown to robustly support vascular morphogenesis of various EC 

types [9]. DF and MSC potentially represent more clinically-relevant cell sources capable of 

supporting vascular morphogenesis [12, 19], accessible via skin biopsy and bone marrow isolation, 

respectively. MSC in particular secrete pro-angiogenic factors [20-22] and are capable of taking 

on a pericyte phenotype [16, 23] important for vessel maturation and stability over extended 

culture periods. We measured multiple properties of the resultant microvascular networks 

pertaining to both formation and function to capture differences in the support provided by each 

SC type, finding that the degree of vascular formation and function were dependent on the SC type 

used to support microvascular networks.  Further, we identified SC identity as a critical parameter 

in regulating inosculation between meso- and microvasculatue to yield perfuable hierarchical 

vasculature. This study highlights the need for more comparative studies elucidating key 

differences in commonly used cell types and possible mechanisms underlying vascular formation 

and function.  

 

3.2 Materials and Methods 

3.2.1 Cell culture  

Human umbilical vein endothelial cells (EC) were isolated from fresh umbilical cords 

(obtained via an IRB-exempt protocol from the University of Michigan Mott’s Children’s 

Hospital), cultured in fully supplemented endothelial growth medium-2 (EGM-2; Lonza, 

Walkersville, MD), and used until passage 7. Bone marrow derived mesenchymal stem cells 

(MSC; RoosterBio, Frederick, MD) were cultured in Rooster Nourish (RoosterBio) and used until 

passage 7. Normal human dermal fibroblasts (DF; Lonza) and normal human lung fibroblasts (LF; 

Lonza) were cultured in high glucose Dulbecco’s modified eagle medium (DMEM; Gibco, 
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Waltham, MA) supplemented with 10% fetal bovine serum (FBS; Gibco) and used until passage 

15. All cells were cultured at 37 C and 5% CO2 with medium exchanges every other day.  

 

3.2.2 Vasculogenesis assay within microfluidic chip platform  

A vasculogenesis assay widely used in our lab [12, 13] was modified for use within a 

microfluidic chip system (Fig. 3.1) [24]. SC and EC suspended in serum free EGM-2 were 

combined at 2:1 (2M/mL SC with 1M/mL EC or 1M/mL SC with 500K/mL EC) or 1:1 (1M/mL 

of each cell type or 500K/mL of each cell type) ratios (Table 3.1) [17, 18, 22, 25], encapsulated in 

fibrin precursor solutions, and injected into insertion ports within the chip to polymerize around 

two 290 m diameter needles (Fig. 3.1A, B). Precursor solutions contained 2.5 mg/mL (clottable 

protein) filtered bovine fibrinogen (Sigma, St. Louis, MO), 1 U/mL bovine thrombin (Sigma), and 

10% FBS. Following gelation and swelling, needles were removed, needle tracks were sealed with 

vacuum grease (Dow Corning, Midland, MI), and empty channels were seeded with additional 

ECs suspended at 2.5 M/mL. Chips were statically cultured in fully supplemented EGM-2 

exchanged daily (50 µL reservoir, 200 µL per sample) and cultured for one or two weeks. To 

confirm vascular formation using the specific combination of EC and SC within each device, cell-

containing bulk fibrin hydrogels were created as described above, in 48-well culture plates, and 

cultured in EGM-2 for 7 days, with medium exchanges on days 1, 3, and 5. Chips were discarded 

if vascular formation was not observed in control gels.  

 

Table 3.1: Cellular ratio and density conditions used to fabricate samples throughout the study. 
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Figure 3.1: Methods for the formation and analysis of microvascular networks. (A) Schematic diagram 

and (B) corresponding phase-contrast images of gelation, seeding, and culture procedures (steps 2-4). (C) 

Color image of the PDMS mold bonded to a glass slide with acupuncture needles inserted. (D) Maximum 

intensity projection of a confocal z-stack and binarization for network analysis for LF-EC networks (left) 

and MSC-EC networks (right). 



 65 

3.2.3 Microcarrier bead assembly 

Cytodex microcarrier beads (Sigma) were suspended in phosphate buffered saline (PBS; 

Gibco) and autoclaved for sterilization. The concentration of beads in suspension was 

determined by counting the beads from a small sample and extrapolating to the entire volume. 

Beads were stored for up to 6 months at 4 C.  

To prepare EC coated beads, approximately 10,000 beads were taken from the stock vial 

and washed thrice in EGM2. EC were trypsinized and suspended at 1 M/mL. The beads and 4 M 

EC were combined in an upright T-25 flask (5 mL total volume). The flask was shaken for 1 

minute and placed in the incubator in the upright position. The flask was shaken again after 5 

minutes, 20 minutes, and every 30 minutes thereafter for a total time of 4 hours.  After shaking 

the beads, the suspension was transferred to a new T-25 flask and 5 mL fresh EGM2 was added 

(total volume 10 mL). The beads were incubated overnight in standard cell culture position (flat, 

not upright). EC coated beads were incorporated in fibrin gels at a density of approximately 50 

beads/gel. Fibrin gels also contained 25 K/mL LF, 1 U/mL thrombin, 10% FBS, and 2.5 mg/mL 

fibrinogen.  

 

3.2.4 Channel patency and network perfusion  

On the final day of culture, fluorescein dextran (10 kDa, 25 g/mL) was inserted into media 

reservoirs at a hydrostatic pressure difference of ~0.1 cmH2O and imaged in real time. If dextran 

flowed through the channels, the channels were considered patent and if dextran flowed through 

vessel network, the network was considered perfused.   
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3.2.5 Immunofluorescence staining and imaging  

Chips were fixed on the last day of culture on a rocker plate for 1 hour in 4% 

paraformaldehyde (Sigma) and washed with phosphate buffered saline (PBS; Gibco) for at least 

12 hours. Bulk gels were fixed on day 7 for 15 minutes in aqueous buffered zinc formalin fixative 

(Z-fix; Anatech, Battle Creek, MI). Following fixation and washing, control gels and chips were 

permeabilized for 1 hour in 0.1% Triton X-100 (Fisher Scientific, Waltham, MA) in PBS and 

blocked for 4 hours in blocking solution (2% bovine serum albumin (BSA; Sigma) dissolved in 

tris buffered saline-Tween20 (TBS-T; Fisher Scientific). Samples were stained overnight with 

rhodamine-conjugated Ulex europaeus Agglutinin I (UEA; Vector Laboratories, Burlingame, CA) 

at 1:200 dilution and 4’, 6-diamidino-2-phenylindol (DAPI; 1μg/mL, Sigma) to label ECs and all 

cell nuclei, respectively. Staining dilutions were made in blocking solution. Following staining, 

samples were washed with TBS-T for at least 12 hours before imaging. TBS-T was exchanged 

after washing and before imaging. For all staining processes, chips were maintained on a rocker 

plate and control gels were maintained in static conditions.  

Selected samples were further stained for alpha smooth muscle actin (𝛼SMA), neuron-glial 

antigen 2 (NG2), and platelet derived growth factor receptor beta (PDGFR) to identify SC within 

the gels. Samples were incubated overnight at 4ºC with a primary antibody for 𝛼SMA (Sigma, 

A2547, mouse IgG2a isotype, 1:200 dilution), NG2 (abcam, ab255811, rabbit IgG isotype,1:200 

dilution), or PDGFR (Sigma, HPA028499, 1:100 dilution) and washed with TBS-T overnight at 

4ºC. Samples were then incubated overnight at 4ºC with the appropriate Alexa Fluor 488 

conjugated secondary antibody (Invitrogen, A11001, goat-anti-mouse IgGH+L, 1:200 dilution or 

Invitrogen, A11008, goat-anti-rabbit IgGH+L, 1:500 dilution) and washed with TBS-T overnight at 

4ºC. Antibody dilutions were made in blocking solution. 
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Images were acquired with an Olympus IX81 inverted fluorescent microscope equipped 

with a confocal Disc Spinning Unit (DSU; Olympus America, Center Valley, PA) and Metamorph 

Software (Molecular Devices, Sunnyvale, CA). Control gels were imaged to confirm the presence 

of vasculature, but not further quantified. Confocal z-stacks (4 slices/stack) of chips were obtained 

and compressed into maximum intensity projections preceding analysis. Quantification of total 

network length and network interconnectedness were performed on 225 m stacks (75 m/slice) 

obtained at 4x magnification. Quantification of vessel diameter and qualitative analysis of 𝛼SMA, 

NG2, and PDGFR expression were performed on 30 m stacks (10 m/slice) obtained at 10x 

magnification. Images acquired at 4x spanned the region between the two parent channels and 

images acquired at 10x were in close proximity to the parent channels not the boundaries of the 

chip. Total network length per volume, number of connected vessel sets per volume, and vessel 

diameter were quantified using the Angiogenesis Tube Formation module in Metamorph (Fig. 

3.1D). This program creates a binary mask of the fluorescent images based on user inputted values 

for threshold above background and minimum/maximum vessel size. Any region of the white 

mask that is within the user inputted size range is considered a vessel and is added to the total 

network length value; regions of the mask above the size range are considered nodes and not 

counted towards the network length value. Network interconnectedness is measured via the 

number of connected vessel sets, in which the program counts the number of separate, non-

connected masked regions and determines the network length of each independent set. Vessel 

diameter is an average value for the image calculated by dividing total network area by total 

network length. Multiple images per sample were quantified and averaged to obtain a single value 

per sample for each metric. Cell counts were performed on 4x DAPI images. Images were 
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binarized and nuclei were counted using a custom ImageJ script. The change in cell number was 

calculated as a percentage of the theoretical initial cell density.  

 

3.2.6 Traction force microscopy  

Traction force microscopy was performed on all three SC types, using previously described 

methods [26-28], to gain an understanding of differences in the magnitude of tractional vectors 

produced by each SC type. Square cover glass (22 mm; VWR, Radnor, PA) was etched with 

piranha solution (1-part H2O2 (Fisher Scientific) with 3-parts sulfuric acid (Fisher Scientific)) and 

functionalized with 1% glutaraldehyde (Sigma). Two kPa polyacrylamide (PA) gels with 0.2 m 

fluorescent beads (Invitrogen, Carlsbad, CA) were formed on top of the glass slides, followed by 

conjugation of 50 g/mL type-I collagen (Advanced Biomatrix, San Diego, CA) via sulfo-sanpah 

(Proteochem, Hurricane, UT). Fluorescent beads in the PA gel served as displacement markers 

during imaging. Cells were seeded onto the gels at 1000 cells/mm2. Individual cells and bead 

planes were imaged one day post-seeding both before and after cell lysis to measure bead 

displacements. Displacement vectors and traction were computed via the particle image 

velocimetry (PIV) and fourier transform traction cytometry (FTTC) plugins in ImageJ, 

respectively. Traction data were analyzed via a custom MATLAB (Mathworks, Natick, MA) 

script. Experimental number included 12-16 cells per slide and two slides per cell type, which were 

pooled together for statistical analysis. 

 

3.2.7 Statistics  
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Prism 8 (GraphPad, San Diego, CA) was used to analyze data for statistical significance. 

All data are represented as mean  standard deviation. Microfluidic chip data were analyzed with 

statistical tests performed on n = 3 independent replicates. For the independent replicates in each 

condition, data from 3-4 technical replicates were averaged together resulting in a single data point 

per independent replicate. Data were analyzed using a one-way ANOVA with Sidak’s multiple 

comparisons post-hoc test for pre-specified comparisons. For TFM data, each cell was considered 

an independent sample (n = 28-30 cells per condition across 2 different substrates) and the data 

were analyzed with a Kruskal-Wallis test with Dunn’s multiple comparisons post-hoc test. p < 

0.05 was considered statistically significant.  

 

3.3 Results 

3.3.1 EC fail to form microvessels in the absence of stromal cells 

We examined capillary formation in three distinct assays: angiogenic sprouting from EC 

coated Cytodex beads, angiogenic sprouting from arteriole-scale endothelialized channels, and a 

hybrid angiogenic/vasculogenic model of sprouting from arteriole-scale endothelialized channels 

and self-assembly similar to developmental vasculogenesis within the surrounding hydrogel. In all 

three assays, EC failed to form vessels in the absence of SC.   

In the Cytodex bead assay, EC coated beads were co-cultured with LF in bulk fibrin 

hydrogels. In the absence of LF, EC sprouted as single cells and failed to form microvasculature. 

In the presence of LF, EC sprouted as multicellular vessel-like structures. Further the sprouted 

capillaries branched into bifurcated vessels in some regions (Fig. 3.2A). In the mesovessel 

angiogenic sprouting assay, a mesovessel was fabricated within a microfluidic chip and the 
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surrounding hydrogel was acellular or contained embedded LF. Without LF in the bulk, the 

mesovessel failed to sprout microvasculature into the surrounding hydrogel. When LF were 

incorporated into the bulk, EC sprouted from the vessel forming capillaries in the surrounding 

hydrogel (Fig. 3.2B).  

Figure 3.2: Stromal cells are critical for vascular morphogenesis. Representative UEA (red) and DAPI 

(blue) stained images of vasculature formed without (left) or with (right) LF from a (A) bead based 

angiogenic sprouting model, (B) mesovessel angiogenic sprouting model (insets show magnified, higher 

contrast image to see multicellular structures), and (C) hierarchical model composed of mesovessels with 

capillary vasculogenic self-assembly. 

 

Finally, in the multiscale hierarchical model used throughout the rest of this chapter, EC in 

the bulk remained single cells when cultured without LF and the mesovessels failed to sprout. 
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When co-cultured with LF, EC in the bulk self-assembled into capillary networks and the 

mesovessel sprouted to interconnect to surrounding capillaries (Fig. 3.2C).  

 

 

3.3.2 All three stromal cell types facilitate the formation of microvascular networks  

We examined capillary network formation via a self-assembly process similar to 

developmental vasculogenesis within a microfluidic chip platform to enable studies of perfusion. 

We examined four different co-culture conditions (Table 3.1) that varied in cell density and SC-

EC ratio in order to determine if these parameters, in addition to SC identity, influenced vascular 

morphogenesis. Past studies have examined differing densities and ratios further complicating 

cross-comparison between distinct studies. Therefore, we sought to enable these comparisons 

within a single multiplexed microfluidic chip system which facilitated the assessment of a broad 

range of conditions. LF, DF, and MSC supported the formation of microvascular networks by day 

7 (Fig. 3.3A, top & Fig. 3.3B, left) which persisted up to day 14 (Fig. 3.3A, bottom & Fig. 3.3B, 

right) across all conditions.  

To quantify the amount of vasculature formed we assessed the total length of microvascular 

networks in each condition. On day 7, networks formed with support from LF and DF exhibited 

significantly longer total network length (TNL) than networks formed with support from MSC in 

all four conditions (Fig. 3.3B, left). LF-supported networks were significantly longer than DF-

supported networks only at the highest (condition 1) and lowest (condition 4) initial cell densities 

tested (Fig. 3.3B, left). At intermediate cell densities (conditions 2 and 3), DF were capable of 

supporting network formation to the same extent as LF. By day 14, LF-supported networks 

exhibited greater TNL compared to DF-supported networks across conditions 1-3, while DF-

supported networks exhibited greater TNL compared to MSC-supported networks across 
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conditions 2-4 (Fig. 3.3B, right).  At the highest initial cell densities examined (condition 1), MSC 

were capable of supporting network formation to the same extent as DF; at the lowest initial cell 

densities tested (condition 4), LF and DF supported vascular morphogenesis to similar extents, 

with both significantly greater than MSC. LF consistently supported greater TNL than MSC, 

regardless of condition. These studies indicate that fibroblasts aid more extensive vascular 

formation than MSC. 

After examining changes in TNL between the three SC types we aimed to determine if 

TNL increased over time for each SC type. Examining each SC type separately we compared each 

condition across time points (i.e., LF condition 1 day 7 vs. LF condition 1 day 14). MSC- and DF-

supported networks did not display significant differences in TNL between day 7 and day 14 for 

networks of the same condition (Fig. 3.3C, middle and right). Conversely, LF-supported networks 

displayed differences in one condition only, condition 3, which showed a significant increase in 

TNL by day 14 compared to day 7 (Fig. 3.3C left). We also sought to determine if TNL was 

maintained regardless of initial cell density, therefore, we examined differences on a single day 

for a single SC type across conditions (i.e., DF condition 1 day 7 vs. DF condition 3 day 7). LF-

supported networks showed significant differences on day 14 between conditions 1 and 4 and 

between conditions 3 and 4, while DF- and MSC- supported networks displayed no significant 

differences between conditions at either timepoint. While not statistically significant, MSC-

supported networks displayed a downward trend in network length as the initial cell density 

decreased. Taken together, these data suggest that all three SC types supported the formation of 

vasculature that was maintained over extended periods of culture without significant loss of 

network length due to vessel pruning or other network modifications, though LF yielded the most 

dense and interconnected microvascular networks. 
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Figure 3.3: Microvascular morphogenesis is impacted by stromal cell identity. (A) Representative UEA 

stained images of microvascular networks formed from LF-EC (left), MSC-EC (middle), and DF-EC (right) 

co-cultures on day 7 (top) and day 14 (bottom). (B) Quantification of total network length on day 7 (left) 

and day 14 (right). (C) Data in (B) repopulated into separate graphs to make comparisons within a single 

cell type. (D) Quantification of vessel diameter on day 14. (E) Representative UEA (red) and DAPI (blue) 
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stained images of microvascular networks formed from LF-EC (left), MSC-EC (middle), and DF-EC (right) 

condition 4 co-cultures on D14 depicting differences in vessel diameter. 𝛼 < 0.05 was considered 

significant. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001, $ p < 0.05, & p < 0.01. Matched 

symbols and brackets with symbols indicate significance. Two (TNL) or three (diameter) ROIs were 

assessed per technical replicate, with a minimum of 3 technical replicates per condition, per time point, 

per cell type and N = 3 independent replicates per condition, per time point, per cell type analyzed. Data 

points correspond to independent replicates.   

 

We also quantified the effects of SC identity on the diameter of the microvessels at day 14. 

LF facilitated the formation of vessels with larger diameters compared to those formed in the 

presence of both DF and MSC (Fig. 3.3D, E). DF- and MSC-supported vessels exhibited similar 

diameters that were not significantly different from each other in three of the four conditions (Fig. 

3.3D). While LF-supported vessels were consistently larger than DF- and MSC-supported vessels, 

there were also differences in diameter between LF-supported vessels of different conditions 

(conditions 1 vs. 4 and conditions 3 vs. 4). The differences in diameter were between the same 

conditions that displayed differences in TNL. These data show that engineered capillaries formed 

with each of the three SC types had diameters on the order of capillary vessels in vivo, typically 

less than 50 m [29]. The larger diameter of LF-supported vasculature appeared to yield lumenized 

capillaries as opposed to cord-like structures that developed with support from DF and MSC (Fig. 

3.3E LFs vs. DFs and MSCs).  

 

3.3.3 Stem cells are capable of supporting changes in network interconnectedness over time  

With the exception of one condition (LF, condition 3), networks formed by the same SC 

type did not exhibit significant differences in TNL between day 7 and day 14 (Fig. 3.3B, C); 

therefore, network interconnectedness was examined. TNL provided insight into the total vessel 

density supported by each SC type. Further examination into the number of connected vessel sets 
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per volume elucidated the level of network interconnectedness each SC type facilitated. Fewer 

connected sets per volume indicated that the network was more interconnected rather than 

separate, dispersed vessel segments. LF and DF did not elicit significant differences in network 

interconnectedness over the second week in culture (Fig. 3.4A, C, respectively); however, MSC-

supported microvascular networks did show significant differences in the degree of network 

interconnectedness for two of the four conditions (Fig. 3.4B). Vessel networks formed with 

support from MSC with higher initial cell densities (conditions 1 and 2) exhibited a decrease in 

the number of connected sets over the second week in culture (day 7 vs. day 14). However, LFs 

supported the formation of significantly more interconnected networks overall (~20 connected 

sets/mm3 compared to ~50-100 connected sets/mm3 for DF- and MSC-supported networks) (Fig. 

3.4D, E). 

Though LF consistently aided in the formation of interconnected networks, DF- and MSC-

supported networks did trend towards a decrease in connected sets over time (Fig. 3.4D, E). On 

day 7, LF-supported networks had significantly fewer connected sets than both DF- and MSC-

supported networks in all four conditions (Fig. 3.4D). By day 14, differences were only observed 

in 1:1 SC:EC ratios (Fig. 3.4E). These data indicate a trend towards decreasing connected sets in 

DF- and MSC-supported networks despite the lack of significance when compared with conditions 

of the same cell type across time periods.   

 

3.3.4 Stromal cell type determines network perfusability 

In addition to morphological assessments of the microvascular networks, we also assessed 

critical functional aspects such as vessel perfusion. We hypothesized that a more interconnected 

network would facilitate better perfusion of the region between the two parent channels. To perfuse  
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Figure 3.4: Bone marrow-derived mesenchymal stem cells induce changes in network 

interconnectedness over time. Quantification of network interconnectedness over time for (A) LF-EC, (B) 

MSC-EC, and (C) DF-EC co-cultures. (D, E) Data repopulated from (A)-(C) to make comparisons of 

network interconnectedness between each stromal cell type on (D) day 7 and (E) day 14. 𝛼 < 0.05 was 

considered significant. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. Two ROIs per technical 

replicate, a minimum of 3 technical replicates per condition, per time point, per cell type and N = 3 

independent replicates per condition, per time point, per cell type were analyzed. Data points correspond 

to independent replicates.  
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the microvascular network, three criteria were needed: 1) patent parent channels, 2) inosculation 

of microvessels to the parent channels, and 3) patent microvessels. Here we showed that stromal 

cell identity influenced these criteria, which were assessed via the infusion of 10 kDa fluorescent 

dextran into the parent channels [30-32]. LF-containing devices had patent parent channels in 

100% of samples (Fig. 3.5B, Fig. S3.1A) and perfused microvascular networks in greater than 

50% of samples on day 7 and day 14 (Fig. 3.5A, C, Fig. S3.1B). Conversely, MSC- and DF-

containing devices yielded microvascular networks that did not perfuse (Fig. 3.5C, Fig. S3.1B), 

despite some percentage of parent channel patency (Fig. 3.5B, Fig. S3.1A). Samples with two 

patent parent channels were considered completely open. DF-containing samples had at least one 

patent parent channel 56% of the time (27% completely open) on day 7, but this percentage 

dropped considerably by day 14 to only 6% with a single patent channel (0% completely open). 

MSC-containing samples had 100% patency in at least one parent channel on day 7 (83% 

completely open) which decreased slightly by day 14 to 88% with at least one patent channel (69% 

completely open).   

In this system, the second and third criteria could only be assessed in tandem, i.e., dextran 

only flowed through the network if microvessels were both patent and inosculated to the parent 

channel. It is possible that in DF- and MSC-supported networks, there were patent microvessels 

that were not inosculated, inosculated microvessels that were not patent, or microvessels that were 

neither patent nor inosculated. However, in this system, these separate scenarios could not be 

distinguished.  
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Figure 3.5: Stromal cell type determines vessel patency and microvascular network perfusion. (A) LF-

EC networks perfused with 10 kDa dextran on day 14 in condition 3 (left) and condition 4 (right). Images 

show complete perfusion. (B) Channel patency and (C) network perfusion for each cell type on day 7 (top) 

and day 14 (bottom). (B, C) Data from all four conditions pooled by cell type. A minimum of 3 technical 

replicates per condition, per time point, per cell type and N = 3 independent replicates included per 

condition, per time point, per cell type were analyzed. 

 

3.3.5 Total cell number impacted the ability of stromal cells to aid in network formation 

To further characterize differences in microvascular networks formed in the presence of 

each SC type, we examined total cell number and change in cell number at the final time point of 
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culture. In samples formed with each of the three SC types, changes in cell number over the culture 

duration led to an equilibration of cell density within the devices by the final day in culture (either 

day 7 or day 14) (Fig. 3.6A). MSC-supported networks exhibited the lowest final cell density. In 

LF-containing and DF-containing samples, the final cell density for each condition was roughly 

equal to the mean (or slightly below) of the four cell densities used at the start of the experiment, 

while for MSC-containing samples the final cell density for each condition was around the lowest 

initial cell density (or slightly below) used at the start of the experiment. LF- and DF- supported 

networks exhibited both increases and decreases in cell number over time, indicating an optimal 

total initial cell density between 1.5-2M total cells/mL that would result in no change in cell 

number. In these constructs, total initial cell densities less than 2M cells/mL led to an increase in 

cell number, while total initial cell densities above 2M cells/mL led to a decrease in cell number 

(Fig. 3.6B, left and right). Conversely, MSC-supported networks exhibited decreases in cell 

number across all conditions (Fig. 3.6B, middle).  

 

3.3.6 Stromal cell traction forces may influence microvascular network formation  

 Previous studies from our group and others have implicated EC-mediated contractile forces 

in angiogenic sprouting and the formation of microvascular networks in natural matrices [10, 33, 

34]. The impact of stromal cell contractile forces on vascular morphogenesis is comparatively 

understudied, despite relevance for vascular development, engineered tissues, and tumor 

angiogenesis.  Therefore, we aimed to determine if SC-generated traction forces may account for 

the observed differences in network formation, channel patency, and network perfusion in various 

SC-supported networks. Differences in LF-, DF-, and MSC-generated traction forces were 

quantified by culturing cells on collagen-functionalized polyacrylamide gels containing 0.2 µm 
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beads as fiduciary markers and performing 2D traction force microscopy (TFM). LF and DF 

produced significantly greater levels of median traction compared to MSC (Fig. 3.6C, D).  

 

Figure 3.6: Network morphogenesis is influenced by cell number and cell-imparted traction. (A) Total 

cell number at the endpoint of culture for all three stromal cell types. (B) Change in cell number for all 

three network formations. (C) Cell imparted traction on collagen-coated polyacrylamide matrices. (D) 

Representative images of cell traction for each SC type. 𝛼 < 0.05 was considered significant. * p < 0.05, 

** p < 0.01. N = 28-30 cells per cell type analyzed; data points represent individual cells.  

 

3.3.7 Stromal cells express SMA and reside in perivascular locations in this on-chip platform   

 Prior studies have shown SC from a range of tissue origins are capable of adopting a 

perivascular morphology and expressing a subset of pericyte markers, when co-cultured in 
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hydrogels [34-36]. Therefore, we sought to qualitatively assess SMA expression and SC 

localization in relation to the vessel networks that formed within the microfluidic devices, focusing 

on a subset of samples fabricated using the cell density and ratio of condition 2. All three SC types 

displayed SMA protein expression at day 7 in culture (Fig. 3.7A). LF, DF, and MSC displayed a 

spread and elongated morphology within the gels, with the DF appearing to spread most 

extensively and uniformly throughout the gels in the representative images shown. By day 14, LF 

expression of SMA appeared qualitatively diminished with less perivascular association (Fig. 

3.7B). In contrast, DF and MSC remained closely associated with the microvasculature (Fig. 3.7B), 

adopting a sheath-like morphology marked by SMA expression around vessels (Fig. 3.7B, white 

arrowheads). In the case of cultures containing MSC, SMA expression appeared to be restricted 

to cells in perivascular locations, especially at day 14; in contrast, cultures containing DF showed 

SMA expression in cells found throughout the gel.  

 

3.3.8 Lung fibroblasts express additional pericyte markers, NG2 and PDGFR, specifically in 

perivascular locations in this on-chip platform  

Given that LF supported the highest mircovessel density and interconnectedness and were 

the only SC type to support functional perfusion, we sought to examine other markers of a pericyte 

phenotype in these cells. We qualitatively examined NG2 (Fig. 3.8A, C) and PDGFR (Fig. 3.8B, 

D) expression and localization of these pericyte-like cells to vessel networks that developed within 

the microfluidic devices. LF displayed expression for both markers at day 7 (Fig. 3.8A, B) and day 

14 (Fig. 3.8C, D) in culture. NG2+ LF displayed a spread morphology at day 7 (Fig. 3.8A) with 

some elongation alongside microvessels. By day 14, NG2+ LF morphology was more elongated  
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Figure 3.7: DFs and MSCs exhibit closer perivascular association than do LFs in SC-EC co-cultures. 

Alpha smooth muscle actin (SMA) expression on (A) day 7 and (B) day 14. Representative 

immunofluorescence staining for SMA (green) counterstained with UEA (red) and DAPI (blue) to show 

the position of SCs relative to vessels.  All samples are from condition 2. White arrowheads depict the 

sheath-like association of SMA+ SCs to UEA+ microvessels. 
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along microvessels and these cells were exclusively located in perivascular locations (Fig. 3.8C). 

PDGFR+ LF adopted a sheath-like morphology around vessels at both time points (Fig. 3.8B, 

D). In contrast to the SMA expression which diminished over time, NG2 expression increased 

over time and PDGFR expression remained constant over time.  

 

3.4 Discussion 

Stromal cells play a critical role in tissue vascularization in development and wound 

healing, and a clear understanding of their roles in capillary formation is critical to developing 

more complex engineered tissues with tissue-specific, specialized functions and a more complete 

vascular hierarchy. We demonstrated that SC play a critical role in vascular morphogenesis in 

three different assays of angiogenesis, vasculogenesis, and a hierarchical vascular model of mixed 

angiogenesis and vasculogenesis. In each model, EC alone failed to form vasculature. While vessel 

formation in EC-SC co-cultures within microfluidic chips has been previously studied [37-39], 

direct comparisons between SC types across distinct studies are difficult to make due to differences 

in microfluidic geometries, EC source, SC source, medium formulations, fluid flow, culture 

duration, and the type of anastomosis. In this study, we used an on-chip platform for static co-

culture of EC and SC using a consistent medium source, EC source, and microfluidic geometry in 

order to make head-to-head comparisons in the abilities of three different SC types to direct 

vascular assembly. Parent channels approximating arteriole diameters were fully encapsulated 

within a fibrin matrix within this device, thereby supporting physiologically-relevant anastomoses 

between de novo formed microvascular network structures within the matrix and these 

mesovessels. Consistent with other reports investigating co-culture models of vascular  



 84 

 

Figure 3.8: LF display close perivascular association of NG2 and PDGFR. (A, C) NG2 expression and 

(B, D) PDGFR expression on (A, B) day 7 and (C, D) day 14. Representative immunofluorescent staining 

for NG2 (green, A, C) and PDGFR (green, B, D) counter stained with UEA (red) and DAPI (blue) to show 

the position of LF relative to vessels. All samples are from condition 3.  

 

morphogenesis in natural matrices in on-chip systems [16-18], EC formed microvascular networks 

within this on-chip platform using LF, DF, and MSC as the supportive cells. LF and DF supported 

more expansive network formation compared to MSC-supported samples. Over time in culture, 

MSC supported changes to microvascular network organization, including a greater degree of 
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network interconnectedness, while fibroblast-supported networks remained more constant over a 

longer duration for the parameters measured.  

In an effort to better understand how SC of different tissue origins give rise to endothelial 

networks that are quantitatively and qualitatively distinct, we investigated two candidate 

possibilities by focusing on cell densities and traction forces. Our analysis of cell density identified 

differences between samples containing fibroblasts and MSC. Co-cultures containing fibroblasts 

showed an increase in cell number when the initial seeding density was low, but a reduction in cell 

number when the initial seeding density was high. Co-cultures containing MSC decreased in cell 

number regardless of the initial seeding density. These changes in cell density correlate with the 

degree of vascularization as quantified by measuring TNL (note the similar shapes to the graphs 

in Figure 3.3B vs. Figure 3.6B), and therefore may partially explain the significantly lower TNL 

in MSC-supported samples compared to fibroblast-supported samples, as well as inconsistencies 

in vascular morphogenesis and function. More broadly, these observations suggest two 

possibilities: SC density is tightly regulated to support vascular morphogenesis, lumenogenesis, 

and patency, or SC regulate EC density to control the same parameters. However, our data do not 

address if the EC or SC are preferentially dying or proliferating in our microfluidic devices. 

One study of neovascularization in modular fibrin microtissues containing EC-fibroblast 

co-cultures of 1:1 and 1:3 ratios, similar to the ratios used here, showed preferential proliferation 

of the fibroblasts [25]. Another study showed that fibroblasts regulate vascular morphogenesis and 

lumenogensis in part by secreting paracrine angiogenic factors to enable sprouting and ECM 

proteins that stiffen the matrix to enable lumenogensis [40]. In our results, elevated paracrine 

secretions of pro-angiogenic factors and ECM could potentially be due to elevated numbers over 

time of SC in our LF-EC and DF-EC co-cultures relative to the MSC-EC co-cultures. On the other 
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hand, a particularly innovative recent study used an inducible caspase-9 kill-switch gene to 

preferentially induce apoptosis in fibroblasts, and revealed that transient support of fibroblasts (as 

little as 3 days) is sufficient to drive the formation of functional microvasculature [41]. That study 

used cell densities that were 3-9x higher than those we used here, and thus it seems likely the time 

required for the presence of the fibroblasts depends on the number present. A potentially important 

complicating factor in dissecting the mechanisms by which SC modulate vascular morphogenesis 

in co-culture systems is the choice of culture medium. We used EGM-2 for consistency across 

conditions, but the different SC may alter their secretome and/or their ability to synthesize and 

remodel the ECM in this medium relative to their basal culture medium.    

Differences in SC-generated traction forces may also play a role in the observed differences 

in vascular morphogenesis and perfusion. It has been well-established that EC-generated traction 

forces play important roles in vascular morphogenesis [42-45], in part by reorganizing ECM fibers 

to enhance EC migration and invasion [46].  However, the roles of SC-generated forces in vascular 

assembly are comparatively understudied. Quantification of traction stresses using 2D traction 

force microscopy suggested a correlation between SC-generated forces and TNL, as both LF and 

DF generate larger traction stress and support vascular assembly to a greater extent than MSC. 

Since fibroblasts support more extensive endothelial network formation than do MSC, higher 

levels of tension in the ECM imparted by higher levels of traction force exerted by SC may play a 

role. LF and DF produced similar levels of traction, despite yielding microvascular networks with 

clear differences in channel patency and network perfusion.  This suggests that the magnitude of 

SC-mediated traction forces cannot fully explain the observed differences in microvascular 

function in our system. DF, LF, and MSC reside in different tissue microenvironments and serve 

different functions in vivo, and our use of 2D TFM as a surrogate for traction forces in 3D 
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multicellular microenvironments at a single time point may not capture nuanced differences 

between SC types in terms of the timing and duration of traction forces.  The use of 3D TFM 

approaches [47] and/or microrheology [10] in future work may shed some additional light on 

differences in SC forces during vascular morphogenesis, but are beyond the scope of this particular 

study.   

The qualitative differences in SMA expression observed in our study may also implicate 

differences in SC-generated traction forces. SMA expression has been linked to increased 

traction forces and a myofibroblast phenotype in fibroblasts [48, 49]. One study showed increased 

expression of SMA enhanced the contractile activity of cultured fibroblasts [50]. Qualitatively, 

DF showed the greatest degree of SMA expression on both days 7 and 14, and a more uniform 

distribution of SMA+ cells throughout the entire gel compared to both LF and MSC. DF-

generated traction forces distributed over a larger gel volume, while perhaps initially beneficial to 

accelerate vascular assembly by stiffening the fibrous ECM and enhancing long-range 

communication, may accelerate fibrin compaction and/or remodeling when sustained over 

prolonged periods in a manner akin to fibrosis that adversely affect parent channel patency.  In 

contrast, SMA expression in LFs appeared to decrease over time, coinciding with sustained 

parent channel patency. The SMA expression levels and localization patterns we observed are 

also consistent with the observed differences in microvessel diameter. Capillary pericytes have 

been shown to control blood flow by modulating capillary diameter [51]. In our co-cultures, MSC 

and DF exhibited a greater degree of perivascular association and sustained this association for a 

longer duration compared to LF, perhaps leading to the smaller vessel diameters observed in MSC-

EC and DF-EC co-cultures compared to LF-EC co-cultures. 
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The additional pericyte markers examined in LF samples may coincide with quantitative 

microvascular network results. NG2 has been implicated in pericyte proliferation and as an 

activator of integrin signaling leading to enhanced vessel maturation [52]. LF supported the most 

interconnected vessel networks and therefore the increase in perivascular NG2 expression may be 

critical for maintenance of this mature vessel quality in this on-chip platform. PDGFR is required 

for pericyte migration to and migration along the microvessel wall [53, 54], which is critical for 

maturation of nascent capillaries. Perivascular mural cells stabilize vessels by preventing 

endothelial proliferation and the inducing the production of basement membrane proteins [55]. 

The sheath of PDGFR+ and NG2+ LF around vessels at day 14 may play a role in the reduction 

in cell number observed in this system to maintain a mature vascular phenotype.  

Perfusion of endothelial microvessels is critical for long-term tissue function in vitro and 

in vivo. In this study, samples were cultured statically for 7 or 14 days followed by a brief addition 

of flow to assess dextran infusion into parent channels and microvascular networks. Here we show 

that LF were the only SC type tested that could facilitate perfusion of endothelial microvessels in 

the absence of flow preconditioning. However, our previous in vivo work [7] has shown successful 

lumenization and perfusion of EC-MSC vessels, suggesting that the absence of continuous flow in 

our system may explain the lack of perfusion in MSC- and DF-supported vessels. A recent study 

which showed perfusion of DF-supported vessels used a much higher cell density and incorporated 

flow into the system [41], while a study that showed perfusion of MSC-supported vessels also 

examined vessels under static culture but used a microfluidic device where anastomosis occurred 

to openings in a PDMS channel [16] rather than physiologic anastomosis to an endothelialized, 

matrix-encapsulated channel. Our results, coupled with the results from others cited above, further 
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highlight the need for consistency in study parameters to specifically parse out the role of SC in 

vascular morphogenesis and vessel perfusion.  

To summarize, we report the use of a microfluidic chip platform to evaluate if differences 

in SC identity induce changes in vascular morphogenesis and function in 3D natural hydrogel 

matrices. We used this system to characterize vasculature formed by co-culturing EC with tissue-

specific SC [56]. We demonstrated that co-cultures of EC and fibroblasts generated more 

expansive vascular networks compared to co-cultures of EC and MSC. We further showed that 

vascular morphogenesis induced by LF and DF yielded capillary networks that may correlate with 

the distinct functions of their organ-specific origins. LF-supported microvasculature displayed 

wider diameters, which may be important to facilitate gas exchange in the alveoli [57]; by contrast, 

DF-supported microvasculature coincided with closure of the arteriole-scale parent channels, 

potentially due to DF-mediated contraction of the fibrin matrix consistent with the role of DF in 

remodeling provisional clots during wound healing and DF undergoing a transition to a 

myofibroblast phenotype [58]. Future studies could also incorporate tissue-specific EC [56], such 

as normal human lung microvascular EC co-cultured with LF rather than the more widely used 

HUVEC. Overall, the reproducibility, simplicity, and flexibility (cell type, matrix composition, 

matrix density, etc.) of this microfluidic microvascular system provides a platform to probe 

fundamental vascular biology questions during neovascularization, to gain an understanding of 

tissue-specific vasculature, and to guide strategies to vascularize engineered tissues and organs.  
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3.5 Supplementary Figure 

Supplementary Figure 3.1: Stromal cell type determines vessel patency and microvascular network 

perfusion. (A) Channel patency and (B) network perfusion for each cell type on day 7 (left) and day 14 

(right). A total of n = 3-4 per condition, per time point, per cell type and N = 3 independent replicates 

included per condition, per time point, per cell type were analyzed. 
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Chapter 4 – Engineering Hierarchical Vascular Chimeras by Combining Human 

Microvessels with Explanted Murine Macrovessels 

 

*This chapter is in preparation for submission as a peer reviewed journal article.  

4.1 Introduction 

Cardiovascular disease, the leading cause of death worldwide [1], causes damage to both 

large-scale arteries and small-scale capillaries, but most clinical interventions (e.g., stents, grafts) 

focus only on the macroscale vessels. In the field of tissue engineering, strategies to engineer 

arterial grafts [2-6] and microvasculature [7-10] separately have emerged, but efforts to bridge 

these two length scales to create a multiscale vascular network capable of supporting an engineered 

tissue or restoring perfusion to an ischemic tissue have been limited [11, 12]. Such a construct 

could be applicable in peripheral artery disease in particular, where the arteries blocked with 

atherosclerotic plaque lead to further adverse effects in the downstream capillaries supplying blood 

and nutrients to the surrounding muscle tissue [13]. Pro-atherosclerotic stimuli drive a decrease in 

pericyte coverage of the downstream capillaries, a buildup of reactive oxygen species, and 

increased leukocyte recruitment. These stimuli overall lead to endothelial dysfunction, capillary 

rarefication, and decreased blood flow to the surrounding tissues. Despite interventions to reopen 

the atherosclerotic artery, the decreased capillary density remains leading to continued decreased 

blood flow and limiting the recovery of the ischemic tissue [13].  

Over the last half century, a significant number of studies have used aortic ring assays to 

study angiogenic sprouting from large, quiescent arteries [14-26]. These assays have primarily 
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been used to study angiogenesis in a more complex, physiologic model in contrast to simplistic in 

vitro models that may not replicate the complexity of various cell types, growth factors, and matrix 

present in vivo. One study investigated sprouting from vessels isolated from different regions 

throughout the body and compared sprouting from arteries and veins [27]. Though these models 

do result in a multiscale construct consisting of an artery segment and sprouted capillaries, 

sprouting from the lumenal end of the artery diminishes their capability to be sutured into 

circulation, limiting their therapeutic application. A study employing a similar technique 

investigated capillary sprouting from isolated large-scale vessels to bridge artery and vein 

segments together with the sprouted capillaries [28]. In that study, an artery and vein were 

positioned on either side of a micropatterned hydrogel and angiogenic factors were employed to 

induce sprouting between the two segments and ultimately connect them. While this study is more 

translatable in that there is a free, suturable end on both sides of the construct, if implanted, this 

would bridge arterial circulation with the small-scale capillaries connecting the two large vessels 

and does not vascularize the surrounding tissue.   

The work presented here aimed to create hierarchical tissue constructs spanning multiple 

length scales by evaluating the ability of macroscopic vessels isolated from mice to sprout and 

form functional connections to engineered human capillary networks ex vivo. To our knowledge, 

this is the first exhibition of sprouting from the abluminal edge of a quiescent macroscopic vessel. 

The experimental model developed here also provides a platform to better understand the 

mechanisms of inosculation that lead to the spontaneous formation of host-graft anastomoses, 

which remain poorly understood.  
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4.2 Materials and Methods 

4.2.1 Cell culture 

Normal human lung fibroblasts (LF; Lonza, Walkersville, MD) were cultured in 

Dulbecco’s modified eagle medium (DMEM; Gibco, Waltham, MA) supplemented with 10% fetal 

bovine serum (FBS; Gibco) with medium changes every other day. LF were used between passage 

10 and 15. Human umbilical vein endothelial cells (EC) were isolated from fresh umbilical cords 

obtained from Mott’s Children’s Hospital via an IRB exempt protocol. EC between passage 4 and 

7 were cultured in EGM-2 (Lonza) with medium changes every other day. All cells were 

maintained in 5% CO2 at 37°C.  

 

4.2.2 Murine vessel harvest 

All animal procedures were compliant with the NIH Guide for Care and Use of Laboratory 

Animals and approved by the University of Michigan’s Institutional Animal Care and Use 

Committee. Male BALB/c mice (Taconic Farms, Rensselaer, NY) between 5 and 7 weeks of age 

were used for this study. Animals were acclimated to their surroundings for 3 days following 

delivery. Animals were anesthetized using 2% inhaled isoflurane. Fur was removed from the lower 

legs and abdomen on the ventral side of the animal via shaving followed by the application of 

depilatory cream to remove residual fur. First the femoral bundles from each leg were removed. 

An incision was made over the vessels and the fascia was separated from the vessel-nerve bundle. 

Gentle dissection was used to separate the bundle from the surrounding muscle and subsequently 

the artery-vein (AV) bundle from the nerve (Fig. 4.1D). The same procedure was repeated on the 

second limb. The animal was then euthanized by 5% overdose of isoflurane. Subsequently, the 
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abdominal and thoracic cavities were opened to induce a pneumothorax and to expose the inferior 

vena cava (IVC) and aorta (Fig. 4.1C). Adventitia was removed from the IVC and aorta prior to 

isolation. Vessels were rinsed thrice in sterile saline to remove residual blood and tissue. The aorta 

was cannulated and flushed with saline through the lumen; other vessels were too small in diameter 

to do the same.  

 

4.2.3 Hydrogel fabrication and culture 

Individual vessels or vessel bundles were embedded in fibrin hydrogels (cellular or 

acellular) (Fig. 4.1A). The final composition of resultant hydrogels was 5 mg/mL bovine 

fibrinogen (Sigma), 1 U/mL bovine thrombin (Sigma), and 10% FBS. Cellular hydrogels contained 

a 1:1 ratio of EC and LF at a final density of 500K cells/mL. Hydrogels were cultured to day 1, 7, 

or 14 in standard EGM-2 or EGM-2 containing 2.2 µM aprotinin (Sigma, St. Louis, MO) with 

media exchanged on the first day and every other day thereafter. 

 

4.2.4 Rheological characterization 

Hydrogel stiffness was measured using parallel plate shear rheology on an AR-G2 

rheometer (TA Instruments; New Castle, DE) with an 8 mm diameter measurement head. 

Hydrogels containing explants and controls (no explant) were measured with 6% strain amplitude 

and a 1 rad/sec frequency on days 1 and 7 to obtain shear modulus values (G’). Hydrogels were 

maintained in the culture plates on a stage heated to 37°C to ensure measurement conditions 

matched culture conditions. Three independent replicates (N = 3) were measured for each 
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condition and time point. Only cellular hydrogels and acellular hydrogels with aprotinin were 

analyzed.  

 

4.2.5 Immunofluorescent staining and imaging 

Gels were fixed on the last day of culture with Zinc Formalin Fixative (Z-fix; Anatech; 

Battle Creek, MI) for 15 minutes at room temperature and washed 3 times for 5 minutes each with 

tris buffered saline (TBS). Fixed gels were stained with 4’, 6-diamidino-2-phenylindol (DAPI; 1 

ug/L; Fisher Scientific), AlexaFluor 488 Phalloidin (1:200 dilution; Fisher Scientific), DyLight 

649-conjugated Griffonia Simplicifolia Lectin I Isolectin B4 (1:50 dilution; Vector Labs, 

Burlingame, CA), and rhodamine-conjugated Ulex europaeus Agglutinin I (cellular only; UEA; 

1:200 dilution; Vector Labs). Staining dilutions were made in TBS and samples were incubated 

with staining solution overnight at 4C. Following staining, samples were washed with TBS for at 

least 24 hours.  

Samples were imaged on an Olympus IX81 outfitted with a confocal disc spinning unit 

(DSU; Olympus America, Center Valley, PA) and Metamorph software (Molecular Devices, 

Sunnyvale, CA). Confocal z-stacks (300 um, 7 slices) were obtained at 4x magnification and 

compressed into maximum intensity projections preceding sprout distance analysis.  Additionally, 

phase contrast, whole-well, single z-plane scans were obtained for analysis of degradation and 

sprout percentage. 

 

4.2.6 Analysis of degradation 
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Acellular samples were imaged in phase using the scan slide application in Metamorph to 

obtain an entire well image of each construct consisting of an explanted vessel in fibrin. 

Degradation was measured as the absence of fibrin surrounding the vessel (Fig. 4.1E). The entire 

explant perimeter and the degraded perimeter were measured. To obtain a percent degraded metric, 

the perimeter of the explant that exhibited degradation was divided by the total explant perimeter. 

Degradation analysis was performed on 3 independent replicates at day 7 only.  

 

4.2.7 Analysis of sprouting 

Multiple metrics were used to assess sprouting from vessel explants into the surrounding 

fibrin hydrogel. The first metric was a percentage of the explant that exhibited sprouting (Fig. 

4.1F). The perimeter of the explant that exhibited sprouting was divided by the total explant 

perimeter to obtain a percent sprouted metric. Second, sprout distance was measured as the average 

distance sprouts reach from the explant edge and was measured only in sprouted regions (Fig. 

4.1G). For this metric, 15+ measurements were taken per explant across multiple images. For all 

measurements, N = 3 independent replicates were analyzed per condition per timepoint. Lumenal 

sprouting refers to sprouts originating from the transverse section of the vessel at the lumen 

opening. Abluminal sprouting refers to sprouts originating from the vessel wall along the 

longitudinal edge of the vessel.  

 

4.2.8 Fabricating three-scale vascular hierarchies 

To fabricate three-scale hierarchies with embedded mesovessels, we fabricated a 

polydimethylsiloxane (PDMS; Sylgard 184, Ellsworth Adhesives, Germantown, WI) mold with 
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reservoirs to seed arteriole-scale channels with EC (Fig. 4.1H), as described previously [29]. 

Briefly, 290 m acupuncture needles were coated in 2% gelatin (Sigma) and inserted into the 

PDMS chamber. Cellular or acellular hydrogels were fabricated as described above and cast 

around the needles with an aorta placed in between the two needles. Needles were removed leaving 

behind empty cavities that were seeded with EC to form mesovessels.  

 

Figure 4.1: Methodology for the fabrication and analysis of hierarchical vascular networks containing 

explanted murine macrovessels. (A) Schematic diagram of cell and vessel harvest procedures and hydrogel 

fabrication approach. (B) Experimental timeline. (C) Surgical view of thoracic cavity showing the two 

explanted vessels and the esophagus which was avoided. (D) Surgical view of the left femoral muscle 

showing the AV bundle and the femoral nerve which was avoided. (E-G) Methods for analysis of explants. 

(E) Degradation analysis – red lines indicate degraded perimeter. (F) Percent sprouted analysis – red lines 

indicate sprouted perimeter (G) Sprout distance analysis – red lines indicate sample traces of cell 

sprouting. (H) Color image of the PDMS mold for fabricating 3-scale vascular hierarchies bonded to glass 

with needles inserted. 
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4.2.9 Statistics 

Data were analyzed using Prism 9 (GraphPad, San Diego, CA). All data are represented as 

mean  standard deviation. All data points represent a vessel from an individual animal, where, 

for some types of analyses, multiple measurements were averaged to obtain the data point from 

each animal. Analysis was conducted on N = 3 animals per measurement type. Data were analyzed 

using a one-way ANOVA with Sidak’s multiple comparisons post hoc test for pre-specified 

comparisons or a nonparametric test with Dunn’s post hoc test for pre-specified comparisons. 

Comparisons were made between vessel types at the same timepoint or between timepoints for the 

same vessel type. p < 0.05 was considered statistically significant.  

 

4.3 Results 

4.3.1 Quiescent large vessels sprout into acellular fibrin hydrogels 

We examined sprouting from murine aortae, vena cavae, and femoral AV bundles 

embedded in fibrin hydrogels (Fig. 4.1). We observed significant sprouting from vessels in 

acellular fibrin hydrogels. Both stromal cell (SC) and EC sprouting occurred from all three vessel 

types (Fig. 4.2C, D). Explants embedded in acellular hydrogels sprouted in a collective, 

multicellular morphology (Fig. 4.2C, D), but significantly degraded the fibrin surrounding the 

vessel (Fig. 4.2A). There was significantly less fibrinolysis around aortae compared to vena cavae 

and AV bundles (Fig. 4.2B). Sprouting primarily occurred in the degraded regions of the hydrogel, 

resulting in cord-like endothelial structures that appeared to stretch across areas devoid of matrix. 

The nuclear staining showed clusters of cells rather than a vessel-like arrangement with a hollow 

lumen between nuclei (Fig. 4.2D, Nuclei). These constructs were not further analyzed for sprouting 



 104 

metrics as the large degree of fibrinolysis would limit their utility as transplantable engineered 

vascularized tissue constructs.  

To mitigate the significant fibrinolysis, aprotinin, a protease inhibitor, was added to the 

culture medium. In the presence of aprotinin, explants did not degrade the surrounding fibrin (Fig. 

4.3A), and sprouts were morphologically different in the surrounding hydrogel. In contrast to the 

multicellular clusters observed without aprotinin, these explants sprouted as single cells (Fig. 4.3D, 

E). All vessels sprouted from the cut, lumenal edge (Fig. 4.3D) in addition to the abluminal edge 

(Fig. 4.3E). Though all vessels sprouted, aortae sprouted from a greater percentage of the vessel 

perimeter (Fig. 4.3B) and had a trend of increased sprout distance from the vessel edge compared 

to vena cavae and femoral AV bundles (Fig. 4.3C). 

 

Figure 4.2: Explanted macrovessels embedded in acellular fibrin hydrogels cause significant 

fibrinolysis. (A) Macroscopic phase contrast images of the entire explant and surrounding degraded fibrin 

hydrogel. (B) Quantification of explant perimeter with degraded fibrin. (C) Representative fluorescent 

images of sprouting from the explant edge into degraded fibrin regions. (D) Magnified view of vessel-like 

structures. * p < 0.05, ** p < 0.01 Magenta – mEC, Green – Actin, Blue – Nuclei. Dashed lines demarcate 

explant edge. 
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When cultured for an additional week, explants continued to sprout further into the 

hydrogel, with a significant increase in sprout distance from aortae (Fig. 4.3C). Femoral bundles 

and vena cavae displayed increased sprout distance, though not statistically significant. 

Additionally, the trend in increased sprout distance from aortae compared to other vessel types at 

day 7 became significant at day 14. The dominant sprouting morphology at day 14 remained single 

cells (Fig. 4.3F), but in some instances, there was evidence of multicellular cluster sprouting 

predominantly from the cut edge (Fig. 4.3G). This morphology was observed more from vena 

cavae and femoral AV bundles than aortae and was only observed in two thirds of the vessels of 

each type analyzed. When this morphology was observed from aortae, it typically occurred from 

the ends of intercostal branches (Fig. 4.3G, Aorta), not the main aorta. Additionally, the 

multicellular sprouts from vena cavae and aortae tended to be thinner than those from femoral 

bundles.  

 

4.3.2 Sprouting persists in cellular fibrin hydrogels with evidence of chimeric microvasculature 

 We next examined how these EC sprouts from explants would interact with human EC and 

SC capable of vasculogenic self-assembly in the surrounding fibrin matrix. Mouse EC continued 

to sprout into cellular fibrin hydrogels. The presence of human cells in the bulk hydrogel attenuated 

explant-induced fibrinolysis at day 7 (Fig. 4.4A), but this effect did not persist to day 14 (Fig. 

4.4B). Further, the degradation was not consistent across explant types, with femoral and vena 

cavae explants exhibiting the most degradation, consistent with the degradation observed in 

acellular hydrogels (Fig. 4.2). Human EC in the bulk hydrogel self-assembled into capillaries (Fig. 

4.4 D, E, hEC) over the course of culture as mouse EC sprouted out into the hydrogel (Fig. 4.4 D, 

E, mEC). In regions that did not degrade, the EC sprouting morphology was comparable to that of  
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Figure 4.3: Explanted macrovessels embedded in acellular fibrin hydrogels with protease inhibitors yield 

significant sprouting from the abluminal and lumenal edges. (A) Macroscopic phase contrast images of 

the entire explant and surrounding fibrin hydrogel. (B) Quantification of explant perimeter with sprouted 

cells. (C) Quantification of mEC sprout distance from explant edge. (D) Representative fluorescent images 

of sprouting from the lumenal explant edge at D7. (E) Representative fluorescent images of sprouting from 

the longitudinal explant edge at D7. (F) Representative fluorescent images of sprouting from the explant 

edge at D14 with the same morphology as at D7. (G) Representative fluorescent images of sprouting from 

the explant edge at D14 with a new multicellular morphology. ** p < 0.01 Magenta –mEC, Green – Actin, 

Blue – Nuclei. Dashed lines demarcate explant edge. 

 

the explants in acellular hydrogels cultured in the presence of aprotinin (Fig. 4.4D compared to 

Fig. 4.3D, E). In regions that did degrade, the sprouting morphology was comparable to the 

acellular sprout morphology (Fig. 4.4E femoral compared to Fig. 4.2C, D). Sprouting occurred 
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from both lumenal and abluminal edges, though the number of sprouted regions was attenuated in 

comparison to acellular samples with aprotinin supplement. This may be a result of the presence 

of human cells consuming nutrients from the medium or the proximity of human cells undergoing 

vasculogenesis to the explant causing local changes in fibrin stiffness. 

 

Figure 4.4: Formation of chimeric vascular structures. (A, B) Macroscopic phase contrast images of the 

entire explant and surrounding fibrin at (A) D7 and (B) D14. (C) Quantification of mEC sprout distance 

from the explant edge into the hydrogel. (D, E) Representative fluorescent images of mEC sprouting from 

explants at (D) D7 and (E) D14. (F) Representative magnified fluorescent images of mEC-hEC interactions 

and morphologies. Red – hEC, White – mEC, Green – Actin, Blue – Nuclei. Yellow arrows – mEC 

interacting with hEC. Green arrows – mEC sprouted into the hydrogel not interacting with hEC. Dashed 

lines demarcate explant edge. 

 

 At higher magnification, two different migration morphologies were observed. In some 

cases, mouse EC sprouted into the gel without interacting with human EC (Fig. 4.4F, green 

arrows). In other cases, mouse EC sprouted towards and began wrapping around human EC vessels 
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(Fig. 4.4F, yellow arrows). Further, the morphology of the mEC interacting with hEC was different 

than mEC sprouting solely into the gel. mEC in the hydrogel exhibited a spindle-like morphology 

somewhat akin to that of fibroblasts, while mEC interacting with hEC did not appear spindly, but 

rather elongated along the hEC vessel.  

 In addition to hEC altering the morphology of mEC, the presence of explants within the 

hydrogels also induced morphological changes to the bulk human vasculature. At regions close to 

the explant, all three explant types had some evidence of human vasculature directly next to the 

explant (Fig. 4.5A, bottom), while some regions showed single cells that did not self-assemble into 

vasculature directly next to the explant (Fig. 4.5A, top). In the bulk of the hydrogel, at distances  

>1 mm from the explant edge, the density of human vasculature was comparable to gels without  

explants (Fig. 4.5B, C). However, explants did induce some morphological differences in vascular 

assembly throughout the bulk hydrogel. Most regions contained a normal vascular density (Fig. 

4.5D, middle) comparable to gels without an explant (Fig. 4.5C), though some regions exhibited 

dense (Fig. 4.5D, left) or sparse (Fig. 4.5D, right) vascular density.  

 Comparable to the effect in acellular gels, aprotinin eliminated explant induced fibrinolysis 

in cellular hydrogels (Fig. 4.6A, B). When aprotinin was incorporated into the media for cellular 

hydrogels, the sprout morphology remained unchanged compared to those without aprotinin; mEC 

still sprouted as single cells (Fig. 4.6C, D) to similar distances (Fig. 4.6E). Chimeric vasculature 

was observed again with some EC sprouting towards and wrapping around human microvessels 

(Fig. 4.6F, yellow arrows).  
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Figure 4.5: Macrovessel explants induce changes to capillary morphology but not capillary density. (A) 

representative images of human self-assembled capillaries formed around explants. (B) Quantification of 

vessel density in hydrogels with or without explants. (C) Representative image of capillaries in a hydrogel 

without an explant. (D) Representative images of three different capillary morphologies. Red – hEC. N = 

3 vessels from 3 separate mice per vessel type. N = 3 independent replicates examined. Vessel explant types 

merged for each replicate.  Dashed lines demarcate explant edge. 

 

4.3.3 Human cells attenuate sprouting from murine explants 

 When sprout distance data for all three conditions (Acellular + Aprotinin, Cellular, and 

Cellular + Aprotinin) were examined, clear trends arose. The presence of human cells in the bulk 
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hydrogel attenuated sprouting over time compared to acellular hydrogels with the aprotinin 

supplement (Fig. 4.7). At day 7, aortae sprouted significantly less in both cellular conditions 

compared to acellular hydrogels with the aprotinin supplement. At day 14, all three vessel types 

and both thoracic vessels displayed significantly attenuated sprouting in cellular hydrogels and 

cellular hydrogels with the aprotinin supplement, respectively, compared to acellular hydrogels 

with the aprotinin supplement. Further, the presence of aprotinin did not affect sprout distance in 

cellular hydrogels with no significant differences observed between these conditions.  

 

Figure 4.6: Formation of chimeric vascular structures. (A, B) Macroscopic phase contrast images of the 

entire explant and surrounding fibrin at (A) D7 and (B) D14. (C, D) Representative fluorescent images of 

mEC sprouting from explants at (C) D7 and (D) D14. (E) Quantification of mEC sprout distance into the 

hydrogel. (F) Representative magnified fluorescent images of mEC-hEC interactions and morphologies. 

Red – hEC, White – mEC, Green – Actin, Blue – Nuclei. Yellow arrows – mEC interacting with hEC. Green 

arrows – mEC sprouted into the hydrogel not interacting with hEC. 
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4.3.4 Sprout distance is correlated with hydrogel stiffness  

 We examined hydrogel stiffness via bulk parallel plate rheology to determine if explant 

sprouting yielded increases in hydrogel stiffness as we have observed in other hydrogel systems 

[30]. The presence of an explant within the hydrogel did not cause significant differences in 

hydrogel stiffness (Fig. 4.8A). Sprouting into the hydrogels did not significantly increase hydrogel 

stiffness in either acellular hydrogels with the aprotinin supplement or cellular hydrogels (Fig. 

4.8A). We then examined the correlation between hydrogel stiffness and sprout distance after 7 

days in culture. When sprout distance significantly increased between some vessel types (i.e., 

Acellular + Aprotinin Aorta as shown Fig. 4.3C), there was a correlation between sprout distance 

and hydrogel stiffness. In the acellular + aprotinin conditions, stiffness and sprout distance were 

well correlated with an R2 value of 0.9377 (Fig. 4.8B). When sprout distance was equal among the 

different vessel types (i.e., Cellular as shown in Fig. 4.4C), the two parameters were not well 

correlated as evidenced by an R2 value of 0.6686 in the cellular condition (Fig. 4.8B). 

Figure 4.7: The presence of cells in the bulk hydrogels diminishes mEC sprout distance. Quantification 

of mEC sprout distance into fibrin hydrogels of different compositions. Data reproduced from figures 4.3C, 

4.4C, and 4.6E. * p < 0.05, ** p < 0.01, **** p < 0.0001. 
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Figure 4.8: Sprout distance and hydrogel stiffness are interdependent in some hydrogel conditions. (A) 

Quantification of hydrogel stiffness via macro rheology. (B) Correlation between sprout distance and 

hydrogel stiffness at day 7. Green – acellular + aprotinin samples, Blue – cellular samples. 

 

4.3.5 Creating three-scale vascular hierarchies 

One major drawback of current vascular tissue constructs is the lack of a multiscale 

vascular hierarchy within the tissue construct. Therefore, we sought to incorporate mesovessels 

within our constructs to fabricate a more complete hierarchy containing all three vascular length 

scales (Fig. 4.9). We incorporated the suturable aorta into a hydrogel with self-assembled 

capillaries and two mesovessels thereby creating a complete vascular hierarchy containing a 

microvascular network, mesovssels, and a macrovessel.  

We fabricated both cellular hydrogels (Fig. 4.9A) and acellular hydrogels with the 

aprotinin supplement (Fig. 4.9B). We primarily observed the same sprout morphology as 

previously shown in day 7 cellular constructs in Figure 4.4. Additionally, we also observed a more 

vessel-like phenotype not previously observed in day 7 cellular constructs (Fig. 4.9A, middle). The 

mesovessels were perfusable (Fig. 4.9A, right) though inosculation between the meso- and 

microvasculature, as previously shown in Chapter 3, was not observed here. The acellular + 

aprotinin sample was cultured for 21 days to allow sprouted cells to reach the mesovessel and 
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integrate (Fig. 4.9B, left and middle). We observed the same multicellular phenotype shown 

previously at day 14 from an intercostal branch (Fig. 4.9B, right)  

 

 

Figure 4.9: Engineered three-scale vascular hierarchies with murine aortas as a macrovessel. (A) Aorta 

embedded in cellular fibrin hydrogels. Whole sample phase contrast scan (left), mEC vessel-like sprout 

morphology (middle), dextran perfusion through mesovesel (right). (B) Aorta embedded in acellular fibrin 

hydrogel with the aprotinin supplement. Whole sample phase contrast scan (left) and nuclei scan (middle). 

High magnification view of vessel-like sprouts (right). A middle: white – mouse EC, A right: green – 

dextran. B middle: white – nuclei. B right: magenta – mEC, green – actin, blue – nuclei.  
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4.4 Discussion 

 The engineering of hierarchical vasculature is a critical next step for the field of tissue 

engineering and regenerative medicine to advance engineered tissues and organs one step closer 

to clinical translation. While microvascular sprouting from macroscopic murine vessels has been 

previously studied using aortic ring assays, to the best of our knowledge, this is one of the first 

reports using a full-length vessel with observation of sprouting from the abluminal edge of a 

macrovessel in addition to the lumenal cut edge, and of sprouting from a macrovessel for 

inosculation with engineered capillaries to yield a hierarchical vascular tissue construct. One other 

study reported the use of longer vessel segments, but with sprouting still solely from the cut end. 

Chiu, et al. report the interconnection of two longer vessel segments, an artery and a vein, by 

sprouted capillaries using topographical and biological cues to guide nascent sprouts [28]. Their 

study induced sprouting from the cut edge, thereby connecting two macrovessels with sprouted 

capillaries. 

In our initial acellular hydrogels, we observed significant explant-induced fibrinolysis of 

the surrounding fibrin hydrogels. Similar results have been observed in foundational studies using 

the aortic ring assay [31]. Several studies using these ring assays implicate MMPs, specifically 

MMP-2, for their role in the initiation of microvessel formation and in microvessel regression at 

later timepoints in the vascular morphogenesis cascade in aortic ring cultures [32, 33]. MMPs 3, 

9, 10, 11 and MT1-MMP have also been implicated in the outgrowth of microvascular structures 

in aortic ring cultures [26]. Zhu et al. observed a reduction in vascular sprouting from aortic rings 

concurrent with a marked reduction in collagen lysis when aortic rings were cultured with MMP 

inhibitors batimastat and marimastat [33]. These results are consistent with our results shown in 

Figure 4.2 where there is significant fibrinolysis and vessel formation in acellular hydrogels and 
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in Figure 4.3 when fibrinolysis is eliminated as is vessel formation in the presence of the protease 

inhibitor aprotinin. These results suggest that regardless of hydrogel composition, degradation of 

the hydrogel is critical for vessel sprouting to occur. In support of this, Chun et al. cultured aortic 

rings in collagen hydrogels and fluorescent staining for collagen degradation products revealed 

that both proteolyzed and denatured collagen were present in the perivascular region surrounding 

nascent vessels [34]. They also found that sprouting from rings from plasminogen null mice was 

indistinguishable from control mice, suggesting that angiogenic sprouting persists in the absence 

of plasminogen, a known regulator of fibrin degradation. Their study was conducted in collagen 

hydrogels but is consistent with our results in fibrin as we showed that when fibrinolysis was 

inhibited, EC still sprouted from the vascular explants. Another study of angiogenesis from aortic 

rings in fibrin gels found that neither plasminogen nor plasminogen activator were required for 

neovessel formation, rather MMPs were a critical regulator of vessel sprout formation in fibrin 

hydrogels [35].  Together, these results suggest a future experiment where acellular hydrogels are 

cultured at early timepoints without aprotinin to initiate angiogenic sprouting and then at later 

timepoints with aprotinin to prevent subsequent microvessel regression and fibrinolysis. 

 Despite the dogmatic view that large quiescent vessels do not sprout, or only do so from 

cut or damaged ends as observed in aortic ring assays, we observed sprouting in both acellular and 

cellular hydrogels. In this study, we examined sprouting from arteries and veins from both thoracic 

and femoral origins. We observed differences in sprout percentage and sprout distance from aortae 

and vena cavae in acellular hydrogels with the aprotinin supplement. These results could be due 

to several reasons. First, arteries have a thicker vessel wall with greater numbers of cells and the 

presence of a vasa vasorum compared to thinner vein walls that are less densely populated with 

cells. Sprouting from arteries into the surrounding fibrin hydrogels may have originated from the 
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vasa vasorum. Second, arteries and veins are exposed to very different blood pressures. Due to its 

proximity to the heart, the aorta is exposed to high blood pressure as blood is pumped from the 

heart to the rest of the circulatory system, while the vena cava is exposed to much lower blood 

pressure as blood in returned to the heart. Though the vessels were not cultured under flow in this 

study, their predisposition to various flow rates and blood pressures may impact their angiogenic 

potential when examined in this assay. Finally, the sprout potential may be affected by the presence 

of tissue around the vessels. Removal of the connective tissue and/or muscle tissue around the 

vessels required significant mechanical manipulation of the vessels. The aorta is a strong muscular 

artery, and therefore could withstand this force without sustaining damage to the vessel. In 

contrast, the vena cava has a thin, non-muscular wall that easily ripped when pressure was applied 

by forceps to remove connective tissue. Therefore, these vessels were not cleaned as thoroughly 

as aortae, leaving extra tissue behind that could have hindered sprouting. Similar results were 

reported by Vaghela, et al. comparing the aortic ring assay from various vessel origins [27].  

 Another factor potentially affecting sprout distance is the presence of nutrient (and/or pro-

angiogenic growth factor) gradients. In acellular hydrogels, cells are inclined to directionally 

sprout into the hydrogel towards higher concentrations of these cues as evidenced by increased EC 

sprouting between day 7 and day 14. The relatively small numbers of cells in the bulk of the gel 

consume lower amounts of nutrients, whereas in the proximity of the explant there are many cells 

consuming nutrients. The bulk hydrogel acts as a source and the explant acts as a sink, thereby 

establishing a gradient that likely induces cells to sprout out of the explant into the hydrogel toward 

regions of higher concentration. This type of angiogenic sprouting model has been described 

previously wherein cells migrate from one vessel to another via a source of nutrients and growth 

factors [36, 37]. In contrast, in cellular hydrogels, human cells in the bulk consume these nutrients 
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and growth factors, so any gradients that exist would presumably be much shallower and less 

capable of driving murine EC sprouting into the cell-laden hydrogels. Cells may initially sprout 

further into the hydrogel and then regress by the day 7 or day 14 timepoints. This could explain 

the attenuation of sprout distance observed in cellular hydrogels compared to acellular hydrogels 

as shown in Figure 4.8. These findings are consistent with Barkefors et al. who observed that cells 

in proximity to the peak concentration of nutrients migrated negligibly compared to cells 

experiencing a sharper gradient of nutrients [38].  

 While sprout distance was the predominant quantitative metric used in this study, in 

cellular hydrogels with or without the aprotinin supplement, inosculation between human 

engineered microvessels and sprouted mouse EC is arguably equally, if not more, important for 

the successful creation of a hierarchical vasculature. We observed anastomoses between human 

and mouse EC in hydrogels containing all three vessel types. Further, our analysis only examined 

median and end points of culture and thus may have missed any vessel regression. A number of 

prior studies report regression of vessel sprouts over time [15, 27]. In contrast, we reported an 

increase in sprout distance in acellular hydrogels with the aprotinin supplement and a maintenance 

of sprout distance over time in cellular hydrogels with or without the aprotinin supplement. 

Although human cells may be inhibitory to significant sprouting of mouse EC from the large 

vessels in this system, these results suggest their presence may support the viability and 

maintenance of sprouted cells over long-term culture periods. This result, together with the 

observed sprouting from the abluminal edge of vessel explants, supports the potential use of these 

chimeric constructs as transplantable vascularized tissue constructs. Minimal manipulation of 

these hydrogels to expose the lumenal end could be achieved while maintaining the interaction 

between mEC and hEC within the hydrogel prior to implantation in an animal model.  
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 Despite differences in EC sprout distance from vessels of different origins, the identity of 

sprouted cells remained consistent between vessel types. Figures 4.2 and 4.3 show similar 

populations of EC and SC from aortae, vena cavae, and femoral bundles. Similarly, EC sprouted 

from all vessel types in cellular hydrogels (Figs. 4.4, 4.6). Mouse SC also likely sprouted from 

these vessels as well but cannot be distinguished from human SC with the fluorescent stains used.  

 In an effort to better understand how hydrogel mechanics may impact sprouting in this 

chimeric system, we examined bulk rheology of hydrogels with and without explants. Our analysis 

identified no significant differences in hydrogel stiffness between day 1 (pre-sprouting) and day 7 

hydrogels in both acellular samples with the aprotinin supplement and cellular samples. In 

acellular hydrogels with the aprotinin supplement, where there was not only significant sprouting 

from all vessels but significant differences between sprouting from different vessel types, our 

analysis yielded a correlation between hydrogel stiffness and EC sprout distance into the hydrogel 

after 7 days in culture. Our lab has shown that vascular morphogenesis induces hydrogel stiffening 

in PEG [7, 30, 39] and fibrin [40] hydrogels. Unpublished work suggests that fibroblast-mediated 

vessel morphogenesis in fibrin gels only yields significant stiffening after 14 days in culture, rather 

than earlier 7-day timepoints observed in PEG hydrogels. This suggests that in our current study, 

the correlation observed between EC sprouting and hydrogel stiffening that is not significant at 

day 7 may become significant at later timepoints. This correlation between EC sprout distance and 

hydrogel stiffness in acellular hydrogels, may also be due to local changes in hydrogel stiffness 

around sprouted EC, that does not yield significant bulk hydrogel stiffening. Microrheological 

measurements in our prior fibrin study revealed local changes in hydrogel stiffness near EC 

undergoing sprouting angiogenesis [40]. Therefore, in this system, sprouted EC may have a 

significant role in mechanical properties of the hierarchical vascular tissue constructs. Local 
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changes in matrix stiffness around the explant or other explant-induced changes to matrix stiffness 

may also play a role in the vascular morphological differences observed in Figure 4.5. 

 The incorporation of a third vascular length scale did not significantly alter sprouting 

morphology in acellular hydrogels but yielded more multicellular sprouting in cellular hydrogels. 

These results suggest that our model is amenable to fabrication of an integrated hierarchical 

vasculature. However, some modifications will be required to achieve full perfusion across all 

three length scales. Our prior work with mesovessels revealed that LF-EC integrated meso-

microvascular constructs inosculated and perfused 55-75% of the time [29]. In the present study, 

we did not observe inosculation of the two length scales, potentially due to the increase in fibrin 

density from 2.5 to 5 mg/mL that was required for successful removal of tissues from the PDMS 

mold (data not shown) for translational applications. Though we did not observe perfusion across 

the entire hierarchy, perfusion may occur more rapidly when surgically anastomosed in vivo and 

immediately connected to the blood circulation. 

 Very little is known about the mechanisms by which transplanted microvascular networks 

inosculate with host vessels upon implantation. One prior study coined the term “wrapping and 

tapping anastomosis” to describe this phenomenon [41]. Using intraviral microscopy in cranial 

and dorsal window chamber rodent models, Cheng, et al. showed implanted EC wrapped around 

nearby host vessels causing displacement of the original host endothelium. The implanted EC 

replace segments of the original host vessels and tap into the blood supply connecting vessels from 

the host and the implant. The morphologies observed in Figures 4.4F and 4.6F are remarkably 

similar to the wrapping and tapping morphology previously observed. Our model could be useful 

to further study host-implant inosculation mechanisms and potentially investigate using explants 

from mice of different ages, sexes, and cardiovascular health backgrounds. Similar experiments 
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have been conducted using the aortic ring model using rings from genetically modified mice where 

the chemokine receptor CXCR2 was disrupted. These results showed a 50-70% decrease in 

sprouting compared to control mice [42]. Mice of different ages and from different backgrounds 

also respond differently to angiogenic factors [16]. One study evaluated sprouting angiogenesis 

from four strains of mice at five different ages in response to two different angiogenic factors to 

assess how age and genetic background affect the angiogenic response from murine aortae [16]. 

BALB/c mice had the highest angiogenic response to basic fibroblast growth factor (bFGF) and 

the second highest angiogenic response to vascular endothelial growth factor (VEGF) at early 6-

day timepoints of the four strains analyzed. When they examined C57BL/6 mice of various ages, 

2-month-old mice had the highest angiogenic response to bFGF and 1-month-old mice had the 

highest response to VEGF. Overall, 1–3-month-old mice had the highest angiogenic responses to 

both growth factors, while 6-month-old and 10.5-month-old mice consistently had the lowest 

angiogenic response. These results motivated our use of 6-week-old BALB/c mice in the present 

study explored here, in order to yield the most significant sprouting and the best potential for the 

formation of hierarchical vasculature. This also suggests that results from mice with age and health 

conditions matching the aging population could be potentially transformative in advancing 

engineered vascular tissues to the clinic.  

 Our findings suggest that quiescent large vessels are capable of sprouting as clusters of EC 

or single EC into the surrounding acellular and cellular hydrogels, respectively. This finding is 

critical to the development of hierarchical vascular tissue constructs. While this type of sprouting 

has been documented in aortic ring assays over the past several decades, to our knowledge, this is 

the first report of sprouting from the abluminal edge of large arteries and veins combined within a 

single construct with mesovessels yielding a hierarchical vascular tissue construct. Sprouting from 
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the abluminal edge is critical for the use of large vessels in microsurgical anastomosis, as not to 

disrupt sprouting from the lumenal edge during the anastomosis procedure and keep the sprouted 

vessels intact. When we cultured aorta in the hierarchical mold with the lumenal edges exposed 

(i.e., not encased within the hydrogel), we still observed sprouting from the abluminal edge 

consistent with prior results. We observed significant sprouting from aortae, counter to the 

dogmatic view that large vessels to not sprout, which are the most feasible of the vessels examined 

to be amenable to surgical anastomosis as they are the only vessels we successfully cannulated 

prior to embedding within the fibrin hydrogels. Though the sprouting from large vessels, 

specifically arteries, does not represent a physiologic vascular hierarchy, it is likely that this 

primitive hierarchy would be remodeled upon implantation and exposure to physiologic fluid flow. 

This proof-of-concept study lays the groundwork for more rigorous analysis of host-implant 

inosculation and the engineering of more complex perfusable hierarchical vascular tissue 

constructs.  

 

4.5 Supplementary Data  

Prior to engineering chimeric hierarchical vasculature, we investigated two candidate 

possibilities for fabricating single species vascular hierarchies. We first examined the use of human 

umbilical vessels as a source of macrovessel for more translatable human cell-based constructs 

employing the extensive research our lab has conducted using human cells for vascular 

morphogenesis. We also investigated murine EC and SC for the potential to form vascular 

networks in vitro to combine with the explanted murine vessels for a complete murine cell-based 

construct. The benefit of a murine hierarchical vascular tissue construct is the ability to test the 
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construct in an immunocompetent model to assess the influence of the immune system on vascular 

inosculation between host and engrafted cells.  

 

4.5.1 Investigating human umbilical cords as a source of macrovessels  

Prior to using murine macrossels, we explored using human umbilical cords as a source of 

macrovessels suitable for surgical anastomosis. Umbilical arteries have been studied previously 

for the development of small diameter vascular grafts [43]. We began developing protocols for 

isolating the two umbilical arteries and one umbilical vein from the umbilical cord. We 

successfully isolated the arteries (Fig. S4.1) and made great strides in the venous isolation (data 

not shown) prior to the onset of the COVID-19 pandemic. The pandemic halted our ability to 

obtain human tissue for this project. By the time we were able to resume obtaining human tissue 

from the hospital, the research had advanced significantly beyond the point of initial testing and 

vessel sourcing.  

Supplementary Figure 4.1: Umbilical artery isolation. (A) Identification of the umbilical arteries and vein 

within cross sections of cords and longitudinal cut open umbilical cords. (B) Successive isolation of an 

umbilical artery from the Wharton’s Jelly, and eventual removal of an arterial segment.  
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4.5.2 Investigating the vasculogenic and angiogenic potential of murine EC and SC for the 

development of murine hierarchical vasculature  

We purchased murine dermal fibroblasts (mDF) and murine dermal endothelial cells 

(mDEC) from Celprogen for use in these experiments. We investigated the vasculogenic potential 

of these cells co-cultured in 3D fibrin hydrogels, in 2D on top of fibrin hydrogels (data not shown), 

and in 3D collagen hydrogels. Additionally, we investigated the angiogenic potential of these cells 

in 3D fibrin hydrogels using the Cytodex bead assay as described in Chapter 3.  

In 3D fibrin hydrogels, murine cells failed to undergo vascular morphogenesis (Fig. S4.2A) 

and instead primarily proliferated (Fig. S4.2B). The significant proliferative activity of these cells 

also led to substantial degradation of the fibrin hydrogel (Fig. S4.2C). We examined the standard 

cell density used in our lab in bulk 3D fibrin hydrogels (500 K/mL 1:1 ratio of EC to SC), and a 

5x lower density with consistent results between the two. In the lower density condition, we did 

observe more cell spreading, but ultimately no vessel formation. To minimize degradation, we 

cultured the cells in 3D fibrin hydrogels with the protease inhibitor aprotinin. The presence of 

aprotinin in the media qualitatively changed the phenotype of cells within the hydrogel (Fig. 

S4.2D), though cells still proliferated extensively (Fig. S4.2E) and did not undergo vascular 

morphogenesis. We hypothesized that culturing cells in collagen may limit the proliferative 

capacity of the cells and potentially focus cellular metabolic energy on vascularization processes. 

While we did observe substantially less proliferation, cell morphology remained consistent with 

the morphology observed in fibrin hydrogels and we did not observe any vascular morphogenesis.  

We next investigated the angiogenic potential of these cells using a bead-based sprouting 

assay. Consistent with the vasculogenic assay in 3D fibrin hydrogels, we observed significant 

degradation of the fibrin hydrogel and no mDEC sprouting from the beads (Fig. S4.2H). The 
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mDEC remained adhered to the beads, not even sprouting as single cells into the surrounding 

hydrogel. Interestingly, compared to the vasculogenesis assay, we did not observe cell proliferation 

in this angiogenic assay. Over time in culture, the degraded area of the hydrogel significantly 

increased beyond just the region around the individual beads. Ultimately, murine cells failed to 

undergo vascular morphogenesis in a variety of culture conditions and using two different means 

of vascular morphogenesis – angiogenesis and vasculogenesis. Therefore, these cells were not 

suitable for the fabrication of murine hierarchical vascular tissue constructs.  

 

 

Supplementary Figure 4.2: Murine cells fail to undergo vascular morphogenesis in 3D fibrin and 

collagen hydrogels. Co-cultures of mDF and mDEC in (A-C) 5 mg/mL fibrin hydrogels cultured in EGM2, 

(D, E) 5 mg/mL fibrin hydrogels cultured in EGM2 + aprotinin, (F, G) 3.2 mg/mL collagen hydrogels 

cultured in EGM2. (A, D, F) Fluorescent images of co-cultures. Green – actin, blue – nuclei. (B, E, G) 

Quantification of nuclei density after 7 days in culture compared to the original theoretical density 

(horizontal line over each bar). (C) Macroscopic image of hydrogel degradation. (H) Brightfield images of 

mDEC coated Cytodex beads in 5 mg/mL fibrin hydrogels.  
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Chapter 5 – Fabrication of Tissue Engineered Vascular Grafts (TEVG) to Enable the 

Formation of Hierarchically Vascularized Tissue Constructs Suitable for Microsurgical 

Anastomosis 

 

*This chapter is in preparation for submission as a peer reviewed journal article.  

 

5.1 Introduction 

There is a significant unmet clinical need for small diameter tissue engineered vascular 

grafts (TEVG) for the treatment of various cardiovascular diseases (CVD) including coronary 

artery bypass grafting (CABG), treatment of peripheral artery disease (PAD), and pediatric or 

congenital vascular defects. The current clinical standard of care in CABG procedures is the use 

of an autologous vessel as a graft, most commonly the radial artery, saphenous vein, or internal 

mammary artery [1-3]. The use of autologous vessels requires a second surgery to obtain the vessel 

yielding an additional surgical site and is limited by the quality of vessels obtained from the patient. 

Further, the quality of vessels in patients with CVD is less than that of a young, healthy patient. 

When autologous vessels are unavailable, synthetic grafts made of Dacron and expanded 

polytetrafluoroethylene (ePTFE) have been used, however, these grafts have a high rate of 

thrombosis in small diameter applications (< 6 mm). Further these grafts are highly susceptible to 

bacterial infection due to the highly porous nature of the material which promotes bacterial 

adherence, often resulting in graft rejection [4]. These grafts are particularly difficult to use in 

juvenile patients due to the nonliving nature of the synthetic materials used. An advantage of 
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TEVG is the ability of grafts to grow with the patient, which is critical for juvenile patients [5]. 

One group has examined TEVG in a juvenile lamb model and showed evidence of growth and 

vascular development 6 months post implantation [6].   

The tissue engineering community has stepped in to create alternative vascular graft 

solutions that overcome many limitations of current vascular grafts. There are many TE strategies 

using synthetic and natural hydrogel materials [7-13], employing cell sheets [14, 15], and 

decellularizing human and animal tissues to use as arterial conduits [16]. One approach involves 

culturing vascular stromal cells (either SMC [17] or fibroblasts [18]) on a scaffold material and 

subjecting to pulsatile flow in a perfusion bioreactor over an extended culture period to enable the 

deposition of new cell-secreted matrix. Following this culture period, grafts are decellularized, 

implanted, and subsequently remodeled by host cells, as described in further detail in Chapter 2. 

The major drawback of this methodology is the lengthy culture period, typically 8 – 9 weeks, 

required to fabricate these grafts.  

In addition to vascular grafting procedures, TEVG are critical for the transplantation of 

large, engineered tissues and organs. The TE community has focused on engineering capillaries 

[19-22], mesovessels [23-25], and vascular conduits separately [26, 27], rather than as an 

integrated vascular hierarchy [28]. A hierarchical vascular blood supply is a critical limitation in 

the translation of engineered tissues and organs. The development of a hierarchical vascular 

network containing a graft suitable for surgical anastomosis is a critical next step for the field of 

tissue engineering. Additionally, scaling meso- and microvascular tissue constructs from in vitro 

and small animal model sizes to human-scale constructs is critical. A hierarchical vascular tissue 

construct meeting these goals would be transformative for translating engineered tissues and 

organs to the clinic.  
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Herein, we describe the fabrication of a three-layer vascular graft mimicking the 

architecture of native arteries that takes 13 days to fabricate and culture, greatly reducing the 

culture time required in other strategies. We then incorporated this TEVG with integrated 

mesovessels and capillaries to fabricate a complete hierarchical vascular tissue construct. The 

engineered mesovessels were 3.67-fold longer than those developed in Chapter 3, and the overall 

construct volume was ~20-fold greater than in Chapter 3 and 1.5-fold greater than in Chapter 4. 

To our knowledge, only one similar fibrin-based hierarchical construct has been previously 

engineered [29]. Our work builds upon this prior report by engineering a higher density of 

interconnected capillaries within the surrounding bulk hydrogel, seeding of arteriole-scale 

channels to fabricate cellularized mesovessels, and a three-layer macrovessel design fabricated 

from lower density fibrin suitable for engineering a vasa vasorum while maintaining the 

mechanical properties required for surgical anastomosis.  

 

5.2 Materials and Methods 

5.2.1 Cell culture 

Human umbilical vein endothelial cells (EC) were isolated from fresh cords obtained from 

Mott’s Children’s Hospital via an IRB-exempt protocol. EC were cultured in fully supplemented 

endothelial growth medium-2 (EGM-2; Lonza, Walkersville, MD) supplemented with 1x 

antibiotic-antimycotic (Anti-Anti; Gibco) and used between passage 5 and 7. Lung fibroblasts (LF; 

Lonza), were cultured in Dulbecco’s modified eagle medium (DMEM; Gibco, Waltham, MA) 

supplemented with 10 % fetal bovine serum (FBS; Gibco) and 1x Anti-Anti and used between 

passage 8 and 15. Human aortic smooth muscle cells (SMC; ThermoFisher, Waltham, MA) were 

cultured in human vascular smooth muscle cell basal medium (ThermoFisher) supplemented with 
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smooth muscle growth supplement (ThermoFisher) and used between passage 3 and 9. All cells 

were cultured at 37 C and 5% CO2 with medium exchanges every other day.   

 

5.2.2 Tissue engineered vascular graft (TEVG) fabrication 

TEVG were fabricated by embedding various cell types in fibrin hydrogels and integrating 

them in discrete layers. Single-layer grafts composed of a tunica adventitia mimicking layer 

contained co-cultured LF and EC. Two-layer grafts composed of a tunica media mimicking layer 

and a tunica adventitia mimicking layer were fabricated in a two-step process, where the media 

layer contained SMC and the adventitia layer contained both LF and EC. Each layer was fabricated 

via an annular molding process (Fig. 5.1). The final hydrogel contained 5 or 10 mg/mL fibrin, 1 

U/mL thrombin, 10% FBS, and a cell density of 1 M/mL, where co-cultured cells were 

incorporated in a 1:1 ratio. Multiple configurations of TEVG were explored in this study (Fig. 5.2). 

To fabricate single layer grafts, a hydrogel-cell mixture was injected into the annular mold 

and polymerized for 35 minutes. After gelation, the outer glass housing and polydimethylsiloxane 

(PDMS) base were removed, and the hydrogel was cultured in a bioreaction tube (ThermoFisher) 

with appropriate medium (Fig. 5.1A, B). In cases of off mandrel culture, the mandrel was also 

removed. Prior to gelation, the annular mold components were pretreated with 0.5% Pluronic F-

68 (Gibco) in 1x phosphate buffered saline (PBS; Gibco) for 1 hour immediately pre-fabrication. 

The annular mold components were custom made from McMaster Carr. 

To fabricate two-layer grafts, the same process was followed, and the inner layer was 

cultured for 3 days prior to fabricating the second layer to allow for radial compaction of the graft. 

To fabricate the second layer, the mandrel with a tunica media mimicking layer around it was 

inserted back into the PDMS base and outer glass housing before a second hydrogel-cell mixture 
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was added around it (Fig. 5.1C, D). The two-layer graft was removed from the annular mold 

following the same steps. The inner lumen of vascular grafts (either one- or two-layer) were seeded 

with a 2 M/mL suspension of EC to fabricate a tunica intima layer (Fig. 5.1E). This protocol was 

adapted from another study seeding the lumens of natural hydrogel material-based TEVG, 

specifically collagen-based TEVG [9]. Briefly, 24 well plates were coated with Pluronic F-68 for 

1 hour prior to seeding. Using a stereoscope to visualize the lumen, the EC suspension was inserted 

into the lumen. This process was repeated from the other end of the vessel. The vessel was 

suspended in the EC suspension for 1 hour in a shaking incubator. The vessel was transferred to 

another Pluronic F-68 coated well in a 12 well plate with fresh media and cultured free floating 

for 3 days to allow cells to adhere to and spread within the lumen.  

 

5.2.3 Fabricating PDMS molds 

Molds for engineering three scale vascular hierarchies were fabricated from PDMS. PDMS 

base and crosslinker were mixed at a 10:1 ratio and poured into 40 x 22 x 20 mm Epredia Peel-a-

Way disposable molds (ThermoFisher) with 22 G or 23 G needles inserted through the 22 mm 

edge. The molds were incubated in a 70 C oven for at least 4 hours (up to overnight) to cure the 

PDMS. After curing, the needles were pulled out and the PDMS was detached from the Peel-a-

Way mold. A hydrogel chamber, meso-channel seeding wells, and macrovessel holding wells were 

cut out with disposable biopsy punches and a scalpel. The hydrogel chamber was formed from 2 

overlapping 12 mm punches and 4 seeding wells were fabricated from 6 mm punches. The final 

mold was rinsed with 100% isopropyl alcohol (IPA), 100% ethanol, and air dried before bonding 

to glass slides with a plasma etcher.  
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Figure 5.1: Fabrication process for 3-layer TEVG. (A-B) Fabrication of the tunica media layer composed 

of fibrin and SMC. (A) Schematic. (B) Physical Images.  (C-D) Fabrication of the tunica adventitia layer 

composed of fibrin, LF, and EC. (C) Schematic. (D) Physical Images. (E) Schematic of the seeding process 

for fabrication of the tunica intima composed of EC.  
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Figure 5.2: TEVG configurations used throughout the study mimicking the tunica intima, tunica media, 

and tunica adventitia layers of native arteries. Single layer adventitia (Figs. 5.4 and 5.5) and media only 

(Fig. 5.6) grafts, dual layer media + adventitia (Figs. 5.6 and 5.7) and adventitia + intima (Fig. 5.8), and 

complete three-layer graft composed of intima, media, and adventitia layers (Fig. 5.9).  

 

5.2.4 Engineering multiscale vascular hierarchies 

TEVG were embedded in 5 mg/mL fibrin hydrogels (as described above), either cellular 

or acellular, to assess sprouting from the vasa vasorum within the TEVG and interconnection to 

capillaries within the surrounding bulk hydrogel. The vessel ends were exposed to allow perfusion 

of the constructs at culture endpoints and to facilitate surgical anastomosis.  

To fabricate three-scale vascular hierarchies, 2% gelatin coated 290 m acupuncture 

needles were inserted into the PDMS mold, a TEVG was placed within the mold between two 

acupuncture needles, and a cellular hydrogel was cast around the needles and graft and allowed to 

polymerize for 35 minutes (Fig. 5.3). After gelation and swelling, needles were removed leaving 

behind two empty cavities subsequently seeded with EC to form mesovessels. The entire 

multiscale, hierarchical vascular construct was cultured with media exchanges every other day for 

up to two weeks.  
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Figure 5.3: Fabrication of three-scale vascular hierarchies using custom PDMS molds. Schematic 

detailing the fabrication process for three-scale vascular hierarchies composed of a microvascular 

network, two mesovessels, and a three-layer TEVG. 

 

5.2.5 Immunofluorescence staining and imaging 

TEVG and multiscale gels were fixed on the last day of culture with Zinc Formalin Fixative 

(Z-fix; Anatech; Battle Creek, MI) for 15 minutes at room temperature and washed 3 times for 5 

minutes each with tris-buffered saline (TBS). Fixed gels were stained with 4’, 6-diamidino-2-

phenylindol (DAPI; 1 ug/mL; Fisher Scientific), AlexaFluor 488 Phalloidin (1:200 dilution; Fisher 

Scientific), and rhodamine-conjugated Ulex europaeus Agglutinin I (UEA; 1:200 dilution; Vector 

Labs). Staining dilutions were made in TBS and samples were incubated with staining solution 

overnight at 4C. Following staining, samples were washed 3x with TBS for at least 24 hours.  

Select samples were further stained for pericyte markers alpha smooth muscle actin 

(SMA; Sigma, A2547, mouse IgG2a isotype, 1:200 dilution), neuron-glial antigen 2 (NG2; 

abcam, ab255811, rabbit IgG isotype,1:200 dilution), and platelet derived growth factor receptor 
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beta (PDGFR; Sigma, HPA028499, 1:100 dilution). Samples were permeabilized with 0.5% 

Triton X-100 (Fisher Scientific, Waltham, MA) in TBS for 1 hour at 4C and blocked in 2% bovine 

serum albumin (BSA; Sigma) in 0.1% Triton X-100 in TBS (TBS-T) overnight at 4C. After 

blocking, samples were stained with primary antibodies for each pericyte marker overnight at 4C. 

Samples were washed overnight in TBS-T at 4C prior to secondary antibody staining. Samples 

were stained with the corresponding secondary antibody, either Alexa Fluor 488 conjugated 

secondary antibody (Invitrogen, A11001, goat-anti-mouse IgGH+L, 1:200 dilution) or Alexa Fluor 

488 conjugated secondary antibody (Invitrogen, A11008, goat-anti-rabbit IgGH+L, 1:500 dilution) 

overnight at 4C. Samples were washed overnight 4C prior to imaging. All antibody dilutions 

were made in 1% BSA in TBS-T.  

Samples were imaged on an Olympus IX81 outfitted with a confocal disc spinning unit 

(DSU; Olympus America, Center Valley, PA) and Metamorph software (Molecular Devices, 

Sunnyvale, CA). Low magnification confocal z-stacks (300 m, 7 slices) were obtained at 4x 

magnification. Higher magnification confocal z-stacks (150 m, 7 slices or 90 m, 7 slices) were 

obtained at 10x magnification.  

 

5.3 Results 

5.3.1 Culture conditions influence the formation of a vasa vasorum in tissue engineered tunica 

adventitia  

Single layer vascular grafts containing LF and EC in fibrin hydrogels mimicking the tunica 

adventitia fabricated via an annular molding process were cultured in suspension in bioreaction 

tubes. Suspension culture yielded significant compaction of the vascular grafts both axially and 
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radially. We investigated two densities of fibrin hydrogels to support the formation of an 

adventitial layer. Lower density 5 mg/mL hydrogels compacted significantly in the first day of 

culture to around half of their original size, while higher density 10 mg/mL grafts exhibited very 

minimal compaction (Fig. 5.4A). Compaction continued throughout the culture period (Fig. 5.4A). 

The substantially compacted 5 mg/mL gels supported very little vessel formation after 14 days of 

culture (Fig. 5.4B, C, left), likely due to the remodeling of the fibrin yielding a hydrogel with 

matrix biophysical properties not conducive to vessel formation (i.e., too dense and/or too stiff). 

In higher density fibrin hydrogels that compacted more slowly, vessel formation within the graft 

was observed (Fig. 5.4B, C, right). In addition to vasa vasorum-like vessel formation, we also  

 

 

Figure 5.4: Free-floating suspension culture of single-layer adventitia grafts is not suitable for 

translatable TEVG. (A) Macroscopic images of 10 mg/mL (top) and 5 mg/mL (bottom) grafts in culture 

over a 7-day period showing compaction of the graft structure. (B, C) Immunofluorescent images of graft 

after (B) 7 days and (C) 14 days fabricated with 5 mg/mL (left) and 10 mg/mL (right) fibrin. (D) 

Representative images of suture placement in graft wall for 5 mg/mL (left) and 10 mg/mL (right) grafts. 

Red circles show the suture locations. Red – EC, Green – actin, Blue – nuclei.  
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observed fibroblasts formed a sheath around the abluminal side of the graft in both fibrin densities 

(Fig. 5.4B, C, green). We next attempted to suture these grafts as our goal was to fabricate a 

vascular hierarchy suitable for surgical transplantation. The suturability of these grafts correlated 

with the compaction: grafts fabricated from lower density fibrin with higher compaction yielded 

grafts strong enough to withstand the placement of a single suture (Fig. 5.4D, 5 mg/mL). In 

contrast, higher density grafts that did not compact and remodel did not withstand the placement 

of a suture and ripped as the suture was pulled through (Fig. 5.4D, 10 mg/mL).  

To minimize radial compaction of the lumen, second generation grafts were cultured on-

mandrel rather than in suspension. On-mandrel culture yielded a more organized radial compaction 

of graft thickness (Fig. 5.5A) but the presence of the mandrel prevented complete lumen closure. 

We observed minimal, if any, axial compaction despite mandrels being pre-treated with Pluronic 

F-68. For grafts fabricated using the lower density 5 mg/mL fibrin hydrogels and cultured on-

madnrel, this decreased compaction yielded vessel formation within the graft resembling a vasa 

vasorum typically found within the adventitia of large arteries. Cross sectional images of tissue 

rings showed evidence of small vascular segments and the presence of a fibroblast sheath around 

the outside of the graft (Fig. 5.5B). Longitudinal images showed long capillaries oriented parallel 

to the lumen (Fig. 5.5C, Fig. S5.2). The aligned vasculature persisted to day 14 (Fig. S5.2). The 

LF displayed a pericyte-like phenotype with positive expression of SMA, NG2, and PDGFR- 

(Fig. 5.5E). This expression was present within the sheath of fibroblasts and in some cases 

localized around vessels within the graft.  

To assess if capillaries within the adventitia could sprout into a surrounding hydrogel, we 

embedded vascular grafts within acellular fibrin hydrogels. We observed the invasion of EC 
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(UEA-positive cells) as multicellular vessel-like structures and LF (UEA-negative nuclei) as single 

cells that reached further distances into the hydrogel (Fig. 5.5D).  

 

 

Figure 5.5: On-mandrel TEVG culture limits compaction, yields vasa vasorum formation, and induces 

a pericyte phenotype of supporting fibroblasts. (A) Macroscopic images of grafts in culture over a 7-day 

culture period showing limited axial compaction and some radial compaction of wall thickness. (B) 

Fluorescent image of a tissue ring showing small vessel segments and a distinct fibroblast sheath around 

the outside of the graft. (C-D) Fluorescent images of grafts embedded in acellular fibrin imaged 

longitudinally showing (C) capillaries aligned in the direction of the lumen and (D) sprouting into the 

surrounding hydrogel (white arrows). White dashed line denotes the boundary between the graft (upper 

left) and the hydrogel (lower right). White arrows indicate sprouted vessels. (E) fluorescent images showing 

that fibroblasts in the graft take on a pericyte like phenotype as shown by expression of SMA (top), NG2 

(middle) and PDGFR (bottom). Red – EC, Green – actin (B) or pericyte markers (E), Blue – nuclei. 

 

5.3.2 Two-layer vascular grafts maintained discrete layers, displayed increased mechanical 

strength, and sprouted into cellular hydrogels 

The tunica media was fabricated from 5 mg/mL fibrin containing SMC to mimic the thick 

muscular layer of arteries via an annular molding process as described above. The SMC induced 

heterogeneous radial compaction of the vessel wall with some regions of the graft reaching a 
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thinner final thickness than others (Fig. 5.6A, dashed lines). Despite this, SMC were well spread 

within the entire graft and exhibited two distinct orientations within the layer (Fig. 5.6B). Adjacent 

to the lumen, the SMC oriented circumferentially around the mandrel, characteristic of native 

tunica media morphology, while the SMC toward the abluminal edge, closer to the media source 

during culture, oriented perpendicular to the lumen (Fig. 5.6B). A longitudinal view shows these 

SMC at the abluminal edge form a sheath of cells around the outside of the graft oriented in the 

direction of the lumen as observed with adventitia only grafts previously (Fig. 5.6C). Further, these 

SMC were characterized by SMA, a known marker of vascular smooth muscle cells that plays 

an important role in mechanical force generation (Fig. 5.6D) [30]. 

When integrated with a tunica adventitia fabricated around the tunica media, the two layers 

maintained their discrete locations as shown by the absence of UEA-positive cells in the inner 

layer (i.e., the tunica media) (Fig. 5.6E, F). The SMC appeared to lose the alignment observed in 

media only grafts and began to spread in a less distinct morphology (Fig. 5.6F, left). In some cases, 

the SMC appeared to cluster into dense regions of cells within the inner media layer (Fig. 5.6F, 

right, dashed line). These two-layer grafts showed increased mechanical strength and permitted 

the placement of two sutures to connect the graft to an explanted rat femoral artery. The grafts 

withstood the significant manipulation required for the partial surgical anastomosis, only 

sustaining minimal damage to the outer layer (Fig. 5.6G). The lumen of the graft could be stretched 

to permit suturing without damaging the vessel (Fig. 5.6G, top). Following the placement of two 

sutures, the lumen of the graft and the artery remained patent (Fig. 5.6G, middle) and the sutures 

could be pulled to show mechanical integrity and stability of the anastomosis points without 

ripping through the graft or the vessel (Fig. 5.6G, bottom). Despite the difference in overall size, 

the lumens of the graft and rat artery are of comparable inner diameter (~1 mm). Compared to 
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adventitia only grafts, two-layer grafts were significantly easier to handle during microsurgical 

anastomosis and showed notably less damage to the graft. 

 

 

Figure 5.6: SMC display spread morphology in various TEVG configurations and improve mechanical 

properties of TEVG. (A-D) Immunofluorescent images of SMC only TEVG. (A, B) Cross sectional images 

show distinct morphologies of SMC within fibrin grafts. Regions between dashed lines in (A) shown in (B), 

white (left), magenta (right). (C) Abluminal view of graft shows SMC oriented in the direction of the lumen 

in a highly organized manner. (D) Immunofluorescent SMA staining of SMC only TEVG in cross section 

(left) and longitudinal section (right). (E-F) Immunofluorescent images of dual layer TEVG.  (E) Whole 

graft scan of multi-layer graft showing distinct layers.  (F) Magnified views showing new SMC morphology 

in the media and EC present only in the adventitia. Dashed line demarcates the interface between the two 

layers. (G) Surgical anastomosis of multi-layer TEVG to explanted rat femoral artery. Red circles indicate 

sutures. Red – EC, Green – actin (A-C, E-F) or SMA (D), Blue – nuclei.  

 

Two-layer vascular grafts were embedded within cellular fibrin hydrogels to fabricate two-

scale vascular hierarchies composed of a vascular graft and a surrounding capillary network (Fig. 

5.7). LF and EC within the bulk hydrogel self-assembled into capillaries over a 7-day culture 

period (Fig. 5.7A, middle top, blue inset) as capillaries within the adventitia layer (Fig. 5.7A right, 

yellow inset) of the vascular graft sprouted out into the surrounding hydrogel (Fig. 5.7A, middle 
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bottom, green inset). We observed that the duration of culture of the adventitia layer, prior to 

embedding, impacted the sprouting potential of vascular grafts into the bulk hydrogel. Adventitia 

cultured for three days showed primitive vessel formation within the graft and only minimal, if 

any, points of sprouting into the hydrogel (Fig. 5.7B). By contrast, adventitia cultured for seven 

days showed both more substantial vessel formation within the graft and sprouting into the 

surrounding hydrogel (Fig. 5.7C). The presence or lack of sprouting from the adventitia layer into 

the hydrogel was consistent along the entire length of the TEVG.  

 

5.3.3 Fabrication of a tunica intima 

We next fabricated a tunica intima by seeding the inner lumen of single layer adventitia 

only vascular grafts. Three days after seeding the lumen, EC had spread and formed a confluent 

monolayer on the inner lumenal surface of the graft (Fig. 5.8A). The seeding process caused some 

compaction of the grafts, consistent with suspension culture as described previously. The 

compaction was minimal, and grafts maintained an open lumen. Nuclei were present along the 

entire curved inner surface of the graft lumen (Fig. 5.8B, C). Further, the grafts were cultured in 

an EC suspension during the seeding process which may have led to adherence of EC to the outside 

of the graft. Though the intention was to seed the inner lumen and allow flow of EC into the lumen 

of the graft, EC adherence to the abluminal side was not a concern as EC were present within the 

adventitial layer of the graft already. Further, these additional EC may aid in sprouting from the 

graft into the surrounding hydrogel when embedded to fabricate three-scale hierarchies.  
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Figure 5.7: Two-layer TEVG sprout into surrounding hydrogels containing microvascular networks. (A) 

Whole construct scan of two-scale hierarchical vascular construct. TEVG is embedded within the center of 

the construct. Blue box: surrounding capillary network. Green box: interface between graft and 
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surrounding network. Yellow box: vessels within the graft comprising a vasa vasorum. Phase contrast and 

fluorescent images of vascular grafts sprouting into the surrounding matrix after (B) 3 days of adventitia 

culture or (C) 7 days of adventitia culture. (Bi) Phase contrast whole construct scan. (Bii) Fluorescent 

whole construct scan. (Biii) schematic of phase images showing graft as dark black regions and 

surrounding bulk hydrogel as light grey regions. (Biv) Zoomed in regions from blue boxes in (Bii), white 

boxes are further zoomed in images. (Ci) Fluorescent whole construct scan. (Cii) Zoomed in regions from 

blue boxes in (Ci), white boxes are further zoomed in images. 

 

5.3.4 Engineering complete, 3-scale vascular hierarchies 

Finally, we embedded vascular grafts within PDMS molds to support the fabrication of a 

complete, 3-scale vascular hierarchy (Fig. 5.9). TEVG were embedded in cellular fibrin hydrogels 

between two acupuncture needles used to template the mesoscale channels as in Chapters 3 and 4. 

Following removal of the needles after gelation, the resulting tubular voids were seeded with EC 

to fabricate mesovessels, while the EC and LF within the bulk hydrogel self-assembled into 

capillary networks. EC within the mesovessels sprouted out and inosculated with capillaries in the 

bulk yielding perfusion of the mesovessels and interconnected capillaries (Fig. 5.9C). Capillaries 

within the adventitia layer sprouted into the surrounding hydrogel as previously observed in Figure 

5.7 

 

5.4 Discussion 

The focus of this study was two-fold: to first create a TEVG suitable for surgical 

anastomosis and then engineer a three-scale vascular hierarchy composed of the TEVG, two 

mesovessels, and a self-assembled network of capillaries. Significant progress has been made in 

the advancement of TEVG to the clinic [17, 31-34], but considerably less progress has been made 

on advancing integrated hierarchical networks. Here we report the fabrication of a three-layer 

vascular graft closely mimicking the three layers of native arteries (tunica intima, tunica media, 
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and tunica adventitia), a new technique for generating aligned microvasculature within fibrin-

based tissue constructs, and the engineering of a complete vascular hierarchy composed of all three 

vascular length scales.  

Figure 5.8: Lumenal seeding procedure results in confluent EC monolayer yielding an intact tunica 

intima. (A) fluorescent images of tunica intima showing coverage of the graft with EC monolayers and 

some vessels in the adventitia behind the monolayer. Dashed lines indicate the boundary of the graft. Red 

– hEC, blue – nuclei. (B) Schematic of imaging process. (C) Progression of nuclei (white) along the curved 

lumen of a TEVG seeded with EC. Nuclear staining shows confluent endothelium across the entire curved 

surface. 

 

Initial efforts in the field to create TEVG focusing on recreating the medial and intimal 

layers of small-diameter arteries using cell + scaffold approaches. Remarkably, recent 

commercialization efforts focused on acellular, single-layer grafts have shown promising results 

in both preclinical and clinical models by demonstrating that decellularized TEVG can be 

remodeled and populated with host cells following transplantation in vivo to eventually develop 

functional adventitial and intimal layers [17, 18]. These decellularized grafts are making 

significant strides in the advancement of vascular therapies to the clinic and are already providing 

significant benefit to small numbers of patients. However, we envision an additional potential  
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Figure 5.9: TEVG support the formation of three-scale vascular hierarchies that are perfusable across 

two length scales. (A) Phase contrast scan slide image of a three-scale vascular hierarchy containing a 

TEVG (green box), two mesovessels (pink box), and a capillary network (blue box). (B) Fluorescent scan 

slide. Image of a three-scale vascular hierarchy containing a TEVG (middle, bright red), two mesovessels 

(green and yellow boxes) and a capillary network (blue box). (C) Fluorescent dextran perfusion from 

mesovessels (top) into interconnected capillary networks within the three-scale hierarchy. 

 

application of TEVG will be as a component of a multiscale hierarchical vascular construct, one 

in which the TEVG can serve as the macroscale vessel. In this study, we report the development 

of a TEVG embedded within a fibrin hydrogel capable of undergoing angiogenic sprouting from 

the adventitial layer and thereby initiating inosculation with a capillary network within the 

surrounding tissue mimic (Figs. 5.7 and 5.9).  Although flow through the lumen of a native artery 

would not be expected to go through the vascular wall and into the vasa vasorum in the adventitial 
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layers, it is possible that such a non-physiologic connection may be perfusable within our 

engineered network.  We hypothesize a subset of the capillaries would undergo flow-mediated 

adaptation and arteriogenesis, especially once the primitive hierarchy is implanted in vivo and 

further remodeled both cellularly and biomechanically. Future work will build upon the prototypes 

developed here to evaluate this remodeling hypothesis by surgically anastomosing the construct in 

the femoral circulation of rodents and evaluating their functionality.  

We first focused on engineering single-layer adventitial grafts to assess microvessel 

formation within the graft wall to yield a vasa vasorum towards engineering integrated vascular 

hierarchies. We then sought to transition this graft towards translational application in an animal 

model. This endeavor was twofold: increase suturability of the graft and decrease the risk of 

thrombus formation upon implantation. To improve mechanical stability of the graft to better 

facilitate surgical anastomosis we incorporated a SMC-based medial layer composed of SMC in 

fibrin. The addition of the SMC-based medial layer successfully improved the ability to suture the 

grafts (Fig. 5.6G vs. Fig. 5.4D). Finally, to prevent thrombosis upon initial implantation into an 

animal model we fabricated an intimal layer composed of an EC lining on the interior surface of 

the vessel. Another method to prime TEVG prior to implantation and improve the mechanical 

properties of the graft is pulsatile perfusion culture in a bioreactor. Though some groups have had 

success implanting grafts cultured in static conditions [8, 9], perfusion and/or cyclic stretch 

bioreactor culture has shown great promise [35-37]. Perfusion culture was outside the scope of this 

study but could be a future direction to prime grafts for exposure to the hemodynamic forces of 

the arterial circulation.   

The three-layer TEVG developed here further improves upon a similar prior study 

embedding SMC, EC, and SC within fibrin hydrogels for vascular graft fabrication. Helms, et al. 
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previously reported a mechanically stable three-layer TEVG capable of withstanding extended 

perfusion culture [7]. However, cells within the graft, particularly the medial layer, did not spread 

and remodel the tissue. In their study, SMC within the medial layer stained positively for SMA, 

but the cell morphology was rounded rather than spread and cells were individually isolated within 

the tissue rather than clustered. Herein, we show two distinct spreading morphologies of SMC 

arranged circumferentially around the lumen or aligned perpendicular to the lumen. This 

distinction is likely due to the composition of the matrix. We used a hydrogel with 1/5th the density 

of fibrin compared to Helms, et al. allowing for significantly more remodeling of the matrix by 

embedded cells and cell-cell communication. Fibrin degradation has been linked to increased SMC 

proliferation and matrix deposition in fibrin-based vascular grafts [38], suggesting that for optimal 

fabrication of tunica media equivalents, lower density fibrin may be more appropriate.   

Further, Helms, et al. reported that pulsatile perfusion culture was required for EC in the 

adventitia layer to form aligned microvasculature. Their group published a follow-up study 

investigating how longitudinal tension, pulsatile perfusion with cyclic stretch, and tension + 

pulsatile perfusion influence the alignment of microvasculature in the adventitial layer of a TEVG 

[39]. They found that tension and tension + pulsatile perfusion yielded significantly more 

alignment than pulsatile perfusion alone or static controls. Further the combined regime yielded 

the greatest alignment of microvessels. Another group investigated the alignment of microvessels 

in fibrin gels and found that hydrogel compaction and interstitial flow were both critical for vessel 

alignment [40]. Other groups have reported the critical need for fluid shear stress in endothelial 

monolayer alignment [41-43] and the need for flow-induced alignment in reorganization of the 

vascular plexus [44]. Here we report a new phenomenon that microvessels are capable of aligning 

in the absence of fluid flow-induced shear stress. Microvessels in the adventitial layer of our grafts 
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aligned as early as 3 days and continued to form an aligned capillary network by 14 days (Fig. 

S5.2), even in the absence of flow. The cells’ ability to spread within the matrix and form 

capillaries aligned in the lumenal direction was critical for sprouting into surrounding hydrogels 

and integrating with capillary networks, as shown by the lack of sprouting in grafts with shorter 

adventitia culture periods (Fig. 5.8 B vs. C). Our method yields aligned microvasculature through 

the use of a simple static culture system that relies only on hydrogel compaction against the fixed 

surface of the mandrel. These vascular grafts could be cut off the mandrel and unrolled into 

millimeter-scale aligned microvascular tissue constructs. Such a construct could be instrumental 

in engineering functional tissues such as myocardium or skeletal muscle that require aligned 

vasculature for proper functioning and maintenance of parenchymal muscle cells [45].  

Another technique to fabricate hierarchical vasculature that is gaining traction in the field 

is 3D printing [46-48]. One recent study quite similar to ours integrated macrovessels and self-

assembled capillaries within a 3D printed collagen gel. The macrovessel was fabricated from a 

PLLA-PLGA polymer containing holes regularly spaced along the length to allow integration 

between the lumen of the macrovessel and the capillaries within the surrounding hydrogel [47]. 

Overall, this yielded a macro- and microvascular hierarchy suitable for surgical anastomosis with 

the aid of polymer cuffs. Our work presented herein yields a similar result, but with a living TEVG 

as the macrovessel rather than a polymer-based acellular graft with limited compliance. Other 

techniques have fabricated meso- and microvascular hierarchical networks in cell-dense tissues 

more replicative of native tissue cell density [49, 50]. Through the use of cell-dense organoids [49] 

or dense cell sheets [50], hierarchical vascular networks have been embedded within millimeter-

scale tissues containing 100-200 million cells. Though this is beyond the scope of the present 
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study, combining hierarchical vascular networks with cell-dense tissues will be critical for the 

development of engineered tissues and organs for transplant. 

The use of TEVG in this study as opposed to explanted murine vessels used in Chapter 4, 

represents a step toward clinical translation by creating vascular hierarchies without the need to 

harvest an autologous vessel. Further, the incorporation of mesovessels yields a vascular hierarchy 

spanning from arteries all the way down to the capillary scale, with perfusion of the hierarchy 

across two out of three length scales. Prior work has shown integration of the capillaries and 

mesovessels (Chapter 3) and current work showed integration of the capillaries and TEVG and 

capillaries and mesovessels. Overall, this research yielded a complete hierarchical vascular tissue 

construct that brings the field one step closer to translating hierarchical vasculature to the clinic.   

 

5.5 Supplementary Figures 

Supplementary Figure 5.1: Imaging plane schematics. Schematics of the three different imaging planes 

used throughout the study.  
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Supplementary Figure 5.2: Static culture yields increasingly more aligned vasculature over time. 

Fluorescent images of longitudinal sections of grafts at day 3 (left), day 7 (middle), and day 14 (right) 

showing vasculature aligned in the direction of the lumen (white line in top left corners). Red – EC, blue – 

nuclei.  
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Chapter 6 – Conclusions and Future Directions  

 

6.1 Introduction 

In this chapter, I outline current limitations of existing vascular tissue constructs, 

summarize my contributions to the field detailed within this dissertation, and discuss future work 

that may bring the field closer to clinical realization of hierarchical vascular constructs and other 

vascular therapies.  

 

6.2 Limitations within the Field of Vascular Tissue Engineering 

The understanding of native vascular development and progress in engineering biomimetic 

vascular tissues have been greatly advanced within the last several decades [1-7]. However, the 

challenge of engineering a hierarchical vascular tissue construct suitable for surgical 

transplantation has yet to be overcome [8]. Three key hurdles exist within the field including a 

consensus on cell types used for vascular applications, the application of fluid flow within 

engineered tissues, and progress towards engineering a hierarchical vasculature within a single 

tissue.  

As discussed in Chapter 2, research on engineered vascular tissues typically uses cell types 

that are not clinically translatable and represent a proof-of-concept for understanding vascular 

tissue development. Therefore, despite the plethora of research on engineered vascular tissues at 
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all length scales, very few cellular therapies for vascularization have advanced to the clinic. The 

therapies that have advanced to the clinic primarily use cells easily obtainable through biopsies.  

Another limitation within the field is the development of vascular tissue constructs in the 

absence of fluid flow. After the formation of the vascular plexus, fluid flow plays an important 

role in remodeling the vasculature into a hierarchical structure composed of arteries, veins, and 

capillaries. This fluid flow is a driver of vascular phenotype, for example, the presence of a 

significant muscular layer in arteries compared to a relatively thin muscular layer in veins which 

experience lower blood velocities and pressures. The presence of flow within engineered 

vasculature may prime vascular tissues for implantation and facilitate more rapid inosculation with 

host vasculature and integration with surrounding host tissues. Many studies have tried to 

incorporate fluid flow within engineered tissues by subjecting constructs to a back-and-forth 

motion using a rocker plate [9-12]. However, this represents situational or a pathologic oscillatory 

flow profile. Blood typically flows in a unidirectional pattern, except at bifurcations [13-15] or 

near thrombi [16] where secondary flows are generated, so the presence of this flow pattern may 

not appropriately prime tissues for implantation. Unidirectional flow has been applied with the use 

of pumps/bioreactors [17-22] or hydrostatic pressure gradients [23-26], though these are not 

always applied at the appropriate pressure, speed, or shear stress values as observed within 

different regions of the native human vascular system.  

Finally, as thoroughly outlined in Chapter 2, very little research has focused on bridging 

vascular length scales to create an integrated, perfusable vascular hierarchy for clinical 

applications of engineered tissues and organs.  
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6.3 Summary of Findings, Conclusions, and Contributions of this Dissertation Work to the 

Fields of Tissue Engineering and Regenerative Medicine 

The primary goal of this dissertation was to engineer a complete, perfusable, vascular 

hierarchy suitable for surgical anastomosis and immediate perfusion of the construct in vivo. More 

specifically, this dissertation focused on inosculation between vessels of two different length 

scales, and then integrated all three length scales for a complete hierarchical vascular tissue. A 

secondary aim of this work was to develop systems that can be used to better understand vascular 

morphogenesis and inosculation. Each aim of this dissertation yielded an advancement in 

hierarchical engineered tissue constructs and the development of a model system that can be used 

to further investigate vascular morphogenesis and improve engineered tissues toward clinical 

translation. In Chapter 3, I detailed the development of two-scale capillary-mesovascular 

hierarchies and the development of a model system that may be used for the study of tissue-specific 

vasculature. I employed this system to investigate the role of tissue-specific SC on the 

morphogenesis, inosculation, and perfusion of engineered hierarchical vasculature. This model 

system could be further developed toward using tissue-specific EC in conjunction with tissue 

specific SC toward biological mimicry of organ-specific vasculature. In Chapter 4, I developed a 

two-scale capillary-artery vascular hierarchy and investigated properties of hydrogel composition 

resulting in various sprouting morphologies. This model system could be used to investigate 

inosculation mechanisms at different scales of the vascular system and mechanisms of host-

implant inosculation. Finally, in Chapter 5, I developed a novel technique to fabricate three-layer 

TEVG mimicking native artery physiology composed of a tunica intima, media, and adventitia, 

amenable to cellular remodeling, and suitable for surgical anastomosis. These grafts were used to 
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investigate the integration of vasculature across three length scales toward the fabrication of a 

complete, three-scale hierarchical vascular tissue construct.  

 

6.3.1 Aim 1 – Engineered two-scale vascular micro-mesovascular hierarchies and the 

development of a platform enabling the study of tissue-specific vascular morphogenesis 

To form two-scale vascular hierarchies containing capillaries and mesoscale vessels, I 

adapted an established microfluidic lab-on-a-chip system previously used to study GF-mediated 

angiogenic sprouting in the absence of vascular supportive SC [10]. My modifications to the 

system enabled the formation and perfusion of microvascular capillary beds with connections to 

arteriole-scale endothelialized channels resulting in a perfusable hierarchical vasculature. This 

system permitted the investigation into how SC identity influences EC morphogenesis. I 

investigated LF, DF, and MSC for their ability to support EC morphogenesis, inosculation, and 

subsequent perfusion of hierarchical vascular networks in fibrin hydrogels. These studies pave the 

way for future use of this system with tissue-specific SC and EC to investigate tissue-specific 

vascular morphogenesis and the development of drugs and/or biologics that interact with tissue-

specific vasculature.     

Conclusions: This work showed that all three SC types supported vascular morphogenesis, 

with LF in particular yielding microvascular morphologies with the highest vascular density, 

vessel diameter, and vessel interconnectivity. Further, LF were the only SC type to support 

functional perfusion of hierarchical vascular networks. While significant work in the literature has 

focused on the tissue-specific nature of EC, this work identified that SC may also take on lineage-

specific roles in vascular morphogenesis, depending on the organ of origin. Though not typically 
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considered a pericyte, LF displayed three pericyte-like markers, SMA, NG2, and PDGFR, in 

perivascular locations and directly associated with the microvasculature.  

 

6.3.2 Aim 2 – Two-scale micro-macrovascular hierarchies and a potential platform to study 

host-implant inosculation mechanisms and vascular development from aged and diseased 

populations 

To enable surgical anastomosis of engineered vascular hierarchies, I incorporated 

explanted murine arteries and veins yielding two-scale capillary-macrovascular hierarchies 

(Chapter 4). The system developed in Chapter 4 could be further used to explore host-implant 

inosculation mechanisms and vascular sprouting using diseased and/or aged donor tissue to 

provide insights into vascular development critical for clinical translation.  

Conclusions: Aortae were the easiest vessels to isolate, the only explanted vessel type 

successfully cannulated, and yielded the greatest EC sprouting compared to the other vessels 

examined. Therefore, these vessels represent the greatest translatable potential to further test in a 

murine ischemia model where the explanted aorta and surrounding microvasculature would be 

transplanted via surgical anastomosis. The presence of human cells within the bulk hydrogels 

diminished murine EC sprouting from the macrovessels, but the murine and human EC still 

interacted and appeared to inosculate. Murine EC migrated along or wrapped around existing 

capillaries forming interconnections between the macro- and microvasculature. In acellular 

hydrogels, endothelial sprout distance and hydrogel stiffness were linearly correlated indicating 

that hydrogel stiffening underlies vascular morphogenesis, in line with previous work.  
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6.3.3 Aim 3 – Fabrication of TEVG and a multiscale, integrated, hierarchical vascular tissue 

construct 

Though murine macrovessels could be suitable for surgical anastomosis in an animal 

model, TEVG were fabricated as a means to scale these vascular hierarchies toward human clinical 

use. The current standard of practice for bypass surgeries is to take a vessel from another location 

within the body, thus yielding two surgical sites. TEVG hold great promise for clinical applications 

as they would eliminate the need for a donor vessel. In Chapter 5, I developed a new method to 

fabricate multi-layer vascular grafts mimicking the three native layers of arteries: tunica intima, 

tunica media, and tunica adventitia. I then integrated these grafts with the meso-microvascular 

hierarchies developed in Chapter 3, yielding a complete vascular hierarchy composed of 

capillaries, mesovessels, and macrovessels perfusable across two length scales and suitable for 

surgical anastomosis. This prototype hierarchical vasculature has the potential to address a critical 

unmet need in the field of tissue engineering and regenerative medicine.  

Conclusions: Soft fibrin hydrogels were critical for cell spreading and cell-mediated graft 

compaction. In initially stiffer 10 mg/mL fibrin hydrogels, grafts did not undergo cell-mediated 

compaction yielding a graft not permissible to surgical anastomosis. In contrast, initially softer 5 

mg/mL hydrogels permitted substantial cell-mediated remodeling and compaction of the matrix 

ultimately yielding a tough graft that could be sutured, extensively stretched, and handled.  On-

mandrel culture was critical for maintaining lumen diameter and supporting alignment of 

capillaries within the adventitia layer. Incorporating SMC in a media layer was critical for 

increasing mechanical strength of the grafts for successful suture placement. Finally, the duration 

of adventitia layer culture was critical for the successful creation of a hierarchical vascular tissue 

constructs. When only cultured for 3 days, capillaries in the vasa vasorum did not sprout out and 
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interconnect with surrounding capillaries, whereas when cultured for 7 days, capillaries in the vasa 

vasorum did sprout out towards capillaries in the surrounding bulk hydrogel.  

 

6.3.4 Impact 

In summary, this dissertation has yielded a model system enabling the study of tissue-

specific vascular morphogenesis, a model system enabling the study of host-implant inosculation 

mechanisms, and a complete, integrated vascular hierarchy suitable for surgical anastomosis. 

These model systems build on prior work and pave the way for future research to enable the 

development of tissue-specific vasculature for engineered tissues and organs.  

This work builds upon prior research integrating capillaries and macroscale vessels. 

Significant progress has been made prior to this dissertation work by numerous research groups. 

Chiu et al. integrated rodent arteries and veins by inducing capillary sprouting from the cut lumenal 

ends of the vessel thereby bridging arterial circulation with microscale capillaries [27]. Chapter 4 

builds upon this work by inducing sprouting from the longitudinal edge of the vessel yielding a 

construct that contains capillaries and arteries without breaking the arterial circulation to transplant 

the construct. Szklanny et al. fabricated a vascular graft from a synthetic polymeric material and 

integrated this graft with a surrounding bulk hydrogel containing a capillary network [28]. Micro 

holes along the graft wall allowed integration of endothelial cells in the graft and capillaries in the 

bulk hydrogel.  In Chapter 5, we built upon this work by fabricating a hydrogel-based vascular 

graft containing capillaries replicative of a vasa vasorum that could integrate with capillaries in 

the bulk hydrogel by sprouting out of the graft wall into the surrounding hydrogel. The use of a 

hydrogel-based graft allows for more cell-mediated remodeling of the graft and potentially more 

integration with the host following transplantation.  
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The hierarchical vascular tissue construct developed within this dissertation paves the way 

to vascularize tissues for the transplantation of any parenchymal cell type including skeletal 

myoblasts, cardiomyocytes, islets, hepatocytes, osteoblasts, neurons, and others. This construct 

when cultured with parenchymal cells could be applied clinically as a free tissue flap surgically 

anastomosed by the TEVG. To my knowledge, only one prior study has investigated the use of 

hierarchical vasculature as a free tissue flap to support parenchymal cell function. Sekine et al. 

investigated hierarchical vascular tissue constructs containing cardiomyocyte- and capillary-laden 

cell sheets layered on top of the macro- and mesovascular scale vessels [29]. The model developed 

in this dissertation supports the integration of parenchymal cells within the bulk hydrogel 

surrounding the meso- and macro-vessels thereby yielding increased integration of the hierarchical 

vasculature and parenchymal cells. This model further advances upon the prior study by 

eliminating the use of native host vessels that requires an additional surgical site. This hierarchical 

vascular tissue construct could have potentially transformative results for the clinical translation 

of 3D tissues and organs.  

 

6.4 Limitations of this Work 

As mentioned in Chapter 2, there is a significant unmet clinical need for engineered 

hierarchical vascular tissue constructs. Though the work presented within this dissertation makes 

significant strides towards this goal, there are some limitations of the studies described in this 

dissertation.  

First, the endothelial source used throughout this dissertation is a proof-of-concept cell 

source. The clinical translatability of HUVEC has been questioned in part because these EC are 

derived from venous origins and would likely be unsuitable as an autologous cell source for 
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therapeutic applications. Additionally, these EC and all of the SC used in the scope of this 

dissertation were derived from young, healthy donors, not necessarily representative of a more 

aged patient population. These cell types facilitate the robust and reliable formation of vasculature 

in vitro and in vivo, but to aid clinical translation these strategies should also be evaluated using 

more clinically relevant cell sources [30, 31]. However, further complicating this, a field-wide 

consensus on clinically relevant cell sources has not been determined (as discussed in Chapter 2).  

Perfusion of engineered vasculature is critical as native vasculature is continually perfused. 

In this dissertation, perfusion was only assessed at the endpoints of culture following a static 

culture period. Exposure to physiologically-relevant shear stresses and blood pressures may alter 

the results found here and may better facilitate inosculation across length-scales prior to 

implantation in vivo. In Chapter 3, perfusion may have prevented the collapse of mesovessels in 

DF- and MSC-containing samples, perhaps yielding hierarchies with all three organ-specific SC 

types and may have facilitated a greater percentage of perfused hierarchies in LF-containing 

samples. In Chapter 4, perfusion may have yielded increased sprouting from explanted 

macrovessels and more inosculation points between sprouted and engineered vasculature from 

murine and human origins, respectively.  

Finally, the complete hierarchy presented in Chapter 5 represents a structure that does not 

truly replicate native anatomy. While macro-, meso-, and microvasculature are all present within 

the engineered tissue construct, arteries do not directly connect to capillaries in the native vascular 

hierarchy. Rather vasculature tapers, gradually reducing diameter and wall thickness as vessels 

progress from arteries to capillaries. It is likely that when anastomosed to the host arterial 

circulation, the network will undergo flow-induced remodeling, potentially connecting the TEVG 

and capillary bed through remodeling of existing capillaries into larger vessels via a process called 
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arteriogenesis. Fluid shear stress (FSS) is a critical driver of arteriogenesis [32], in contrast to 

hypoxia-induced angiogenesis; therefore since the implanted network is a non-physiologic 

arrangement of vessels, it is likely that FSS will induce significant arteriogenesis and remodeling 

of the network.  This work did not reach the point of testing in vivo.   

 

6.5 Future Directions 

The results from these studies provide a new methodology for engineering hierarchical 

vasculature and new platforms that could be used to gain a better understanding of various aspects 

of vascular development relevant for clinical translation. 

 

6.5.1 Aim 1 – Increasing the replication of organ-specific vascular phenotypes, perfusion 

culture, and increased replication of arteriole anatomy  

The hierarchical vascular model developed here could be further improved to gain a better 

understanding of organ-specific vascular morphogenesis and aid research efforts towards 

engineering functional organs. We tested various organ-specific SC (lung, skin, and bone marrow), 

though the arguably more critical cell type in organ-specific vasculature is the EC which play a 

role in regulating vascular permeability. The permeability of continuous, fenestrated and 

sinusoidal capillaries should not be equal, and to my knowledge this comparison in engineered 

tissues has not yet been made within the field. Sinusoidal capillaries are found in the bone marrow 

while continuous capillaries are found in the lung and skin, therefore using EC specific to these 

organs could help to better understand and control the development of organ-specific vasculature 

with relevant permeability and functionality. Most permeability studies in the literature focus on 
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achieving tight barrier replicative of continuous capillaries or venules [24, 33-40]. The system 

developed within this thesis, modified by the use of organ-specific EC, could elucidate the means 

to develop vasculature with organ-specific functions and a mechanistic understanding of vascular 

permeability to facilitate the translation of engineered organs.  

As mentioned above, a limitation of both the field and this study is the lack of fluid flow 

applied in a physiologic manner at physiologic shear stress levels. Future studies could explore 

how EC morphogenesis and vessel perfusion are impacted by flow in this system. It is likely that 

exposure to constant fluid flow will reduce mesovessel collapse and potentially support greater 

inosculation between capillaries and mesovessels in LF-supported samples and enable this 

inosculation in DF- and MSC-supported samples.  

Finally, this model could be adapted to engineer multilayered arteriole-scale vessels. 

Currently, the mesochannels are seeded in a single step process seeding only EC. This process 

could be modified to a two-step process in which organ-specific SC are first seeded and allowed 

to adhere, followed by a second seeding of EC to fabricate a two-layer mesovessel. A similar 

procedure was employed by Alimperti et al. in a model of single mesovessels [9]. This process 

would facilitate the fabrication of physiologically-relevant mesovessels to more fully replicate 

arteriole biology in the layers of perivascular cells within their tunica media, and potentially 

facilitate regulation of arteriole diameter, a physiologic function not yet achieved in engineered 

tissues.  

 

6.5.2 Aim 2 – Improved fabrication of vascular hierarchies and developing an improved 

understanding of host-implant inosculation  
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The hierarchical vascular construct developed here could be further improved and further 

tested as a means to restore perfusion to ischemic tissues. Our results showed significant sprouting 

from explants embedded in acellular hydrogels, which was attenuated when cells were 

incorporated into the bulk hydrogel. Further, we showed evidence of anastomosis between 

sprouted mouse EC (mEC) and human EC (hEC) that formed vessels in the bulk. Together, these 

results motivate a potential direction to combine this work with our established microbead platform 

[41]. Cellular microbeads containing the same cells as our bulk hydrogel are capable of sprouting 

into and vascularizing acellular fibrin hydrogels [41]. Microbeads could be dispersed throughout 

the hydrogel and yield capillary sprouting into the surrounding acellular bulk hydrogel concurrent 

with mEC sprouting from the explant ultimately yielding integration between sprouted capillaries 

from the beads and sprouted mEC from the explants. Additionally, future studies could explore 

these constructs in animal models of hindlimb ischemia as a means to restore blood flow to 

surrounding tissues. Our lab has primarily assessed microvascular therapies in hindlimb ischemia 

models (unpublished), though this construct could be tested as a therapeutic to address the 

multiscale damage to ischemic tissues [42]. 

The focus of Aim 2 (Chapter 4) was to develop a hierarchical vasculature containing a 

macrovessel suitable for surgical anastomosis. However, the model system developed could also 

be used to study host-implant inosculation mechanisms ex vivo. To my knowledge, there is only 

one group that has extensively studied host-implant inosculation through the use of complex 

animal models and intravital imaging techniques [43]. The morphology of sprouting observed in 

our model is remarkably similar to the morphology observed by their group (Fig. 6.1). Our model 

allows the investigation into how host and implant EC interact in a simple 3D hydrogel culture 

model using confocal microcopy imaging techniques and without the need for costly animal 
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husbandry for extended periods. While our model employed explanted vessels from young, healthy 

mice from a BALB/c background, this model could be further modified by obtaining vessels from 

aged, diseased, or genetically-modified mice to match the aging population and provide better 

insights for clinical translation of implanted vasculature.  

This model paves the way to answer numerous scientific questions regarding host-implant 

inosculation. How does a sprouted cell determine where to sprout to and whether to sprout towards 

an empty region within the hydrogel or another vessel? Is this dependent on the density of 

vasculature in the surrounding region? Does sprouting speed play a role in inosculation dynamics? 

How does a sprouted cell transition from direct cell-cell contact to replacement of the cell in the 

position of the vessel? Answers to these questions could potentially be obtained using this model 

and will greatly impact the future of engineered vascular therapies.  

Figure 6.1: Mechanisms for investigating host-implant anastomosis. (A) Sample data from Cheng at al. 

showing how implanted HUVEC sprout towards and wrap around host vessels to tap into the host blood 

supply. (B) Cheng et al. proposed mechanism for how this process occurs. (A, B) Reproduced with 

permission from Elsevier from reference [43]. Copyright 2011, The American Society of Hematology. (C) 
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Sample images from Chapter 4 studies showing a similar “wrapping and tapping” morphology (yellow 

arrowheads).  

 

6.5.3 Aim 3 – Improving the TEVG, developing preclinical models of transplanted cells and 

tissue, and developing better organ-specific hierarchical vasculature 

The TEVG developed within this dissertation is in the early stages of development. Further 

research to improve the mechanical properties of the graft to enable it to withstand the 

hemodynamic forces present within the arterial circulation would facilitate translation of the 

hierarchical tissue. This will require increased mechanical characterization of the tunica media 

layer, as well as the SMC morphology and arrangement within the hydrogel. Additionally, adding 

flow preconditioning to the graft may improve sprouting potential in vitro and in vivo and prime 

the graft to better withstand physiologic hemodynamic forces.  

Flow conditioning will be critical not only though the vascular graft, but also through the 

mesovessels and capillary structures. Future studies could examine integration of all three length 

scales by connecting the construct to a perfusion culture system to better understand the influence 

of flow-mediated remodeling on vessel development and inosculation in this system. Culturing 

this hierarchical construct under flow through the TEVG and the mesovessels may improve 

inosculation of each vascular length scale to the surrounding capillaries, and thereby support 

increased perfusion within the entire tissue construct. Static conditioning of TEVG has been 

successful in prior studies [44, 45], though perfusion culture would likely improve the mechanical 

characteristics of the grafts developed herein and aid in the interconnection of vasculature across 

length scales.  To enable perfusion culture, a better bioreactor mold is required. The current PDMS 

mold developed in this dissertation allowed the preliminary fabrication of complete vascular 

hierarchies. However, it does not easily support perfusion of multiple length scales. Bioreactors 
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with specific inlets for the vascular graft and mesovessels will facilitate increased perfusion of the 

entire vasculature. There are several existing bioreactors that could be adapted to fit the needs of 

the current vascular hierarchy developed in this dissertation. Commercially available bioreactors 

designed for vascular grafts could be employed after seeding the arteriole-channels with EC to 

fabricate the mesovessels. Such bioreactors have been previously used to culture TEVG [21]. A 

recent Nature Protocols paper describes detailed methodologies for fabricating a similar bioreactor 

and used it to seed mesoscale vessels (Fig. 6.2) [46]. This protocol may enable the fabrication of 

a custom bioreactor with multiple inlets and outlets for seeding mesovessels and providing flow 

to mesovessels and macrovessels within the bioreactor. 

Increased perfusion may also be achieved by incorporating microvascular patterning 

techniques to better control the location of micro- and mesovascular structures within the construct 

[47]. Though our model represents a significant advancement in the development of a hierarchical 

vascular tissue construct, no organ contains vasculature arranged in this way. Our hierarchical 

construct could be modified via patterning to replicate organ-specific vascular hierarchical 

morphologies. The liver lobule for example contains a hepatic artery that branches into arterioles 

in the liver lobule which supply blood to the sinusoidal capillaries within the lobule. This 

vasculature is patterned in a distinct morphology which could be incorporated into the hierarchical 

vascular construct developed here.  

Patterned vascular structures within the hierarchy may also be achievable through a 3D 

printing technology currently being developed within our lab. 3D printing will enable the 

fabrication of mesovasculature with specific patterns and orientations into a bead slurry which 

could contain organ-specific parenchymal cells and microvasculature to engineer organ-specific 
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hierarchically vascularized tissues. A vascular graft, like the TEVG developed in this thesis, could 

be embedded within this construct to complete the hierarchy. 

 

 

Figure 6.2: New closed loop bioreactor mold for sterile culture and perfusion that could be applied to 

hierarchical vascular tissue constructs developed by Kinstlinger et al. (A) Customizable perfusion 

chamber. (B) Assembly of hydrogel into the perfusion chamber. (C) Schematic of closed loop seeding 

process for mesovessels. (D) Methods for setting up sterile closed loop fluidic circuit. Figures reproduced 

from reference [46] with permission from Springer Nature. Copyright 2021, Kinstlinger, I.S., et al. 
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Finally, this model could be implanted into the arterial circulation in an animal model as a 

means to restore perfusion to ischemic tissues or support the transplant of parenchymal cells. I 

developed the necessary microsurgical skillset to anastomose 1 mm diameter vessels at the 

Columbia University Department of Orthopedics basic microsurgery course (Fig. 6.3). The course 

taught arterial and venous anastomosis, and interpositional grafting, which are all applicable to 

future work for anastomosing grafts into the circulation. Our lab has worked extensively with 

hindlimb ischemia models by implanting microvascular hydrogel constructs to restore 

macroscopic perfusion to ischemic limbs and increase vascularization of the surrounding muscle 

tissue. The model developed here could be surgically anastomosed into the femoral circulation to 

enable immediate perfusion of the macroscopic vessels and increased blood flow to the 

surrounding muscle tissue via perfusion of the capillaries and mesovessels within the hierarchical 

construct. This hierarchical vascular tissue construct could also be cultured with muscle cells and 

anastomosed to the femoral circulation as a therapy for volumetric muscle loss. Finally, this 

hierarchical vasculature could theoretically support the survival of a wide range of parenchymal 

cells as a free flap.  One example would be to anastomose the hierarchical vasculature into the 

mesenteric circulation along with co-transplanted islets, providing immediate perfusion to the 

grafted cells to support their abilities to produce insulin in response to glucose stimulation as a 

therapy for the treatment of diabetes.  

Critical next steps for this work are to demonstrate fully interconnected hierarchies with 

dextran perfusion in vitro and blood perfusion in vivo. We believe the primitive hierarchy 

presented herein provides a clear path forward for future work toward engineering hierarchical 

vascular tissue constructs at clinical scale.  
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Figure 6.3: Microsurgical anastomosis of rat femoral vessels. (A) Images of clamped vessels showing the 

sutures and complete surgical anastomoses for various types of anastomoses. (B) Images following release 

of the clamp and start of blood flow. A – artery, V – vein, CA – carotid artery, FA – femoral artery. Images 

obtained during the basic microsurgery course at Columbia University Department of Orthopedics. 
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6.6 Concluding Remarks 

The result of this body of work is three new model systems to study vascular 

morphogenesis, and one of the first models of hierarchical vasculature spanning all length scales 

of the vascular tree from capillaries to arteries. Importantly, this dissertation lays the groundwork 

for significant future work in both mechanistic understandings of vascular development and 

translational work to progress hierarchical vasculature into the clinic. The continued advancement 

of hierarchical vascular tissue constructs and further understanding of vascular inosculation 

mechanisms will greatly enhance the ability of TE to deliver on the promise of implantable tissues 

and whole organs.    
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Appendices 

 

The following appendices contain protocols that were critical for carrying out the research 

presented in this dissertation.  
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Appendix A – Thawing, Culturing, Passaging, and Freezing Cells 

 

*All cell culture reagents should be kept sterile, and all cell culture work should be conducted in 

the Biological Safety Cabinet (BSC).  

*Any items brought into the BSC should be sprayed with 70% ethanol to sterilize. Exceptions: 

cell culture flasks, well plates, and bioreaction tubes.  

 

Materials 

• Conical tubes (50 and 15 mL) 

• Sterile DMSO 

• Cryovials 

• Cell culture media (DMEM, EGM2, RoosterNourish, SMGM, etc. as needed for specific 

cell types) 

• Trypsin (0.05%) 

• PBS (1x, no calcium or magnesium) 

• Mr. Freezy 

• Cell culture flasks with filter caps (T75, T150, T182, T225 depending on experiment) 

• Serological pipettes  

• FBS 

 

Thawing Cells 

1. Aliquot one tube of D10 per vial of cells to thaw and warm up in the 37C water bath.  

a. Each tube should be 9 mL such that when 1 mL of frozen cells are added the total 

volume is 10 mL.  

b. If thawing a vial of a different volume, adjust the volume of D10 accordingly.  

2. Warm up media for plating cells.  

a. Media should be cell type specific (Table 1), and the volume should correspond to 

the flask size that the cells will be cultured in (Table 2).  

3. Retrieve cell vials from the liquid nitrogen dewar and thaw in the water bath.  

a. Do not leave cells in the water bath for an extended amount of time because liquid 

DMSO is toxic to cells.  

b. Twirl the cell vial(s) in the water bath until a small chunk of ice is remaining.  

4. Bring thawed cell vials and D10 tubes back to the hood.  

5. Transfer the contents of each cell vial to the corresponding tube of D10.  

6. Centrifuge cells at 200G for 5 minutes.  

7. Bring flasks and media to the hood.  

8. Aspirate the supernatant from the cell pellet and resuspend in 1 mL of media.  

9. Transfer cell suspension to the flask.  
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10. Transfer remaining media volume to the flask.  

11. In a figure eight motion, swirl the cell suspension around for even distribution of the cells 

upon settling out of suspension.  

12. Repeat steps 8-11 for each vial of cells being thawed.  

13. Place cell flasks in the 37C incubator for standard cell culture maintenance. 

14. Remove cell vials thawed from the cell culture log in the lab Google Drive.   

 

Culturing Cells  

1. Warm up media in the 37C water bath. 

a. Media should be cell type specific (Table 1), and the volume should correspond to 

the flask size that the cells will be cultured in (Table 2).  

2. Examine cells under the light microscope.  

a. Use 4x objective to assess confluency and 10x objective (or higher if needed) to 

assess morphology.  

b. Ensure cells have the appropriate morphology (e.g., long spindle shape for LFs or 

cobblestone for ECs).  

3. If cells are not yet confluent, transfer flask to the BSC and aspirate the media. If cells are 

confluent, follow the passaging protocol below.  

4. Replace media with fresh warmed media. 

5. Notes: 

a. Media should be changed every other day after thawing or passaging. Exceptions: 

if there is a substantial number of dead cells after thawing, media could be 

changed the day after plating and then every other day thereafter. 

b. Cells should reach ~80-90% confluency to achieve maximum cell yield without 

affecting future passages. Allowing cells to reach a higher confluency or complete 

confluency can alter the morphology and therefore yield inconsistent results when 

used in cellular assays. This can also decrease the maximum number of passages.  

c. Each cell type has a maximum passage number based on the point at which cell 

morphology changes (anecdotal evidence) or manufacturer recommendation.  

i. HUVECs: P7 

ii. NHLFs and NHDFs: P15 

iii. MSCs: P7 

iv. HASMCs: P20 

 

Passaging Cells 

1. Examine cells under the microscope to check for confluency. If cells are confluent, 

proceed with passaging protocol. If cells are not confluent, follow the culturing cells 

protocol above.  

2. Thaw trypsin for each flask.  

a. The volume should correspond to the flask size (Table 2). 

3. Aliquot one tube of D10 per flask of cells to passage and warm up in the 37C water 

bath.  

a. The volume should correspond to the volume of trypsin used to detach cells from 

the plate (Table 2). 

4. Warm up media for replating cells.  
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a. Media should be cell type specific (Table 1), and the volume should correspond to 

the flask size that the cells will be cultured in (Table 2).  

5. When trypsin is thawed, bring it to the BSC along with PBS, sterile pipettes and the cell 

culture flask.  

6. Aspirate cell culture media from each flask.  

a. Be sure to change the yellow tip on the aspirator between each flask. This is 

especially important when the flasks are different cell types.  

b. If multiple flasks are being combined into one aliquot, then yellow tip does not 

need to be changed.  

7. Add PBS to each flask (enough to coat the flask). Tilt the flask back and forth to wash the 

surface the saline and remove media proteins.  

8. Aspirate PBS from each flask, changing tips as necessary. 

9. Add trypsin to each flask and incubate in the incubator for 5 minutes.  

10. During this wait step, bring the hemocytometer and the warmed D10 to the BSC. 

a. The hemocytometer should be cleaned with 70% ethanol prior to bringing it into 

the BSC to remove any cellular remnants from the prior user. 

11. When the time is up, check the flasks under the microscope. Most cells should be 

rounded up and beginning to detach or already detached and floating. Tap the flask 

against the back of the microscope a few times to dislodge any remaining cells.  

a. Move quickly here as trypsin is toxic to cells if left on too long before 

neutralization. 

12. Add D10 to each flask (volumes should be equal).  

13. Using a pipette, wash the surface of the flask with the media several times and then 

pipette up and down to break up any clumps of cells.  

a. Skipping this step can yield cell clumps on the hemocytometer resulting in an 

inaccurate cell count.  

14. Transfer cell, trypsin, media mixture to a conical tube.  

15. Invert the tube several times or mix with a pipette. Then take a 10 L suspension and 

place it on the hemocytometer. 

16. Centrifuge cells for at 200G for 5 minutes. 

17. Count cells according to cell counting protocol (Appendix ?). 

18. Aspirate the supernatant and resuspend in cell specific media to reach desired 

concentration based on cell count.  

19. Take desired number of cells and add it to a new flask. Then add the corresponding 

media.  

20. In a figure eight motion, swirl the cells around to distribute evenly.  

21. If there are remaining cells to be frozen down, follow the freezing protocol below.  

 

Freezing Cells 

1. Follow passaging steps 2-3 and 5-17. 

2. Prepare freeze media.  

a. Recipe: 20% FBS, 10% DMSO, 70% cell specific media.  

b. The volume should correspond to how cells are frozen down. Typically cells are 

frozen down at 1 M/mL. 

i. Ex: If you have 4.6 M cells, you will need 4.6 mL of freeze media. In 

order to not run out, make a little extra (5 mL total).  
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3. When cells are done centrifuging, keep cells and freeze media on ice until ready to use.  

a. DMSO is toxic to cells when in liquid form, so it is best to prepare as much as 

possible before mixing it with cells.  

4. Label the appropriate number of cryovials based on the cell count. (This should be done 

in the BSC).  

a. Label should include: 

i. Cell type (Ex: HUVECs) 

ii. The current passage and the passage the vial will be when it is thawed (Ex: 

P5→P6) 

iii. The number of cells  

iv. Your initials  

v. The date frozen 

5. Retrieve a Mr. Freezy from the fridge and mark it with your initials and the date.  

6. Bring the cells and freeze media to the hood.  

7. Aspirate the supernatant from the cells and resuspend the pellet in freeze media.  

8. Pipette 1 mL into each cryovial and secure the cap.  

9. Put each vial into a slot in the Mr. Freezy and place it in the -80.  

a. The cells should be stored in the -80 for at least 24 hours. This can be longer if 

needed but not too long so that other lab members can use the Mr. Freezy.  

10. Transfer vials from the -80 to the liquid nitrogen dewar and record the additions on the 

cell log on the lab google drive.  
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Appendix B – Isolating HUVEC From Fresh Umbilical Cords  

 

*Protocol amended from Davis J., Crampton S.P., Hughes C.C.W. (2007). Isolation of Human 

Umbilical Vein Endothelial Cells (HUVEC). JoVE. 3. doi: 10.3791/183 

 

Notes: 

• Cords should be used within 1 week or less from birth (hospital collection). The sooner the 

cord is used the more viable the isolated cells will be. 

• You can do two cords at one time  

 

Materials Needed for One Cord:  

• 2 Haemostats  

• 1 pair of scissors  

• 2 L beaker  

• Foil and autoclave tape  

• 2, 5 mL syringe  

• 1, 33 mm, 0.22 um Millex filter  

• 2, 20 mL syringes  

• Butterfly needle  

• 1, 18-gauge needle (or 16-gauge needle)  

• 40 mL of sterile PBS  

• 5 mL of 0.1% collagenase (sterile-filter) → 5ml PBS + 5 mg collagenase  

• 5 mL of EGM-2  

• 1 T-25 flask 

• Umbilical Cord  

 

Protocol:  

Day before doing this protocol:  

• Place 2 haemostats, and 1 pair of scissors in a 2 L beaker.  

• Cover the beaker with aluminum foil and then tape one side of the aluminum foil to the 

beaker using autoclave tape.  

• Autoclave beaker using the textiles setting.  

 a. Sterilization time: 45 minutes  

 b. Drying time: 10 minutes  

• Check to make sure water level of pipe in the autoclave is at the specific set level. Then 

start the process.  

-------------------------------------------------------------------------------------------------------------

--------  

 1. Place the umbilical cord and the sterile PBS in the water bath. Make sure that the cord is 

in the biohazard delivery bag to avoid contaminating the water bath.  
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 2. Make 5 mL of 0.1% of collagenase in PBS. Make sure to make this solution every time 

this  

protocol is repeated, DO NOT store solution after experiment is completed. 

[Concentration = 5 mg/mL]  

 3. Sterile filter the 0.1% collagenase solution using a 5 mL syringe with a 33 mm, 0.22 m 

Millex filter.  

 4. Connect an 18-gauge needle to a 5 mL syringe and suction 5 mL of the sterile-filter  

collagenase. Place the syringe back in its wrapper for storage.  

 5. Remove the needle from the syringe carefully and throw it in the sharps needle biohazard  

container. Make sure you don’t recap the needle.  

 6. Suction 20 mL of PBS in each 20 mL syringe. Put the syringes back in their wrappers for  

storage.  

 7. Sterilize the hood and all the materials needed in this protocol prior to putting them in the 

hood.  

 8. Place paper towels inside the hood (use sufficient amount to cover your working area  

properly).  

 9. Soak the towels with bleach (make sure surface is completely wet with bleach) starting at 

the edges.  

 10. Put on a second pair of gloves prior to placing the umbilical cord in the container and 

especially prior to opening the umbilical cord container. Always use a second pair of 

gloves when handling human tissue. 

 11. Take out the umbilical cord and PBS from the water bath and place them inside the hood 

after wiping them down with ethanol.  

 12. Take out the umbilical cord from its container and wipe off the clotted blood in the paper  

towels. Role the cord around on the bleach-soaked towels.  

 13. Locate the lines where they clamped the haemostats on both ends of the cord. Cut the 

cord  

below the clamp marks. Use cord container as a waste container for the pieces cut from 

the  

cord. The cleaner the cut is the easier it is to locate the veins and arteries.  

 14. Gently slide half of the butterfly needle into the vein and clamp the cord with the needle 

using the haemostat. There will be two arteries and one vein, locate the artery wall for 

both arteries then the vein will be the vessel with the larger diameter. You must spiral the 

needle around because vein spirals around the outside. NOTE – Leave the plastic casing 

of the butterfly needle covering the needle when inserting it into the vein. The vein looks 

like a stretch mark. You shouldn’t have to put a lot of force when inserting the needle to 

the vein, there should be no resistance.  

15.  Remove the extra part of the butterfly needle so that you only have the tube connected to 

the butterfly needle. Attach the first 20mL syringe of PBS and inject all of it slowly into 

the vein making sure there are no clots. If there are still clots, repeat the process with more 

PBS. Make sure the cord is on top of the waste container.  

16.  Attach the collagenase syringe and begin injecting the solution until the liquid coming 

down changes its color to gold. (It takes approximately 1 mL of collagenase of color 

change to occur). Make sure to put the cord on top of the white towel to make it easier to 

notice the liquid color change.  
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17.  Clamp the other end of the cord and very carefully re-inflate the vein with the 4 mL of  

 collagenase remaining in the syringe.  

18.  Carefully place everything in the autoclaved beaker which initially contained the 

haemostats and scissors. Cover the top with the aluminum foil taped at one side of the 

beaker. Be careful not to puncture the cord at any point. Cord puncture will lead to loss 

of endothelial cells.  

19.  Remove your outer pair of gloves and take the 2 L beaker to the incubator.   

 20. Leave the cord in the incubator for 20 min.  

 21. Put on a second pair of gloves and take out the cord from the incubator. Remove the 

haemostat that is not holding the needle and then attach the last 20 mL syringe of PBS.  

 22. Place the cord on top of a 50 mL centrifuge tube and begin injecting the PBS in the vein 

very slowly to wash off the cells but avoid bursting the vein. Collect the entire solution in 

the 50mL tube and then discard the cord in the waste container after removing the needle 

and the  

haemostat holding it in place.  

 23. Centrifuge the tube on Setting 1 (200g for 5 min).  

 24. Make sure all waste goes in the biohazard bag. Clean up the hood with bleach and 

ethanol. 

 25. Take out a T-25 flask and place it in the clean hood. Label it: “HUVEC P.0, Date, Your  

initials, Date of Cord Harvest”.  

 26. Remove the 50 mL tube from the centrifuge and aspirate off the supernatant. Make sure 

to do  

it carefully to avoid aspirating off the HUVECs.  

 27. Add 5 mL of EGM-2 into centrifuge tube and mix well. Put the cell-media solution into 

the flask.  

 28. Place the flask in the incubator overnight.  

 29. Place flask in the hood and aspirate off the medium. Add 5 mL of PBS and rock the flask.  

 30. Aspirate off the PBS and add 5 mL of PBS (2X).  

 31. Remove PBS and add 5 mL of EGM-2.  

 32. Make sure to check on HUVECs under microscope every day. Cells should be confluent 

(~80%) in less than 1 week. If not, throw the cells away.  

 33. Once the cells are confluent, trypsinize and passage them into two T-75 flasks (P0 → P1).  

 34. Grow to confluency and freeze them down. Label them P1 → P2. This means they will 

be P2 when plated.   

 35.  Before using HUVECs for experiments, test them in vasculogenesis assay to ensure 

robust vessel formation consistent with prior data within the lab.  
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Appendix C – Preparing Microfluidic Chips for Cell Culture 

 

*Protocol adapted from David Cleveland. 

 

Notes: 

*This protocol requires the use of equipment in the Baker lab. Please email Dr. Baker for 

permission to use and the necessary training required.  

 

Materials: 

• PDMS (base and curing agent) 

• Transfer pipette  

• Microfluidic chip molds (3D printed from Protolabs) 

• Vice grip (threaded rods, wingnuts, metal sheets, rubber) 

• Glass coverslips (45x50 mm) 

• Ethanol (100%) 

• Isopropyl alcohol (IPA, 100%) 

• Spatula 

• Forceps  

• L-Glutaraldehyde (Sigma: G6257-100mL) (0.5% - must dilute)  

• Poly-L-Lysine (PLL, Sigma P8920-100mL) (0.1% - comes this way from manufacturer) 

• MilliQ water 

• Acupuncture needles  

• Micro spatula 

 

Equipment:  

• Oven (37C) 

• Oven (60C) 

• Plasma etcher  

• UV ozone  

 

Protocol: 

 

Day 1: Prepare PDMS molds 

1. Mix PDMS base and curing agent at a ratio of 10:1 in a plastic cup and mix thoroughly 

with a plastic stirrer. 

2. Degas PDMS under vacuum until all bubbles have been removed (time depends on 

volume of PDMS made but typically 30 minutes). 
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3. While PDMS is degassing, prepare the vice grip with plastic microfluidic mold.  

a. Each mold contains a piece of plastic bonded to rubber. 

b. One metal sheet in the vice grip has a piece of attached rubber and one does not.  

c. Stack plastic molds against the vice grip such that the front of each plastic mold is 

pressed against a piece of rubber.  

d. Tighten the wingnuts so the molds are securely held between the two metal 

sheets.  

4. Cut off the tip of a transfer pipette to increase the area and use this to transfer PDMS 

from the cup to the molds.  

5. Transfer PDMS into the molds by drizzling small amounts onto the right half of the 

molds.  

a. Do this step slowly to reduce bubbles. 

b. Only fill the right half of the molds and allow PDMS to naturally move and fill up 

the left half (this reduces bubbles).  

6. When the molds are completely filled with PDMS, degas them for 10 minutes to remove 

bubbles.  

7. Bubbles will rise out of the molds reducing the volume of PDMS within the molds, so 

repeat steps 5 and 6 twice more until the molds are completely full.  

8. Degas the molds for 3 hours. 

9. Move molds into a 37C oven to cure for 2 days.  

 

Day 3: Remove molds from vice grip, bond to glass coverslips, and treat for cell culture  

1. Remove molds from the oven.  

2. Unscrew wingnuts.  

3. Use a spatula to separate one metal sheet from the mold, separate the first mold from the 

second, and separate the second mold from the other metal sheet.  

4. Gently insert forceps into the top of the mold to separate the cured PDMS chip from the 

mold.  

5. Inject 100% ethanol to help release the PDMS from the mold.  

6. Use the forceps to gently remove the entire PDMS chip from the mold.  

a. Be very careful not to break the thin plastic features on the mold.  

b. If the PDMS chip is stuck to the mold, add more ethanol to help release it.  

7. Use a razor blade to cut the extra sliver of PDMS at the edge so the chip will fit on a 

glass coverslip.  

8. Clean the glass coverslips and PDMS chips with IPA and ethanol rinses.  

a. Rinse a coverslip with IPA on both sides.  

b. Rinse the coverslip with ethanol on both sides.  

c. Use the air gas line with tubing attached to dry the coverslip.  

d. Place the cleaned coverslip rested against the lid of a petri dish. 

9. Repeat step 8 for all coverslips and PDMS chips.  

10. Take the cleaned chips and coverslips down to the Baker lab to use the plasma etcher to 

bond the two pieces together.  

11. Place an equal number of coverslips and PDMS chips in the plasma treating cage (two of 

each fit).  

a. The chips should be feature side up (i.e., upside down). 

12. Run the plasma cycle for 1 minute.  
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a. If the plasma etcher is not set to 1 minute you must change the time (commands 

→ plasma time → change to 1 minute). 

b. If the plasma etcher is set to 1 minute you are ready to run it (commands → 

plasma → start) 

c. If the plasma etcher has not run for the day, it can take a few minutes to reach the 

vacuum set point.  

13. Once the cycle is over, release the hinge to open the door. Once the vacuum is released, 

the door will open.  

14. Remove one coverslip and one PDMS chip from the cage and place them together. 

a. Adhere the two surfaces that were upward facing during the plasma cycle.  

b. The feature side of the chip should be facing down and adhered to the glass.  

c. Use your fingers to gently press the two together.  

d. Place the bonded chip down on the bench and use your finger as a rolling pin 

going over the PDMS side of the chip (not the glass side) multiple times to ensure 

it is well adhered.  

e. Use your finger to place extra pressure on the surfaces you want to be extra sure 

are adhered (the gel chamber and each piece between two media wells).  

15. Transfer the chips to a 60C oven for at least 1 minute.  

16. Remove the chips from the oven and place them on the bench.  

17. Use your finger as a rolling pin again to flatten out the chip (the glass can bend while in 

the oven).  

18. Place a kimwipe over the chip. 

19. Place a weight on top of each chip for 5 minutes.  

a. The Baker lab has two petri dishes filled with metal beads to use, but it could be 

anything heavy if these are in use.  

20. Attempt to lift each corner of the PDMS from the glass. If the corner does not lift, then it 

is well sealed. If the corner does lift, the chip is not well adhered to the glass and may not 

be suitable for culture.  

21. Repeat steps 11-20 for all remaining chips.  

22. Bring bonded chips back to our lab.  

23. Take a P2 pipette tip and insert it into all of the insertion ports to make sure there is not a 

thin film of PDMS covering the port.  

a. Any PDMS film over these ports will cause fluids to not be inserted uniformly into 

the gel chamber.  

24. Inject PLL into the insertion ports for each device and leave at room temperature for 1 

hour.  

a. Soak a paper towel with water and ring it out. Place this next to the chips and 

cover with an ice bucket. This will prevent evaporation of the PLL. 

25. Aspirate the PLL from each device.  

26. Inject MilliQ water into each device to rinse out the PLL. 

27. Aspirate the MilliQ water. 

28. Repeat steps 26 and 27 once more.  

29. Inject 0.5% glutaraldehyde into each device and leave at room temperature for 15 

minutes.  

a. Soak a paper towel with water and ring it out. Place this next to the chips and 

cover with an ice bucket. This will prevent evaporation of the PLL. 
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30. Aspirate the glutaraldehyde from each device.  

31. Inject MilliQ water into each device to rinse out the glutaraldehyde. 

32. Aspirate the MilliQ water. 

33. Repeat steps 31 and 32 twice more.  

34. Place chips in an oven overnight to dry (temperature is not critical).  

 

 

Day 4: Insert needles and UV ozone treat the chips 

1. Ensure needles are cleaned. 

2. Place a single needle in each needle track (8 per chip).  

3. Use a micro spatula to push on the needle within each media well and on either side of 

the chip to ensure they are all at the same level.  

4. Bring the devices and a sterile P150 petri dish to the Baker lab.  

5. Place the chips in the UV ozone and sterilize for 5 minutes.  

6. After the cycle has completed, place the sterilized chips in the sterile petri dish.  

7. Bring the sterilized chips back to our lab. They are now ready for cell culture.   
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Appendix D – Encapsulating Cells in a 3D Microfluidic Chips 

 

Materials: 

• Bovine Thrombin 

• Bovine Fibrinogen 

• FBS 

• Media (SF-EGM2, EGM2, DMEM + 10% FBS) 

• PDMS coated plates  

• Trypsin (0.05%) 

• PBS (1x, no calcium or magnesium) 

• Microfluidic chips prepared according to Appendix C 

• Vacuum Grease 

• Forceps 

• 18 G needle 

• 5 mL syringe 

• 33 mm 0.22 μm filter 

• Microcentrifuge tubes 

• 150 mm petri dish 

• 100 mm petri dishes (coated with cured PDMS) 

 

 

Protocol: 

1. Get fibrinogen alliquot from -20ºC freezer and place it on the counter to warm to room 

temperature (15-20 min). 

2. Put trypsin and all media needed (SF EGM2, DMEM +10% FBS, EGM2) in the 37ºC 

water bath.  

3. Prepare an ice bucket for cells and reagents.  

4. Get FBS from sterile fridge and place on ice.  

5. Get thrombin from -20ºC freezer. Thaw by on ice or by holding in palm for a minute or 

so.  

6. Spray off PDMS plates (1 per chip) with ethanol and place in the hood to dry.  

7. Measure the fibrinogen needed to get to final concentration of 2.5 mg/mL for all gels (for 

2 chips plus 2 bulk gels need 1.2 mL plus some extra for filter loss --> make at least 1.5 

mL). Need 5.55 mg/mL for chips, can use any concentration for bulk gels that will satisfy 

the clottable and pure protein percentages.  

8. Add appropriate amount of SF EGM2 to reach 5.55 mg/mL. Allow solution to dissolve in 

37ºC water bath.  

9. Trypsinize cells as in other protocols  

1. Aspirate media 
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2. Wash with 1xPBS and aspirate 

3. Add appropriate amount of trypsin for flask size (3 mL for T75, 10 mL for T225) 

4. Incubate for 5 min 

5. Check under microscope to ensure all cells have been trypsizined and are lifted 

off of the plate. If not fully lifted, tap the edges of the flask to dislodge the 

adhered cells.  

6. Quench trypsin with appropriate amount of serum containing DMEM (regardless 

of cell type i.e., this is fine for HUVECs too)  

10. Clean off hemocytometer (spray with ethanol) and coverslip and bring both into the 

hood.  

11. Spray with ethanol a tube for each cell type and bring into the hood (tube size will 

depend on flask size) 

12. After quenching trypsin, remove a 10 μL sample of each cell suspension for the 

hemocytometer.  

13. Centrifuge cells on program 1 (200g for 5 min).  

14. Count cells on the hemocytometer. 

15. Suspend cells in SF EGM2 at desired concentration for each cell type (typically 20M/mL 

stromal cells, 10M/mL endothelial cells).  

16. Place cells in ice bucket until ready to use.  

17. Swirl fibrinogen solution if not fully dissolved. 

18. Sterile filter the fibrinogen solution. Attach an 18G needle to a syringe and pull up the 

solution. Remove needle and attach 0.22 μm filter. Filter into a clean tube.  

19. Prepare 1.5 mL centrifuge tubes for fibrin solutions. New tube for each set of 4 devices.  

20. Mix the ingredients in this order:  

1. 20 μL HUVEC suspension 

2. 20 μL stromal cell suspension  

3. 20 μL FBS 

4. 4 μL thrombin  

5. 136 μL fibrinogen  

21. Add the fibrin solution to each device (start with right side and fill until it reaches the left 

gasket).  

22. Allow devices to gel for 5 min in the hood (pipette aid off).  

23. Move the devices to the incubator for 30 min.  

i. 7 minutes rightside up 

ii. 8 minutes upside down 

iii. 15 minutes rightside up 

24. Place remaining HUVECs on ice (they will be used later to seed the channels). 

25. After 30 min of gelation, add EGM2 to all of the wells so gels can swell. 

26. After swelling, remove half the media in each well and remove needles with sterile 

forceps/tweezers.  

27. Transfer device to PDMS plate.  

28. Add vacuum grease to all holes (middle and edges).  

29. If not already diluted, dilute remaining HUVECs to 2.5 M/mL solution in EGM2. 

30. Add 20 μL of 2.5 M/mL HUVEC suspension to both channels of each device and 

incubate for 30 minutes upside down.  
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i. Check each channel for flow of cells through the channels. If cells are not 

flowing, remove air bubbles or adjust hydrostatic pressure by adding media to 

opposite well.  

31. Add 20 μL of 2.5 M/mL HUVEC suspension to both channels of each device and 

incubate for 30 minutes right side up.  

i. Check each channel for flow of cells through the channels. If cells are not 

flowing, remove air bubbles or adjust hydrostatic pressure by adding media to 

opposite well. 

32. Aspirate all media and add EGM2 to all wells.  

33. If media does not flow through, check all the channels for air bubbles.  

34. Change media every day until permeability measurements/fixing/staining. 
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Appendix E – Traction Force Microscopy Protocols 

 

*Protocol adapted from Yen Kong 

 

Functionalizing Coverglass with Glutaraldehyde (per Aratyn et al. from the Gardel Lab) 

(~3-4 hours) (Day 1) 

 

PPE: lab coat, gloves, safety glasses. During piranha part also wear face shield and black apron. 

(can wear special silver gloves as well – if you do not, be very careful not to get piranha on your 

gloves). Change gloves after using piranha.  

 

1. Load coverglass into silver metal slide holders.  

2. Clean coverglass with piranha (3:1) for 30 minutes in a clean 2000 mL beaker. 

a. To make piranha, add 100 mL H2O2 to 300 mL H2SO4 in the beaker (contained 

within a water bath). The water bath prevents the piranha solution from heating 

up too high and etching the metal coverglass holders.  

i. Place H2SO4 in the piranha beaker and place beaker in the water bath (DI 

water). 

ii. Slowly add H2O2 and wait for steam to settle.  

iii. Place the metal coverglass holders in the piranha solution using the spring-

loaded handle/holder.  

iv. Gently swish around the fluid a few times during the 30 minutes.  

b. Hydrogen peroxide (H2O2) is kept in the deli fridge and sulfuric acid (H2SO4) is 

kept below the fume hood.  

3. During step 1 wait time, start warming the glutaraldehyde (GA) in a water bath. Fill a 

beaker with DI water and place on the hot plate in the fume hood. Turn to 60 C. Put a 

stir bar in the bath and turn on stirring function. Add the conical tube of GA from the -20 

freezer (pre aliquoted) and make sure the cap is sealed tightly.  

4. Rinse coverglass in DI water for 5 minutes under a constant flow of water.  

a. Remove the piranha beaker from the water bath and dump the piranha into a 

waste container. Do not cap this waste container too tightly because it could 

explode. Waste bottle should be a special coated bottle. NO OTHER WASTE CAN 

GO IN THIS BOTTLE—PIRANHA ONLY. 

b. Dump the water out of the water bath glass container and wipe it down with paper 

towels.  

c. Place the slides in the glass container and bring to the DI water spout in the 

Stegemann lab. Fill the container so the slides are fully covered (careful not to 
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point the flow the water directly at the slides so they do not move out of the 

holders).  

5. Final rinse in IPA while preparing the next step (time not specific, as long as it takes to 

prepare the next step).  

a. Transfer the coverglass holders to the IPA wash bucket and cover the slides with 

IPA.  

b. Partially dry the coverglass. 

6. Prepare 2% 3-aminopropyltrimethoxysilane in the gray plastic tub and soak coverglass 

for 10 minutes.  

a. There is a marked glass Pasteur pipette (black marking is one mL). Use this 

marked pipette to make a new one to use today (the solution dissolves the 

marker). Only use glass, not plastic (will dissolve it).  

i. Rinse the new glass Pasteur pipette with IPA (draw up and eject).  

b. Bring a new stir plate and stir bar into the fume hood → use small stir bar because 

gray tubs are small and you do not want to hit the glass slides.  

c. Add 7 mL of 3-aminopropyltrimethoxysilane to 350 mL of IPA in the gray tub.  

d. Place coverglass holders in the solution for 10 minutes (stirring).  

7. Rinse 3x 5 minutes with ddH2O. Rinse 1x 10 minutes with ddH2O. 

a. Dump the IPA into a new waste bottle. 

b. Wash the 3-aminopropyltrimethoxysilane gray tub with IPA and dump into waste 

container.  

c. Wash the slides in a new glass rinse beaker. 

d. Dump the first two rinses into the waste containers. Third and fourth rinse can go 

down the sink.  

8. When GA is thawed, add 14 mL of 25% GA to 336 mL ddH2O (final concentration 1% 

GA) in the gray tub. Soak coverglass in GA for 30 minutes (stirring). 

9. Rinse 3x 10 minutes with ddH2O.  

a. Pour GA into waste bucket then rinse the gray tub.  

b. Rinse in the same glass rinse beaker.  

c. First rinse goes into waste, the remaining two rinses can go down the drain. 

10. Dry the glass slides at room temperature under the laminar flow hood and cover with 

aluminum foil.  

a. Functionalized coverglass can be kept in aluminum foil at RT for two months 

maximum.  

 

Preparing Polyacrylamide (PA) Gels with Fluorescent Beads (~3 hours) (Day 2) 

1. Make sure each molds have a small piece of double sided tape on the center 

2. Clean coverglass mold 24x60 mm with 100% ethanol under biosafety hood and leave to 

dry. Dry near the back of the hood because that’s where there is the most air flow.  

3. Place treated coverglass in the hood and expose to UV for 10 minutes. 

4. Mix 40% acrylamide, 2% bisacrylamide, 10x DPBS, and ddH2O to form the prepolymer 

solution in a microcentrifuge tube. See table for amounts of each.  
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E (KPA) ACRYLAMIDE BIS-

ACRYLAMIDE 

VOLUME OF 

ACRYLAMIDE (UL) 

BIS-ARYL. 

VOLUME 

(UL) 

10X 

DPBS 

(UL) 

H2O (UL) 

 

0.2 3% 0.03% 75 15 100 810 

2.0 4% 0.1% 100 50 100 750 

20.0 8% 0.264% 200 132 100 568 

50.0 12% 0.145% 300 72.5 100 527.5 

90.0 12% 0.28% 300 140 100 460 

127.0 12% 0.55% 300 275 100 325 

200.0 15% 0.9% 375 450 100 75 

 
Table E.1: Volumes of reagents needed to fabricate acrylamide gels with varying Young’s Modulus (E). 

5. Vortex mixture and then pulse for 5 seconds on the centrifuge to remove everything from 

the cap.  

6. Degas the mixture for 15 minutes. Periodically tap the vacuum jar to dislodge gas 

bubbles from the microcentrifuge tubes.  

7. Prepare fluorescent beads by mixing 3 L of fluorescent beads (from commercial stock 

solution or alliquot) with 27 L of ddH2O in the sterile hood.  

8. Sonicate bead mixture for a few seconds to prevent beads from clumping together (very 

important because clumps make it hard to do analysis/post processing).  

9. Prepare 10% APS solution mixed in ddH2O in a microcentrifuge tube. APS is in chemical 

cabinet (brown bottle with yellow label). 

10. Prepare the centrifuge (el sayed centrifuge not ours) with counterbalance: 500 rpm for 10 

minutes. 

11. When prepolymer solution has degassed, add 0.5 L of TEMED (in flammable cabinet-

small bottle with red top) catalyst and add 5 L of APS to the prepolymer solution. 

Vortex for 2 seconds.  

12. Filter the prepolymer solution (100 L total) with 0.22 m syringe filter. 

13. Add 20 L of fluorescent beads to prepolymer solution. 

14. Place 24 L drop of prepolymer solution onto each coverglass mold.  

15. Place treated coverslip on each drop of gel. Be careful not to get any bubbles. If bubbles 

are formed, attempt to move the coverslip around to get rid of them (if not removed the 

substrate cannot be used).  

16. Centrifuge the substrates for 10 minutes.  
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17. Let the substrates stand for an additional 20 minutes.  

a. Or you can modify steps 16 and 17 (ex: centrifuge for 20 min and let stand for an 

additional 10 min), but the total time should be 30 min.  

b. Could do 30 min centrifuge and no additional time as well.  

18. Prepare buffer solution  

a. X = number of substrates made  

b. X+1 x 2 mL of DPBS + 1/1000th gentamicin in 50 mL tube 

c. Add 2 mL of buffer solution to each well of a 6-well plate (one substrate per well) 

19. After the gel has polymerized, spread 500 L of ethanol around the edges of the 

coverglass (drop with a pipette).  

20. Carefully wedge a razor blade between the gel and mold to remove coverglass.  

21. Grab coverglass/substrate with forceps and place it in the buffer with the gel side facing 

up.  

22. Wrap well plates in parafilm then aluminum foil.  

23. Store in 4 C fridge for up to one week.  

 

Conjugating ECM (collagen) onto PA hydrogels with Sulfo-Sanpah (Day 3) 

1. Bring UV lamp (with plastic boxes for support), MES buffer, sulfo-sanpah, 6-well plates, 

and PA substrates to the sterile hood. 

a. Sulfo-sanpah is 100 mg/mL stock solution in DMSO.  

b. 0.1 M MES, 0.5 M NaCl pH=6.0 buffer (MES buffer) 

2. Rinse PA gels with MES Buffer (careful not to get too close to the gel with the aspirator). 

3. Dilute sulfo-sanpah (30 L sulfo-sanpah with 12 mL of MES buffer) in a 50 mL tube. 

Cover sulfo-sanpah with aluminum foil. Total volume will depend on how many 

substrates you are making.  

a. Calculation: 2*number of substrates*(30/12) = L of sulfo-sanpah needed (add an 

extra 0.5 mL – 1mL to the number of substrates number to account for pipetting 

loss. EX: making 5 substrates, instead of 2*5 = 10 use 10.5 or 11  

4. Aspirate buffer from PA gels Add 1mL of sulfo-sanpah solution to each well. Remove 

the cover and place the plate under the UV lamp for 8 minutes. Shake the plate around. 

Leave under UV for another 8 minutes.  

5. Aspirate sulfo-sanpah and rinse with 2 mL of buffer per wash for 3 washes. Between 

each wash, lift the substrates off the plastic well (just one side to get fluid under the 

substrate). This is very difficult to lift the substrates so take time to do it carefully.   

6. Dilute collagen with DPBS (without Ca2+ and Mg2+) to 50 g/mL. 

a. Need 1 mL per substrate.  

b. Add collagen to the conical tube first then add PBS to the collagen dropwise while 

gently shaking the tube to mix.  

c. g need/stock concentration (g/mL) 

i. EX: 8 substrates → need 400 g of collagen to get 50 ug/mL 

1. Stock collagen is 5.9 mg/mL 

2. 400 g / 5900 g/mL = 67.8 L of collagen needed  

7. Add 2 mL of DPBS to each well. Aspirate DPBS. Add 1 mL of collagen solution to each 

well. Set plates on the rocker at speed 3 for 2.5 hours (covered in aluminum foil).  
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8. Aspirate collagen solution. Rinse with 2 mL of DPBS in each well. Remove DPBS.  

9. Add PBS with 1/1000th gentamicin.  

 

Plating Cells onto the Substrates (~45 minutes) (Day 4) 

1. Trypsinize and count cells.  

2. Suspend cells to be seeded at 1000 cells/cm2  

a. 22 mm2 (0.22 cm2) coverglass → need a total of 220 cells per coverslip  

b. 1 mL of cell suspension added to each well → 220 cells/mL suspension needed 

3. Aspirate PBS.  

4. Add 1 mL of cell suspension to each well.  

 

Imaging (Day 5) 

*add calcein AM before imaging if using that instead of phase (follow instructions in the kit in -

20C freezer) 

1. Warm up environmental chamber to 37 C, 5% CO2.  This is important to prevent thermal 

drift which can alter saved positions.  

2. Clean 24x50 mm coverglass in 100% ethanol. 

3. Place substrate on top of big coverglass (cell side in contact with the glass).  

4. Use magnets to place 24x50 mm coverglass in place in the environmental chamber.  

5. Pin the substrate to one side of the larger coverglass (move the substrate so the edge is 

lined up to one edge of the larger glass).  

6. Set up brightfield - Adjust for Koehler illumination  

a. Move phase ring to 3. 

b. Close iris on the top of the microscope.  

c. Lower condenser until you see the iris through the eyepiece (move closer to center 

with the knobs).  

d. Open iris back up.  

e. Move phase ring to 1 or 2 if you can’t see the cells.  

7. Move the stage and set the origin at the upper left corner (or any corner you choose). This 

is critical so you can find cells again if the stage skips.  

8. Find focus. Make sure you see two different bead planes so you are imaging in the well (if 

you do not see two bead planes, move locations). 

9. Image at the upper bead plane (that’s where the cells are). Image away from the pinned 

side so the cells lyse easier.  

10. Find focus on cell plane in 20x.  

a. First find focus in 4x. then find focus in 10x and then find focus in 20x. This will 

help ensure you know where you are imaging.  

11. For BF: in the acquire window, increase the exposure time so the histogram of pixel 

intensity (green) is centered (~100 ms).  
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12. Find cells and focus. Center the cell in the image. Make sure there is only one cell in the 

image → no parts of other cells can be in the field of view.  

13. Hit memorize in the move stage to absolute position window.  

14. Label the position as the cell number you are on (1,2,3,4… 

15. Skip any weird looking cells as this could alter the data. Don’t use cells with really long 

fillapodia that go to the corners because you won’t get the full force/displacement field in 

the image.  

16. Every once in a while, switch to red channel to make sure you still see two bead planes 

(can usually see the edge of the well in BF).  

17. After you have found all the cells, go through the list and check that each cell is still there 

(in case the stage skipped or anything else happened). It is okay if z focus is off because 

you will refocus before imaging.  

18. Image each cell in phase, red (beads), green (calcein AM).  

a. 100 ms for phase, 400 ms for fluorescent channels. 

b. Change neutral density (ND) filters on the left side of metamorph screen if the 

intensity is too high.  

c. Refocus for each image. For beads, usually need to zoom in to see if it is in focus.  

d. On the green channel, let any photobleaching occur until the green is only within 

the cell’s location not outside the cell.  

e. To move from cell to cell, hit move to next in memory list.  

f. If the stage skips, go back to the corner you set the origin at and set the origin again 

(but do not change the relative positions saved in the memory list).  

i. Go back and check the previous cell and then image the next one.  

19. After all images are acquired, add lysis buffer to the three unpinned sides, being VERY 

careful not to touch the slide and move it. Let lysis buffer sit for 10 min.  

a. Lysis buffer is 10% SDS in water. Takes a long time to dissolve when making it.  

i. 1% = 10mg/mL, 10% = 100 mg/mL 

20. While lysis buffer is on the slide, save all acquired images.  

21. After lysis, switch to red channel at 400 ms.  

22. Close all images, except red (bead planes).  

23. Make sure the live window is the same size as the acquired bead plane images.  

24. Start at cell 1 to image the bead planes after lysis. Align the live view with the acquired 

image at the top edge and the side edge. Acquire new image.  

25. Check overlay of the cells (only need to do this for one or two because this will all be done 

in photoshop for post processing). Display → overlay images. Pick red for one image and 

green for the second image. If fully aligned, the color will be yellow. Align the corners 

(should align well), center won’t be aligned because of cell traction.  

a. In some cases there is rotation, which is accounted for in post processing.  

 

Post Processing (Any day) 

1. Photoshop → align the bead planes  

a. Open both bead images and cell image (either calcein AM image or phase image) 

in imageJ and convert to 8-bit images  

i. Do this for every image all together  
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1. Process → batch → convert  

a. Input: choose folder where images are saved 

b. Output: make a new folder 

c. Interpolation: bilinear 

d. Output format: 8-bit TIFF 

b. Open images in photoshop (one cell at a time → both bead planes and cell image) 

c. Convert beads 2 image into RGB color (image → mode → RGB color) 

d. In the layers tab: right click background and label it beads 2  

e. In channels tab: choose red color, delete blue and green (control a, delete) 

f. Shift F5 to make the background black on green and blue channels → need to get 

red beads on black background to show 

g. Beads 1 → copy image (control a, control c) 

h. In beads 2 image, layers tab: add new player and paste beads 1 image in. 

i. Control shift n to get a new layer. 

ii. Control v to paste beads 1 . 

iii. Label this image beads 1. 

iv. Close beads 1 image. 

i. On the beads 1 layer, delete red and blue → get green beads on black background  

j. Copy cell image: control a, control c 

k. Make a new layer in the beads 2 image: control shift n 

i. Paste cell image in the new layer: control v  

ii. Label as cell. 

iii. Close cell image.  

l. Beads 1 layer should be on top of beads 2 layer. Cell layer in the middle.  

m. Link cell image and beads 1 so they move together 

i. Click on both layers, right click, link layers  

n. Make beads 1 layer 50% opacity.  

o. Zoom in to a corner and align the two bead layers (yellow is a complete overlay). 

Check all four corners and ensure they have fully yellow beads.  

i. Use move tool in toolbar and the arrow keys to control it.  

ii. If it is yellow in one corner and not in another that means there is rotation 

which needs to be accounted for.  

1. To account for rotation, select the rotation tool and change the angle 

of the image (usually less than 1 degree). Will need to move the 

crosshair tool around on the image.  

p. Crop the image to avoid any edges where the images are not aligned. Save the image 

as a cell#_crop.psd. 

q. Make beads 1 100% opacity.  

r. On beads 1 layer, copy the green channel into the red and blue channels and clock 

RGB (should see white beads on black background). Do this for beads 2 as well.  

s. Create a new window (control n). Copy beads 1 and paste it in the new window. 

Flatten the image (layer → flatten image). Save this as cell#_beads1_aligned.TIFF 

t. Repeat step s for beads 2 and the cell images.  

2. ImageJ → make a stack, PIV, FTTC 

a. Make a stack in imageJ of both bead images.  

i. Open both images. Image → stacks → images to stack  
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ii. Make sure beads 2 is the first image in the stack and beads 1 is the second 

image in the stack (system reads no traction first then traction). If it is 

backwards: image → stacks → tools → reverse 

b. PIV analysis (creates a map of displacement vectors created by the traction of the 

cells) 

i. Plugins → PIV → PIV basic 

ii. Save the output file.  

c. FTTC Analysis (quantifies the displacement vectors created by the cells) 

i. Plugins → FTTC → zeroth order  

1. Parameters 

a. Pixel size for 20x images: 0.32786 

b. Poisson ratio: 0.5 

c. Young’s modulus: 2000 Pa 

d. Keep everything else the same (0s) 

2. Choose the PIV file you saved in step B. the output from FTTC will 

automatically save in the same folder.  

d. MATLAB (Yen’s custom script uses the FTTC displacement vector quantifications 

to determine total traction, mean traction, etc.) 

i. Run Yen’s code using the FTTC file.  

ii. Copy total traction, mean traction, and median traction into excel or 

graphpad. 
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Appendix F – Fluorescent and Immunofluorescent Staining and Imaging 

 

Staining 

*These protocols assume samples have already been fixed and washed. Once samples are fixed 

and washed, staining can be done immediately or delayed to a different day.  

 

Solutions Needed:  

 

1x TBS: 

1. Start by preparing 10x TBS 

a. Measure out 44 g of sodium chloride and add to a 500 mL glass bottle.  

b. Measure out 15.75 g of tris base and add to the same bottle.  

c. Add 500 mL of DI H2O. 

d. Balance the pH to 7.4 with hydrochloric acid. 

e. Fill remaining volume to 500 mL with DI H2O. 

2. Dilute 10x TBS to 1x TBS.  

a. Add 100 mL of 10x TBS and 900 mL of DI H2O to a 1 L glass bottle.  

 

TBS-T (0.1% Triton X-100 in 1x TBS) 

1. Calculate the amount of Triton needed for desired volume of TBS-T. 

2. Add this volume to the TBS and vortex to mix into solution.  

 

2% BSA in TBS-T 

1. Weigh out BSA powder at 20 mg/mL (i.e., 2%) and place in a conical tube.  

2. Add appropriate volume of TBS-T based on final mass of BSA weighed out.  

3. Place conical tube in the rotisserie to dissolve BSA into solution.  

 

1% BSA in TBS-T 

1. Weigh out BSA powder at 10 mg/mL (i.e., 1%) and place in a conical tube.  

2. Add appropriate volume of TBS-T based on final mass of BSA weighed out.  

3. Place conical tube in the rotisserie to dissolve BSA into solution.  

4. Alternative is to dilute 2% BSA solution 1:1 with fresh TBS-T. 

 

*Note: BSA solutions are only stable for 1 week at 4C. 

 

 

 

Fluorescent Staining using Pre-conjugated Stains  

 

*UEA (red, identifies endothelial cells, human only), DAPI (blue, identifies all cell nuclei, not 

species specific), Phalloidin (green, identifies F-actin, not species specific), GSL (far red, 

identifies endothelial cells, for rodent cells). These stains do not require permeabilization or 

blocking. 

 



 204 

1. Prepare staining solution in 1x TBS.  

a. 1:200 UEA (vector laboratories) 

b. 1 ug/mL DAPI (1:100 from our stock) 

c. 1:200 Phalloidin (Invitrogen) 

i. This dilution is for when the stock vial is reconstituted in methanol. If 

DMSO is used, the dilution is different because the stock is then a 

different concentration.  

2. Add staining solution to gels (usually half the volume used to feed gels – ex: gels in 48 

well plate use 500 L of media for feeding but 250 L of stain solution) overnight at 4C 

covered in foil.  

a. One exception is microfluidic chips in which the media reservoirs need to be 

filled with stain solution.  

3. Remove staining solution and wash 2x 5 minutes and then overnight in 1x TBS.  

4. Wash 1x 5 minutes in 1x TBS.  

5. Remove 1x PBS and replace with fresh 1x TBS.  

6. Parafilm samples and maintain covered in foil in a 4C fridge until ready to image.  

a. If performing quantitative analysis on samples, be sure to image within similar 

timeframes for all sample sets. If just qualitative, images can be taken when 

convenient. 

 

 

Immunofluorescent Staining with Primary and Secondary Antibodies 

 

1. Permeabilize samples in 0.5% Triton X-100 in 1x TBS for 1 hour at 4C.  

2. Remove permeabilization solution and wash 3x 5 minutes each with 1x TBS.  

3. Prepare blocking solution: 2% BSA in TBS-T.  

4. Block samples in blocking solution overnight at 4C.  

5. Remove blocking solution and wash 3x 5 minutes each.  

6. Prepare primary antibody stain in 1% BSA in TBS-T and stain overnight at 4C.  

7. Remove antibody stain solution and wash 2x 5-minute washes and then overnight with 

TBS-T.  

8. Wash 1x 5 minutes in TBS-T.  

9. Prepare secondary antibody stain in 1% BSA in TBS-T and stain overnight at 4C 

covered in foil.  

a. If staining for any pre-conjugated stains (i.e., UEA, DAPI), include them in the 

secondary antibody solution.  

b. Multiple secondary antibodies can be used in one solution as long as the primary 

and secondary antibodies were raised in different hosts.  

10. Remove antibody stain solution and wash 2x 5-minute washes and then overnight with 

TBS-T.  

11. Wash 1x 5 minutes in TBS-T.  

12. Remove TBS-T and replace with fresh TBS-T. 

13. Image samples within 1 week after antibody staining.  

 

*Note: Once samples are fixed and washed, they do not need to be stained right away. If there is 

a delay between fixing/washing and staining/washing, parafilm samples and keep in a 4C 
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fridge. There can be a break after any washing step (i.e., after fixing and washing before any 

staining and/or after primary antibody staining and washing before secondary antibody staining).  

 

*Note: All wash steps use the same volume as the volume of media during culture, volume is 

only reduced for stains to prevent excessive use of antibodies.  

 

*Note: Samples can be maintained long term in TBS or TBS-T at 4C covered in foil.  

 

*Note: For quantitative analysis, imaging should be done on the same day using the same 

imaging parameters.  

 

*Note: Triton X-100 is very viscous and takes a long time to fill up and eject from a pipette. 

Ensure you wait about 30 seconds – 1 min for fluid to fully fill the pipette before use. When 

ejecting these fluids, eject slowly. Pipette up and down in the solution to wash the remaining 

triton from the inside of the pipette to ensure the right amount is used in your solution. Vortex 

the solution until the triton goes fully into solution (this creates a lot of bubbles, but they will 

eventually settle out). 

 

 

Imaging on the Olympus IX81 with Hamamatsu Camera 

 

Microscope Basics 

1. Take the cover off of the microscope. 

2. Turn on the microscope. 

a. Turn on the UCB (main microscope). 

b. Turn on the Hamamatsu camera. 

c. Turn on the Prior automated stage. 

d. Turn on the mercury bulb if doing fluorescent staining.  

i. Mark the date, bulb hours, time, and initials on the sheet.  

3. Open Metamorph Premiere software.  

4. To take images and use the automated stage, two key windows are needed – acquire 

window and move stage to absolute position.  

a. Open acquire window: in the tool bar select acquire and then in the drop-down 

menu select acquire.  

b. Open stage window: in the tool bar select devices then in the drop down select 

stage → move stage to absolute position. 

5. Acquire window basics  

a. Acquire: captures the current field of view. 

b. Auto scaling: automatically determines the minimum and maximum exposure 

limits for the field of view. 

c. Show live: this opens a window showing the live view of the sample. To close 

this window you must click stop live (the show live buttons turns to stop live 

when live is on), it will not close by clicking the x in the right corner.  

6. Move stage to absolute position basics  

a. Set origin: this creates a new 0, 0, 0 origin at the current location  
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b. X, Y, Z location boxes: this shows the current x, y, z location relative to the 

arbitrarily set origin. 

c. Move to origin: moves the field of view from current location to origin.  

7. View options  

a. The microscope has three view option: binoculars, camera, and DSU.  

b. Binoculars: view through the microscope eye pieces. If you click “show live” the 

window that pops up will show static in the color channel you are on and only 

have a clear view through the binoculars.  

c. Camera: view through the Hamamatsu camera 

d. DSU: uses the DSU to enter confocal mode and view a single z plane. 

8. Filters 

a. The microscope has four fluorescent filter cubes and brightfield/phase options. 

*Red, green, blue, and brightfield are in the left-hand panel, far red must be 

accessed through the camera/filter drop down menu. 

b. Red: mCherry filter (binoculars, camera, and DSU) 

c. Green: GFP filter (binoculars, camera, and DSU) 

d. Blue: DAPI filter (binoculars, camera, and DSU) 

e. Far red: Cy5 filter (camera and DSU only) 

f. Gray: brightfield and phase 

i. Brightfield and phase are both within the gray color selection that uses the 

standard lamp not the mercury lamp 

ii. To change between brightfield and phase, the ring must be switched.  

 

 

Imaging Modes 

• Brightfield (BF) imaging using the standard halogen lamp on the microscope illuminating 

the same from above and imaging from below the sample. Features within the sample 

will diffract light causing optical disparity and contrast within the image.  

• Phase contrast imaging also uses the halogen lamp illuminating the same from above and 

imaging from below the sample. However, phase contrast imaging provides better 

contrast to view the sample through the use of annular phase rings. On our microscope, 

the phase rings must be changed for 4x and 10x imaging or BF imaging.  

• Widefield (WF) imaging uses the epifluorescent mode of the microscope. In this mode, 

the sample is illuminated with light exposing the entire field of view with unfocused 

light. The sample is illuminated and imaged from below the sample. WF imaging is good 

for a single plane image, but not for z-stacks.  

• Confocal microscopy increases the optical resolution of images by focusing light through 

a pinhole to eliminate out of focus light and thus yields a better signal-to-noise ratio than 

WF imaging. Laser scanning confocal microscopes use a single pinhole, while disc 

spinning units (DSU) employ a disc that is covered with pinholes. The pinholes block out 

of focus light and therefore requires longer exposure times than WF imaging. Confocal 

imaging should be used for all z-stacks. All vessel quantifications should be done using 

Z-stacks obtained using the DSU.  
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Journals 

*Journals are automated imaging settings that allow you to set the image location and depth and 

then the journal will instruct the microscope through the rest of the process. These are ideal for 

imaging confocal Z-stacks using the DSU. 

 

*It is far easier to save someone’s existing journal and modify it as needed for your imaging 

needs. 

 

1. Open the journal editor.  

a. Select journal in the tool bar and then select edit journal from the dropdown menu 

to bring up an existing journal. 

b. In the journal editor window, select file, then save as and rename the journal with 

your initials for your own needs (typically the colors used and size of Z-

stack/slice depth). 

c. Required journal elements to capture Z-stacks: 

i. Select magnification: this allows you to select the magnification to run the 

journal on. If the microscope is not set to this magnification when you run 

the journal, the journal will prompt the microscope to switch it.  

ii. Run journal, acquire – Load Setting, acquire Z series  

1. These three elements are required for each color channel you want 

a stack of. 

2. Run journal loads journals that have already been established on 

the computer for loading the appropriate view and color options.  

a. i.e., “GFP_DSU” journal sets the microscope up to image 

using the GFP filter cube using the DSU and 

“mCherry_camera” journal sets the microscope up to image 

using the mCherry filter using the camera without DSU in 

the widefield settings.  

3. Acquire – load setting will load the settings in the acquire window 

(i.e., exposure time, auto scaling, etc.).    

4. Acquire Z series instructs the microscope to image a Z-stack with 

specified total depth, slice depth, and number of slices.  

a. This information is input by the user and must be identical 

for all color channels used.  

b. In this window, you will also select where you want the 

stack to start at. I use origin so I can set the origin at the 

plane I am interested in imaging. If it is set to something 

else, be sure it is consistent for all stacks and use the stage 

window accordingly.  

iii. Run journal, acquire – Load Setting, acquire – start live 

1. These three are for showing the live window after all Z-stacks have 

been acquired. 

2. Typically, this is set to the mCherry widefield setting to view UEA 

stained vessels and find a new imaging position.  

d. After editing the journal, save it. The microscope will not run an unsaved journal. 

2. Image using your journal.  
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a. There are two options to use the journal. 

b. If you are only taking one set of Z-stacks, choose the run journal option.  

i. From the toolbar select journal, then in the drop-down menu select run 

journal.  

ii. This command runs the journal once without opening the journal window. 

c. If you are taking multiple sets of Z-stacks, choose the edit journal option.  

i. From the toolbar select journal, then in the drop-down menu select run 

journal.  

ii. This command opens the journal editor window. From here you can select 

the run journal button. After running, the editor window will remain open, 

and you can easily press the button again once you have moved to a new 

imaging position. 

d. If you want to image only some stains within your journal, choose the edit journal 

option.  

i. From the toolbar select journal, then in the drop-down menu select run 

journal.  

ii. In the journal editor window, you can disable commands. So, if your 

journal is for red, green, and blue but you only want to image red and 

blue, use the same journal and just disable the green commands and save 

the journal. You can reenable them at any time.  

e. When used in this way, the journal will image through the entire Z-stack for one 

color channel, then change filters and image the next color, and so on. You will 

then have separate Z-stacks for each color at the same position. 

 

 

Scan Slide 

• Scan slide is used when a sample is larger than the field of view. The app will stitch 

multiple images together to capture the entire sample.  

• To run the scan slide, you need to set the save location and image name, set the location 

by setting the top left and bottom right corners, select the view and filter options, and set 

the number of wavelengths. 

o Once you set the corners, the program will determine the number of images to 

take and stitch together.  

o If using multiple wavelengths, the program runs differently than journals. It will 

image each wavelength at one position before moving to the next. The end result 

is still a single stitched image for each wavelength.  

▪ The program saves every individual image and the stitched image in the 

folder set by the user.  

• Scan slide can only be single plane images, not Z-stacks. 

• If the objects in a stitched image are not properly aligned, then the calibration needs to be 

redone. Use the calibrate from live mode option.    

 



 209 

Appendix G – ImageJ Scripts 

 

*Scripts modified from Ben Juliar 

 

Generating Maximum Intensity Projections from Z-stacks for Vessel Quantification 

*Used on 4x and 10x stacks 

 

//This macro creates maximum intensity projections of all z stacks in the user-specified folder. 

//Each maximum intensity projection is processed and saved to a folder created within the user-

specified folder. 

 

dir = getDirectory("Choose a Directory"); 

newdir = dir + "/Recon/" 

File.makeDirectory(newdir); 

list = getFileList(dir); 

 

for(i=0; i<list.length; i++) { 

 if (endsWith(list[i], ".tif")){ 

  open(dir+list[i]); 

  imgName=getTitle(); 

  run("Z Project...", "Max Intensity"); 

  run("Enhance Contrast", "saturated=0.1 normalize process_all use"); 

  run("Subtract Background...","rolling=50"); 

  run("Despeckle"); 

  run("Smooth"); 

  saveAs("Tiff", newdir + "Recon " + imgName); 

  while (nImages>0) {  

             selectImage(nImages);  

             close();  

        }  

 } 

} 

 

 

Generating Maximum Intensity Projections from Z-stacks for DAPI Counting 

//This macro creates maximum intensity projections of all z stacks in the user-specified folder. 
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//Each maximum intensity projection is processed and saved to a folder created within the user-

specified folder. 

 

dir = getDirectory("Choose a Directory"); 

newdir = dir + "/Modified/" 

File.makeDirectory(newdir); 

list = getFileList(dir); 

 

for(i=0; i<list.length; i++) { 

 if (endsWith(list[i], ".tif")){ 

  open(dir+list[i]); 

  imgName=getTitle(); 

  run("Z Project...", "Max Intensity"); 

  run("Enhance Contrast", "saturated=0.1 normalize process_all use"); 

  run("Subtract Background...","rolling=10"); 

  //run("Despeckle"); 

  //run("Smooth"); 

  saveAs("Tiff", newdir + "Modifed " + imgName); 

  while (nImages>0) {  

             selectImage(nImages);  

             close();  

        }  

 } 

}  

 

Counting DAPI-labeled nuclei from Maximum Intensity Projections 

*Best results from 10x stacks 

 

 

dir = getDirectory("Choose a Directory"); 

newdir = dir + "/DAPI Counted2/" 

File.makeDirectory(newdir); 

list = getFileList(dir); 

 

for(i=0; i<list.length; i++) { 

 if (endsWith(list[i], ".tif")){ 

  open(dir+list[i]); 

  imgName=getTitle(); 

  run("8-bit"); 

  setAutoThreshold("Moments dark"); 

  run("Convert to Mask"); 

  run("Watershed"); 

  run("Analyze Particles...", "size=20-100 circularity=0.00-1.00 show=Outlines 

display include summarize"); 

  saveAs("jpeg", newdir + imgName); 

  while (nImages>0) {  
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             selectImage(nImages);  

           close();  

        }  

 } 

} 

 

selectWindow("Summary"); 

saveAs("Measurements", newdir+"Summary.xls"); 

run("Close");
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Appendix H – Surgery Preparation and Procedure for PRO00010188: Isolating Rodent 

Cells and Tissues for Creation of a Hierarchical Vascular Construct 

 

*Sections of this protocol that are consistent for all animal procedures were modified from 

Nicole Friend’s protocol for hindlimb ischemia surgeries. 

 

Surgery Room Preparations 

• Turn on bead bath – set to 279C (press and hold button) 

• Clean the bench space with ethanol  

• Prep 15 mL of PBS per mouse (sterile) 

• Weigh charcoal canister and record the weight/date → get a new canister (on top shelf 

above LDPI machine) if the canister is spent  

• Pour isoflurane into the chamber → unscrew the knob and fill until the liquid level is 

between the two white arrows but closer to the top) 

 

Retrieve Animals from the Vivarium  

• Animals are housed in 1411C  

• Find animal cage on the racks within the room. Pull the cage out and bring it to the hood.  

• Spray down the hood with cleaner. Bring a fresh cage into the hood.  

• Dip hands in the spore cleanse bucket and grab one mouse to transfer to the new cage.  

• Bring the remaining animals in the original cage back to the housing room (check the 

lixit before putting the cage back in). If there is only one animal remaining, add another 

form of enrichment to the cage.  

• Use a gown or tshirt to cover the cage to carry the animal upstairs to the surgery room.  

 

Final Preparations  

• Turn heating pad on to setting 3 (if using, it is in the third drawer on the right) 

• Turn on the oxygen tank (key is to the right of the tank) 

• Turn on the snorkel (to a 12 pm clock position – originally in 3 pm) 
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• Turn on isoflurane pump with the switch on the back (machine should make a humming 

noise (much louder when flow is to the nose cone) - if there is no hum, unplug and re-

plug in machine) 

o Make sure the induction chamber is pushed fully in towards the machine before 

turning on  

• Turn the hose knobs to the proper position for flow into the induction chamber (orange in 

the tube, green and red off)  

• Turn the green knob at the back so the ball in the chamber goes to setting 1  

• Put a paper towel open into the induction chamber  

• Turn iso to level 5 (push down the white lever and then turn the silver knob) 

• Pick up the mouse and transfer to the induction chamber  

• Pinch the foot to check for reaction (if the mouse flinches, then they are still awake and 

need longer in the chamber) 

• Pick up the mouse and weigh them on the scale (in the plastic bucket) and record the 

weight on the surgical record  

• Place the mouse back in the induction chamber  

• Turn the red and green knobs into the tubing and then turn the orange knob off (always 

turn on then off – don’t want there to be no flow)  

• Lay out a sterile drape  

• Place Q-tips and eye lube on a fresh sterile drape  

• Move the mouse to the sterile drape, put on the eye lube over the eyes (enough to cover), 

and put the mouse’s face into the nose cone 

o With the mouse on its back, the bar in the nose cone should be in the upper 

position 

• Turn iso to level 2 

• Continue to monitor that breathing stays slow  

 

Preparation of the Mouse 

• Shave the mouse (razor and nair in second drawer on the right) – entire region of interest 

(hind limbs for femoral vessels, body/chest cavity for aorta) 

• Nair the mouse (squirt a small amount on your fingers and rub over the shaved area)  

• Wipe the mouse with an ethanol pad to remove the nair (may need 2) 

• Get out a new sterile drape and place the mouse on this drape – throw out the drape that 

is covered in fur 

• Dispose of gloves and don a pair of sterile gloves  

 

Femoral Vessel Surgical Procedure 

• Use forceps to lift the skin (make a tent for incision) and scissors to create a small cut in 

the skin over the leg 

• Separate the skin from the fascia to expose the femoral vein (should be visible by eye)  

• Fully expose the vein from the inguinal ligament to the proximal/caudal bifurcation  
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o Ligament will be visible by eye  

o Use the stereoscope to visualize the femoral nerve and artery (nerve is white in 

color, artery is translucent, vein is red) 

o The nerve and artery will be to the outside edge of the leg (i.e., on the right side 

for the mouse’s left leg (mouse on its back so this will be human’s right side) and 

on the left side for the mouse’s right leg (mouse on its back so this will be 

human’s left side)) 

• Carefully separate the fascia from the muscle – only clip on the side that does not have 

the artery and nerve to avoid cutting the vessel (forceps and scissors are best for this)  

• Use a Q-tip in a rolling motion over the vessel to further remove the fascia layer (will 

start to appear less shiny) 

 

Thoracic Surgical Procedure 

• Turn iso up to 5 to euthanize the animal  

• Once breathing has slowed to one breath per minute or less, use scissors to puncture the 

lungs (pneumothorax) 

• Use forceps to lift the skin (make a tent for incision) and scissors to create a small cut in 

the skin over the abdominal cavity  

• Cut upwards towards the chest cavity to expose the rib cage  

• Cut through the rib cage (and other surrounding tissue) to expose the heart and lungs  

• Move other organs out of the way as much as possible  

 

Vessel Isolation Procedures  

Femoral 

• Separate the vessels from the underlying muscle using scissors (insert closed and then 

open them to separate the muscle from the vessel) 

• Once separated, cut the distal end and then the proximal end to completely isolate the 

vessel 

 

Thoracic 

• First identify the inferior vena cava (connected to heart and liver) 

o Using forceps, remove as much surrounding tissue and adventitia as possible from 

the vessel. 

o Cut the vessel from the liver side first and then the heart side. 

• Identify the aorta 

o Segment towards the spine (dorsal side of the animal) is the descending aorta  

▪ Use the same technique as with the femoral vessels to separate the vessel 

from the spine and other tissue (insert closed scissors below the vessel and 

then open them to separate vessel and tissue)  
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▪ Remove as much surrounding tissue and adventitia as possible from the 

vessel. 

▪ Cut at the distal end and then proximal end to completely isolate the vessel  

• Be sure to avoid the esophagus. It can be clearly tracked into the stomach to differentiate 

from the other vessels.  

 

General 

• Place all isolated vessels in PBS and keep in the fridge until ready to embed in gels  

 

Procedural Wrap up 

• Place the carcass inside of a large glove, then another glove and tie it off 

• Label the glove “Putnam” and the date  

• Reset the iso knobs into the induction chamber (orange open, red and green closed) 

• Turn off iso machine 

• Turn off oxygen  

• Dispose of all drapes, tubes, gauze, etc. in the trash outside of the surgery room 

• Clean tools  

o Soak in enzol solution for 5 min (swirl it around in the solution if extra bloody)  

o Spray with water  

o Spray with ethanol  

o Air dry  

o Package in autoclave bags  

• Fill out remaining information on surgical record sheet 

• Complete remaining surgeries (if doing multiple). 

• Bring carcass, cage, and surgical sheet down to vivarium  

o Place cage in the dirty cage rack  

o Place surgical sheet in the blue Putnam lab binder  

o Place carcass in the fridge  

• Turn off bead bath  

• Clean surgery room with ethanol and UV the hood (set timer for 1 hour to come back and 

turn it off) 
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Appendix I – Embedding Murine Explants in Fibrin Hydrogels 

 

Materials: 

• Bovine Thrombin 

• Bovine Fibrinogen 

• FBS 

• Media (SF-EGM2, EGM2, DMEM + 10% FBS) 

• Trypsin (0.05%) 

• PBS (1x, no calcium or magnesium) 

• Forceps 

• 18 G needle 

• 5 mL syringe 

• 33 mm 0.22 μm filter 

• Murine vessel explants (as prepared in Appendix H) 

• Microcentrifuge tubes 

 

Protocol: 

1. Prepare cells according to cell passaging protocol if making cellular gels.  

2. Prepare one aliquot per gel in a microcentrifuge tube- 250K/mL each cell type (500K/mL 

total). (If making acellular gels – prep the aliquot of just FBS for each gel). 

3. Centrifuge combined cell suspension and leave the pellets with supernatant on ice during 

surgery. Cover the ice bucket with lid to prevent melting.  

4. Remove thrombin from freezer and place it in the ice bucket.  

5. Isolate femoral bundles, IVC, and descending aorta according to surgical protocol and 

place in PBS.  

6. Flush the lumen of the aorta with PBS via cannulation  

7. 2x PBS washes in a 24 well plate (1 mL per well) during gel preparation (at least 5 

minutes per wash) 

8. Prepare fibrinogen solution.  

a. Weigh out desired amount of fibrinogen for 5 mg/mL fibrin hydrogels  

i. X*(0.71)*(0.89)*(0.88) = 5 mg/mL → X = 8.99 mg/mL 

1. Current lot of fibrinogen (SLCG6303) is 71% protein and 89% 

clottable 

2. 88% of hydrogel recipe is fibrinogen solution (see recipe below) 

3. Determine the mass to weigh out based on the desired volume and 

concentration of 8.99 mg/mL to achieve a 5 mg/mL gel 

ii. With Lot SLCG6306 it is harder to dissolve – make only ~3-4 mL aliquots 

and combine multiple at the filtering step. 

b. Determine volume needed based on amount of powder weighed out. 
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c. Aliquot appropriate media volume (warmed SF-EGM2) in the cell culture hood 

and bring back to the scale.  

d. Place the powder into the tube on top of the media and tap on the counter several 

times to suspend.  

e. Twirl fibrinogen in the water bath and tap on the sides to dislodge and help with 

dissolving. Do this every break during prep (every 5-15 min).  

9. Prepare gel aliquots  

a. For cellular gels – aspirate the supernatant, suspend the pellet in FBS, add 

thrombin 

b. For acellular gels – add thrombin to FBS already in the tube  

10. Filter fibrinogen solution  

a. Use a 5 or 10 mL syringe depending on volume and a 33 mm 0.33 um filter  

b. Remove plunger from syringe and attach filter  

c. Balance the syringe + filter on an open 15 mL conical tube  

d. Pipet fibrinogen solution into the syringe and then push plunger to filter the 

solution into the conical tube.  

e. Keep filtered fibrinogen on ice until ready to use 

11. Label well plates for each fixing day (D1, D7, D14, etc.) 

a. Femoral bundles and IVC can be cultured in 24 well plate 

b. Aorta should be cultured in 12 well plate due to larger size of the vessel 

c. Aorta for rheology should be cut in half and cultured in 24 well plate 

12. Place one vessel per well as centered as possible using sterile forceps  

13. Add fibrinogen to (cell)/FBS/thrombin mixture, mix well (5-7 times), and pipette into the 

well. Use forceps to make sure the vessel is not adhered to the bottom of the plate and 

remains centered within the gel.  

14. Allow gels to solidify for 10 minutes in the hood (this is double the normal time for 2.5 

mg/mL gels). Transfer the plates to the incubator to complete gelation for 30 minutes.  

15. Add media to each gel: 1 mL for 24 well plates, 2 mL for 12 well plates.  

a. If adding aprotinin to the culture media, add it to the whole aliquot before adding 

media to each gel to avoid using too small of a volume.  

 

Component 500 L 1 mL 

Thrombin 10 L 20 L 

FBS 50 L 100 L 

Fibrinogen 440 L 880 L 

Table I.1: Fibrin gel recipe for fabricating constructs with murine explants. 
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Appendix J – Rheology of Fibrin Hydrogels 

 

*Protocol adapted from Nicole Friend. 

 

Materials: 

• AR-G2 shear rheometer with Peltier stage attached for standard measurements 

• 8 mm measurement head with adapter and longer spindle rod for in plate hydrogel 

characterization 

• Glass plate to balance well plates (if measuring directly in well) 

• Double sided scotch tape 

• Course grit wet sandpaper (800 grit or lower is best) 

• 8mm biopsy punch and/or scalpel 

 

Notes: 

• Experiments tracking cell-mediated changes to matrix mechanics are done with the 8mm 

measurement head. 

• Getting a transducer initialization error has become more common over the last couple 

years. This error is most likely caused by a problem with the rotary optical encoder that 

keeps track of the displacement and velocity of the bearing spindle. If you receive this 

error quickly turn off the instrument because rotation of the spindle starts to accelerate 

out of control. Usually restarting the instrument and software a couple times will fix the 

problem. The error only occurs at start up. When simply restarting doesn’t work, I have 

had some success with starting the instrument with the measurement lowered to be in 

contact with the measurement plate to hold it in place, which seems to allow the encoder 

to register the spindle more easily. You will get a magnetic bearing instability warning 

however, at which point, raise the measurement head and restart the software, but not the 

instrument. 

o TA instruments suggestions for dealing with transducer initialization failure: 

Transducer initialization is reporting a problem with the rotary optical encoder 

that keeps track of the displacement and velocity of the bearing spindle. The 

rotary encoder is positioned at the top of the air bearing motor/transducer 

assembly. When it fails to report a position change the error will be posted. There 

could be some dust in and around the encoder, try blowing compressed air thru 

the opening where the draw rod sits.  If you are comfortable taking things apart 
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you could remove the cowl cover and top encoder cover to better inspect and 

blow out any dust.  If the error is persistent, I would recommend a service call. 

o To avoid initialization failure, it is ok to leave the instrument running for long 

periods of time, however, it is important to turn off the cooling pump when not 

in use because the pump will overheat if left running over night, this is bad for the 

pump, and also heats the water bath, such that the Peltier stage can’t cool down to 

an appropriate temperature to perform experiments. Only leave the rheometer and 

air on. 

• Measurement parameters for fibrin are typically performed in a 24-well plate or larger, 

with the 8mm measurement head indented into the hydrogel ~300 um, 0 N normal force, 

6% strain, 1 rad/sec. 

 

Procedure: 

1. Log in to the “Rheometer” profile on the rheometer computer in the Putnam lab space 

2. Plug in the water pump to the power strip.  

a. Check water bath level for Peltier stage cooling pump and top off if necessary, 

exchange with fresh water if cleaning is needed. 

3. Open on the Rheological Advantages software to control the AR-G2 rheometer. 

4. Load or create new test procedure. Procedure -> open, or Procedure -> new.  

a. Procedures are typically “oscillation” procedures. When you click new procedure, 

it will open the default tab to input procedure steps and test parameters. New 

oscillation procedures will default to have 3 steps: 1) conditioning 2) frequency 

sweep 3) post-experiment. You can right click on a step to add another step to the 

procedure. You can uncheck the box to turn off a particular step. In addition to 

oscillation frequency sweep, we commonly perform an oscillation strain sweep 

for initial characterization of a hydrogel, then oscillation time sweeps as the 

primary measure for comparison between conditions for a particular type of 

hydrogel/material.  

b. To input parameters for each step; click on the step in the procedure, then fill in 

the desired parameters for the step in the tabs that appear to the right. 

c. To save a procedure go to File-> Save As 

5. Prepare the stage for hydrogel measurement 

a. Find the glass plate that is kept under the rheometer (~ 0.1 x 14 x 18 cm) and 

place on the Peltier stage. This keeps the plate level. 

b. If you are going to use a specific temperature for your measurement, you can set 

the stage to this temperature now to save time at the start of you your first 

measurement run. Always run cellular gels at 37C. 

6. Zero the geometry gap . If you are doing in-well measurements, make sure to zero 

into an empty well. Say “NO” to move head to back off distance, this moves the head all 

the way up and wastes time. Move head up manually using arrow buttons on rheometer 

or in the software.  
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7. Zero the normal force . You may need to press the zero button several times for it 

to give a negligible value (< 0.01 N, usually in the E-10 range) 

8. Load sample onto the stage. Make sure the well of the plate is well centered under the 

measurement head. If the head is off to the side, it will give larger than expected 

measurement because of the extra contact area. 

9. Sample measurement. Before lowering the measurement head or pipetting in sample for 

in situ gelation STOP ROTATION of measurement head   to prevent shearing 

a. Bring the measurement head into contact with the hydrogel, then input a gap 

height 300um lower to start indenting into the hydrogel.  

i. Do this step slowly. Incrementally lower the measurement head until a 

meniscus forms when the head and hydrogel come in contact. 

10. When you press the start measurement button   in the top left corner you will be 

prompted to put in run information. Include all important information in the file name, 

and make sure it is saving to the appropriate Directory to find the file. 

a. Repeat for all samples, zeroing the normal force between samples if it does not 

return to < 0.01 after removing samples from stage.  

11. Data can be loaded from the TA data analysis program, then exported to excel for 

analysis.  

a. I have not done this as I usually record values (mainly stiffness, G’) in my lab 

notebook/personal excel file. 

b. When you open a file, nothing will immediately happen, and you will need to 

select view as table. 

12. System shut down.  

a. We are currently leaving the instrument on between uses, but require the pump 

be turned off. To do so, set the required stage temperature to room temp (20-

25C), wait for the stage to reach this value and remain there for a few minutes, 

then instrument → set temperature system idle. After, unplug the pump for the 

pump.  

b. Shut down the software and log off of the Rheometer profile. 
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Appendix K – Fabricating PDMS Molds for Engineering Hierarchical Vascular Tissue 

Constructs 

 

Note: 

*This protocol requires the use of equipment in the Baker lab. Please email Dr. Baker for 

permission to use and the necessary training required.  

 

Materials: 

• PDMS (base and curing agent) 

• Transfer pipette  

• Epredia Peel-A-Way Mold  

• 22 G Needles 

• Glass coverslips (22x40 mm) 

• Ethanol (100%) 

• Isopropyl alcohol (IPA, 100%) 

• MilliQ water 

• Acupuncture needles  

• Gelatin (2% solution) 

 

Equipment:  

• Oven 

• Plasma etcher  

• UV ozone  

 

Protocol: 

 

Day 1: Prepare PDMS molds 

10. Mix PDMS base and curing agent at a ratio of 10:1 in a plastic cup and mix thoroughly 

with a plastic stirrer. 

11. Degas PDMS under vacuum until all bubbles have been removed (time depends on 

volume of PDMS made but typically 30 minutes). 

12. While PDMS is degassing, prepare peel-a-way molds 

a. Insert two 22G needles into the 22 mm edge of the plastic mold close to the 

bottom. 

13. Cut off the tip of a transfer pipette to increase the area and use this to transfer PDMS 

from the cup to the molds.  

14. Transfer PDMS into the molds on the scale to get 5 g in each mold.  

a. Pop any bubbles by pocking them with a pipette tip.  
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15. Move molds into a 70C oven to cure for a minimum of 4 hours and up to overnight.  

16. Place extra PDMS in the deli fridge to use for day 2.  

a. PDMS can remain liquid at cool temperatures (typically only for an additional 

day) but will solidify if left overnight at RT.  

 

 

Day 2: Bond to glass coverslips  

1. Remove molds from the oven.  

2. Remove needles from the PDMS. 

3. Peel the plastic mold apart from the PDMS mold.  

4. Cut the 22 mm edges off the PDMS to remove the curved edge features. 

5. Over the needle tracks, use a 5 mm biopsy punch to create seeding reservoirs.  

6. Use a 12 mm biopsy punch and punch two overlapping circles to create the hydrogel 

chamber. 

7. Clean the glass coverslips and PDMS molds with IPA and ethanol rinses.  

a. Rinse a coverslip with IPA on both sides.  

b. Rinse the coverslip with ethanol on both sides.  

c. Use the air gas line with tubing attached to dry the coverslip.  

d. Place the cleaned coverslip rested against the lid of a petri dish. 

8. Repeat step 8 for all coverslips and PDMS chips.  

9. Take the cleaned chips and coverslips down to the Baker lab to use the plasma etcher to 

bond the two pieces together.  

10. Place an equal number of coverslips and PDMS chips in the plasma treating cage (three 

of each fit).  

11. Run the plasma cycle for 1 minute.  

a. If the plasma etcher is not set to 1 minute you must change the time (commands 

→ plasma time → change to 1 minute). 

b. If the plasma etcher is set to 1 minute you are ready to run it (commands → 

plasma → start) 

c. If the plasma etcher has not run for the day, it can take a few minutes to reach the 

vacuum set point.  

12. Once the cycle is over, release the hinge to open the door. Once the vacuum is released, 

the door will open.  

13. Remove one coverslip and one PDMS mold from the cage and place them together. 

a. Adhere the two surfaces that were upward facing during the plasma cycle.  

b. Use your fingers to gently press the two together.  

c. Place the bonded mold down on the bench and use your palm to press into the 

PDMS side of the mold (not the glass side) multiple times to ensure it is well 

adhered.  

14. Transfer the molds to a 60C oven for at least 1 minute.  

15. Remove the molds from the oven and place them on the bench.  

16. Use your palm again to ensure the bond it tight.  

17. Place a kimwipe over the chip. 

18. Place a weight on top of each chip for 5 minutes.  

a. The Baker lab has two petri dishes filled with metal beads to use, but it could be 

anything heavy if these are in use.  
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19. Repeat steps 10-18 for all remaining molds.  

20. Bring bonded molds back to our lab.  

21. Retrieve PDMS from the deli fridge. 

a. The glass is a near exact fit in width for the molds so they must be further sealed 

with PDMS to ensure the edges are well sealed.  

22. Use a pipette tip to seal the long edges of the mold with PDMS.  

23. Cure PDMS in the oven for at least 2 hours and up to overnight.  

 

 

Day 3: Insert needles and UV ozone treat the chips 

1. Ensure needles are cleaned. 

2. Warm 2% gelatin solution in the water bath.  

3. Dip each needle in the gelatin solution and then place in a petri dish.  

4. Allow gelatin to solidify for 5 minutes at 4C. 

5. Place a single needle in each needle track (2 per mold).  

6. Bring the molds and a sterile P150 petri dish to the Baker lab.  

7. Place the molds in the UV ozone and sterilize for 5 minutes.  

8. After the cycle has completed, place the sterilized molds in the sterile petri dish.  

9. Bring the sterilized molds back to our lab. They are now ready for cell culture.   
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Appendix L – Engineering Three Layer Biomimetic Tissue Engineered Vascular Grafts  

 

Materials: 

• Bovine Thrombin 

• Bovine Fibrinogen 

• FBS 

• Media (SF-EGM2, EGM2, DMEM + 10% FBS, SMGM) 

• Trypsin (0.05%) 

• PBS (1x, no calcium or magnesium) 

• Forceps 

• 5- or 10-mL syringe 

• 33 mm 0.22 μm filter 

• Microcentrifuge tubes 

• 1 mm glass mandrels (custom ordered from McMaster Carr) 

• 5 mm ID glass cylinders (custom ordered from McMaster Carr) 

• PDMS support pieces for annular molds 

• 15 mL bioreaction tubes (CellTreat) 

• Pluronic F-68 (0.5% and 0.01%) 

• Glass jar 

 

Protocol: 

 

Day 0: Fabricate Tunica Media Layer 

1. Bring assembled annular molds (autoclaved for sterile use) into the hood.  

2. Place annular molds onto the inner surface of the lid of the glass jar.  

3. Add 0.5% Pluronic F-68 to each mold and allow to sit for 1 hour at RT. 

4. Prepare cells according to appendix A. SMC are needed for the media layer. 

5. Prepare fibrinogen solution. 

a. Weigh out desired amount of fibrinogen for 5 mg/mL fibrin hydrogels  

i. X*(0.75)*(0.93)*(0.76) = 5 mg/mL → X = 9.432 mg/mL 

1. Current lot of fibrinogen (SLCL8080) is 75% protein and 93% 

clottable 

2. 76% of hydrogel recipe is fibrinogen solution (see recipe below) 

3. Determine the mass to weigh out based on the desired volume and 

concentration of 9.432 mg/mL to achieve a 5 mg/mL gel. 

b. Determine volume needed based on amount of powder weighed out. 

c. Place powder into a conical tube and add the appropriate amount of. PBS. 
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d. Twirl fibrinogen in the water bath and tap on the sides to dislodge and help with 

dissolving. Do this every 5-15 min.  

6. Prepare one aliquot per vascular graft.  

a. The final cell concentration of SMC for each graft should be 1M/mL. Add the 

appropriate volume of stock cell suspension to achieve this volume in the final 

graft to a microcentrifuge tube.  

i. i.e., if cells are suspended at 1M/mL, add 850 L to the microcentrifuge 

tube.  

b. Centrifuge cells in the microcentrifuge at 200g for 5 minutes.  

c. Aspirate supernatant and suspend pellet in SF-EGM2 according to recipe.  

d. Add FBS to mixture.  

e. Add thrombin to mixture.  

i. Wait to add thrombin until ready to cast the gels. If there are 20 minutes 

left on the timer, keep aliquots on ice and add thrombin later.  

f. Place tubes on ice.  

7. Filter fibrinogen solution  

a. Use a 5- or 10-mL syringe depending on volume and a 33 mm 0.33 um filter  

b. Remove plunger from syringe and attach filter  

c. Balance the syringe + filter on an open 15 mL conical tube  

d. Pipet fibrinogen solution into the syringe and then push plunger to filter the 

solution into the conical tube.  

e. Keep filtered fibrinogen on ice until ready to use 

8. Aspirate the Pluronic from the annular molds.  

9. One gel at a time, add fibrinogen to the gel aliquot and mix thoroughly (5-7 times). 

10. Inject gel solution into the annular mold. 

11. Push the PDMS space into the glass cylinder to ensure the mandrel stays centered within 

the mold.  

a. Place your finger under the PDMS base to prevent the mandrel from sliding 

through.  

12. Incubate grafts for 35 minutes at 37C.  

13. While grafts are gelling, warm SMGM (5 mL per graft).  

14. Add 5 mL of warm media to each bioreaction tube (1 per graft). 

15. Remove grafts from mandrel. 

a. First remove glass cylinder by gently dislodging from the PDMS base.  

b. Remove PDMS base. 

c. Place graft (still on the mandrel) in the bioreaction tube with the PDMS spacer at 

the bottom so the graft does not slip off.  

16. Culture for 3 days at 37C with media exchange on day 1. 

  

 

Day 3: Fabricate Tunica Adventitia Layer 

1. Bring assembled annular molds (autoclaved for sterile use) into the hood.  

a. In this case, instead of the full mandrel, use a broken mandrel. The mandrel is just 

needed to plug the hole at the bottom of the PDMS base during Pluronic coating 

and will be removed and replaced with the mandrel containing the SMC graft 

during gelation. 
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2. Place annular molds onto the inner surface of the lid of the glass jar.  

3. Add 0.5% Pluronic F-68 to each mold and allow to sit for 1 hour at RT. 

4. Prepare cells according to appendix A. EC and LF are needed for the adventitia layer. 

5. Prepare fibrinogen solution. 

a. Weigh out desired amount of fibrinogen for 5 mg/mL fibrin hydrogels  

i. X*(0.75)*(0.93)*(0.76) = 5 mg/mL → X = 9.432 mg/mL 

1. Current lot of fibrinogen (SLCL8080) is 75% protein and 93% 

clottable 

2. 76% of hydrogel recipe is fibrinogen solution (see recipe below) 

3. Determine the mass to weigh out based on the desired volume and 

concentration of 9.432 mg/mL to achieve a 5 mg/mL gel. 

b. Determine volume needed based on amount of powder weighed out. 

c. Place powder into a conical tube and add the appropriate amount of. PBS. 

d. Twirl fibrinogen in the water bath and tap on the sides to dislodge and help with 

dissolving. Do this every 5-15 min.  

6. Prepare one aliquot per vascular graft.  

a. The final cell concentration of cells for each graft should be 1M/mL in a 1:1 ratio 

of LF and EC. Add the appropriate volume of stock cell suspension to achieve 

this volume in the final graft to a microcentrifuge tube.  

i. i.e., if cells are suspended at 1M/mL, add 425 L of each cell type to the 

microcentrifuge tube.  

b. Centrifuge cells in the microcentrifuge at 200g for 5 minutes.  

c. Aspirate supernatant and suspend pellet in SF-EGM2 according to recipe.  

d. Add FBS to mixture.  

e. Add thrombin to mixture.  

i. Wait to add thrombin until ready to cast the gels. If there are 20 minutes 

left on the timer, keep aliquots on ice and add thrombin later.  

f. Place tubes on ice.  

7. Filter fibrinogen solution  

a. Use a 5- or 10-mL syringe depending on volume and a 33 mm 0.33 um filter  

b. Remove plunger from syringe and attach filter  

c. Balance the syringe + filter on an open 15 mL conical tube  

d. Pipet fibrinogen solution into the syringe and then push plunger to filter the 

solution into the conical tube.  

e. Keep filtered fibrinogen on ice until ready to use 

8. Aspirate the Pluronic from the annular molds.  

9. Prepare the SMC grafts. 

a. Remove the graft from the media and use forceps to gently slide the graft down 

away from the spacer so the spacer can be pushed back into the cylinder during 

gelation. 

b. Insert mandrel with graft into the glass cylinder. 

10. One gel at a time, add fibrinogen to the gel aliquot and mix thoroughly (5-7 times). 

11. Inject gel solution into the annular mold. 

12. Push the PDMS space into the glass cylinder to ensure the mandrel stays centered within 

the mold.  
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a. Place your finger under the PDMS base to prevent the mandrel from sliding 

through.  

13. Incubate grafts for 35 minutes at 37C.  

14. While grafts are gelling, warm EGM2 media (5.4 mL per graft).  

15. Aspirate SMGM from bioreaction tubes. 

16. Add 5 mL of warm EGM2 to each bioreaction tube (1 per graft). 

17. Remove grafts from mandrel. 

a. First remove glass cylinder by gently dislodging from the PDMS base.  

b. Remove PDMS base. 

c. Place graft (still on the mandrel) in the bioreaction tube with the PDMS spacer at 

the bottom so the graft does not slip off.  

18. Culture for 7 days at 37C with media exchange on days 4, 6, 8.  

 

 

Day 10: Fabricate Tunica Intima Layer 

 

Note: 

*This protocol requires the use of equipment in the Stegemann lab. Please email Dr. Stegemann 

for permission to use and the necessary training required.  

 

1. Bring a 24 well plate and a 12 well plate into the hood.  

2. Coat 2 wells per graft with 0.01% Pluronic F-68 (1 well per plate).  

3. Prepare EC according to Appendix A.  

4. Suspend EC at 2M/mL in EGM2.  

5. Add 1 mL of cell suspension to each well of the 24 well plate.  

6. Bring the plate to the surgery room. 

7. Inject cell suspension into the graft lumen.  

a. Use the stereoscope to view the lumen.  

b. Use sterile forceps to hold the graft 

c. Using a P200 pipette, inject 200 L of cell suspension into the lumen.  

d. Repeat from the other side.  

8. Incubate for 1 hour at 37C in the rotating incubator in the Stegemann lab.  

9. Warm EGM2 in the water bath (6 mL per graft).  

10. Add 6 mL of media to each coated well of the 12 well plate.  

11. Transfer grafts to the 12 well plate (1 graft per well).  

12. Culture for 3 days at 37C with media exchanges on day 11. 

13. Grafts are now ready for endpoint analyses or future use in 3-scale hierarchical vascular 

tissue constructs. 

 

Component 850 L 

Thrombin 17 L 

FBS 85 L 

SF-EGM2 100 L 

Fibrinogen 648 L 
Table L.1: Fibrin gel recipe for fabricating vascular grafts.
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Appendix M – Fabricating 3-Scale Hierarchical Vascular Tissue Constructs  

 

Materials: 

• Bovine Thrombin 

• Bovine Fibrinogen 

• FBS 

• Media (SF-EGM2, EGM2, DMEM + 10% FBS) 

• Trypsin (0.05%) 

• PBS (1x, no calcium or magnesium) 

• Forceps 

• 5- or 10-mL syringe 

• 33 mm 0.22 μm filter 

• Microcentrifuge tubes 

• PDMS molds prepared according to Appendix L 

• Vacuum grease 

• 35 mm petri dish 

• 150 mm petri dish 

 

 

Protocol: 

 

1. Bring PDMS molds into the hood.  

2. Prepare LF and EC according to appendix A.  

3. Prepare fibrinogen solution. 

a. Weigh out desired amount of fibrinogen for 5 mg/mL fibrin hydrogels  

i. X*(0.75)*(0.93)*(0.76) = 5 mg/mL → X = 9.432 mg/mL 

1. Current lot of fibrinogen (SLCL8080) is 75% protein and 93% 

clottable 

2. 76% of hydrogel recipe is fibrinogen solution (see recipe below) 

3. Determine the mass to weigh out based on the desired volume and 

concentration of 9.432 mg/mL to achieve a 5 mg/mL gel. 

b. Determine volume needed based on amount of powder weighed out. 

c. Place powder into a conical tube and add the appropriate amount of. PBS. 

d. Twirl fibrinogen in the water bath and tap on the sides to dislodge and help with 

dissolving. Do this every 5-15 min.  

4. Prepare one aliquot per mold.  

a. The final cell concentration should be 250K/mL in a 1:1 ratio of LF to EC. Add 

the appropriate volume of stock cell suspension to achieve this volume in the final 

graft to a microcentrifuge tube.  
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i. i.e., if cells are suspended at 1M/mL, add 250 L to the microcentrifuge 

tube.  

b. Centrifuge cells in the microcentrifuge at 200g for 5 minutes.  

c. Aspirate supernatant and suspend pellet in SF-EGM2 according to recipe.  

d. Add FBS to mixture.  

e. Add thrombin to mixture.  

i. Wait to add thrombin until ready to cast the gels. If there are 20 minutes 

left on the timer, keep aliquots on ice and add thrombin later.  

f. Place tubes on ice.  

5. Filter fibrinogen solution  

a. Use a 5- or 10-mL syringe depending on volume and a 33 mm 0.33 um filter  

b. Remove plunger from syringe and attach filter  

c. Balance the syringe + filter on an open 15 mL conical tube  

d. Pipet fibrinogen solution into the syringe and then push plunger to filter the 

solution into the conical tube.  

e. Keep filtered fibrinogen on ice until ready to use 

6. Remove TEVG from well plate and place in the PDMS mold, laying the ends in the cut 

section of the mold.  

a. Do this step graft/mold at a time. 

7. One gel at a time, add fibrinogen to the gel aliquot and mix thoroughly (5-7 times). 

8. Inject gel solution into the PDMS mold. 

9. Allow fibrin to solidify for 5 minutes at RT in the hood. 

10. Incubate grafts for 35 minutes at 37C.  

11. While grafts are gelling, warm EGM2 (11 mL per mold).  

12. Also prepare the EC for cell seeding. Suspend the remaining EC at 2M/mL in EGM2.  

13. After gelation, add 1 mL of EGM2 to each mold (fill the wells and gently place the 

remaining volume over the gel being careful not to overflow the PDMS) to allow the gel 

to swell. 

14. Incubate for 30 minutes at 37C. 

15. Using forceps, remove the acupuncture needles from each mold.  

16. Seal the needle tracks with vacuum grease. 

17. Remove all media.  

18. Inject a suspension of 2M/mL EC into the channels through the circular reservoirs.  

a. Start with 20 L per channel.  

b. Visualize under microscope to ensure cells are flowing into the channel.  

c. Add more cells if needed.  

d. Balance the hydrostatic pressure gradient with EGM2 in the other well if cells are 

flowing too fast.  

19. Culture molds for 30 minutes to allow cells to adhere.  

20. Repeat steps 18 and 19 but flip the mold upside down to allow cells to adhere to the top 

surface of the channel.  

21. Transfer each mold to its own 35 mm petri dish.  

22. Remove cell suspension from molds. 

23. Add EGM2 to all molds (10 mL per mold). 

a. First fill the reservoirs.  
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b. Then using a serological pipette, dispense remaining media to fill the entire petri 

dish  

24. Culture at 37C with media exchanges every other day. 

  

Component 850 L 

Thrombin 20 L 

FBS 100 L 

SF-EGM2 120 L 

Fibrinogen 760 L 
Table M.1: Fibrin gel recipe for fabricating 3-scale vascular hierarchies. 


