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ABSTRACT 

Cell mediated remodeling of engineered microvasculature 

by 

Gisele Calderon 

Tissue engineering as a field aims to model and replicate human tissues and organs as 

substitutes for restoring or improving organ functionality or for studying tightly controlled niches 

in drug discovery, cancer therapeutics, or fundamental biology. We are in great need of 

engineered tissues to address the scant availability of organ donors compatible with recipient 

patients. Further, animal studies are not predictive of human physiology, so there is a tremendous 

need to quantitatively investigate human cells for drug screening and other therapeutics in a 

clinically relevant manner. However, current clinical successes have been limited to avascular 

and simple tissues such as the cornea or bladder. In order to engineer more complex tissue 

equivalents, we must incorporate essential blood supply or vasculature to provide long-term 

viability for clinical implantation or for modeled drug screening. Towards engineering more 

complex, solid organs, bioengineers must identify methods of achieving effective vasculature to 

permeate the high volume of cells while not compromising the organ’s function. We believe that 

in order to build solid and complex tissues, we are to include hierarchical vasculature that varies 

in dimension (ranging from centimeters to micrometers in diameter) to most effectively transport 

blood and nutrients and remove waste products. Some research groups have historically taken a 

bottom-up approach to create de novo capillaries by stimulating vascular endothelial cells and 

support cells to form a provisional capillary plexus in extracellular matrix (ECM) or ECM-like 

materials. By allowing cells to dictate the vascular organization, we can ensure physiologic 

relevance, but the technique is currently limited to forming only the smallest vessels found in 

humans. Further, capillary formation in this bottom-up approach is a slow process that may limit 

the scope of complexity that can be achieved with organ engineering. Other research groups have 

also developed top-down, 3D printing (3DP) techniques to control the creation of larger diameter 

vessels with precise control over every x, y, and z position. With 3DP, open channel geometries 

can be incorporated into engineered tissues with a high level of control and speed. However, 

tissue engineers might not design the most optimized architectures and are constrained by the 

physical limitations of soft material engineering, such as the spatial resolution of the printer and 



 
 

an inability to reach the smallest scale of vessels.  Few groups have been able to engineer tissues 

with vasculature that spans from micro- to macro- scale dimensions, which we identify as a 

critical step toward the actualization of a multiscale cellularized tissue. Therefore, we propose a 

combined bottom-up and top-down system that mimics the hierarchy of vasculature within 

tissues to overcome existing strategies that are limited to either small-scale microvessels or 

macro-scale physically patterned vessels. We expect this approach may have the capacity to 

create tissues which could allow rapid anastomosis to an existing vasculature in vivo. We 

propose to couple cell-based self-assembled capillaries with 3D printed channels to generate a 

multiscale vascular network which can more adequately approximate living human tissue 

structure. First, we will assess co-culture pre-vascularization strategies that promote 

vasculogenesis in our assembled capillaries. Next, we will utilize advanced soft material 3D 

printing and assess cellular activity in these engineered networks. Finally, we will apply our 

vascularized networks to therapeutic applications. This setup will allow us to study fundamental 

questions in vascular biology such as cellular remodeling in response to endothelial cells’ sensed 

shear stress from convective transport and cell-mediated, angiogenic sprouting and vasculogenic 

tube formation. We expect that our combined vascular engineering strategy will promote the 

fluidic union of vascular networks fabricated across multiple length scales. We believe this work 

will allow researchers to incorporate multi-scale vasculature in vitro for tissue engineered 

constructs for regenerative medicine or disease modeling applications, and may facilitate the 

investigation of cellular mechanisms of vascular homeostasis and vascular remodeling in both 

normal and pathologic settings. 
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Overview of Thesis 

This thesis correlates the role of multi-scale vasculature in building living tissues that 

support blood flow and investigates how the included vessels react to dynamic flow within 

degradable, 3D printable biomaterials. The future of tissue engineering for solid organs relies on 

building living tissues with billions of cells to recapitulate physiologically relevant and 

functioning tissues. These high cell-dense tissues must include essential nutrient and oxygen 

delivery and waste removal in order to remain viable. Therefore, moving forward, the field must 

incorporate vasculature to supply the plumbing system necessary for organ survival. Few groups 

address the challenge of engineering a billion cell construct or its corresponding vasculature; 

however, we aim to develop vascular networks that are multiscale and respond to blood flow. 

We know that individual endothelial cells can self-assemble into a capillary plexus similar to in 

vivo embryonic development [1]. By coupling self-assembled capillaries and 3D printed 

endothelialized channels, we can generate tissues with varying scales of vessels. With convective 

transport, we introduce remodeling activity mediated by shear stress signal transduction in the 

endothelial cells. By creating 3D printed perfusable channels adjacent to capillary neovessels, we 

look forward to future work unifying these two approaches to mediate anastomosis between the 

varying vessel scales. We can apply our system to improve engineered tissue viability and 

function for regenerative medicine applications. 

Chapter 1 covers the important role of vasculature in the body for supporting advanced 

multicellular life. We delve into how this vasculature is fabricated naturally, alluding to 

embryonic development and/or wound healing. We additionally discuss methods of fabricating 

engineered tissue with the goal of comprising embedded vascular networks with a particular 

focus on 3D printing.  

In Chapter 2, we investigated the tubulogenic potential of induced pluripotent stem cell 

derived endothelial cells (hiPS-EC) within natural fibrin and photosensitive gelatin methacrylate 

(GelMA). We have already published data (included herein) that shows a robust primitive 

capillary plexus forming within natural fibrin; however, hiPS-ECs have a muted tubulogenic 

response that is boosted with a co-culture of human mesenchymal stem cells (hMSC) within 

GelMA.  
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Chapter 3 applies breakthrough projection stereolithography fabrication techniques to 

build vascular networks within cell-degradable biomaterials. Our 3D printing approach allows 

for perfusable vascular networks to be embedded within soft hydrogels that are over 80% water. 

Moreover, we can endothelialize the vascular lumens maintaining patency for convective flow. 

Endothelial cells within the vessels adhere and respond to locally sensed shear stresses.  

Chapters 4 and 5 both demonstrate exciting therapeutic applications of our 

vascularization approach. In Chapter 4, we target type 1 diabetes by using a vascularizing 

hydrogel carrier which serves to sustain encapsulated pancreatic islet cells in order to provide 

glycemic control. Another therapeutic application is discussed in Chapter 5 where we target 

cystic fibrosis by combining our 3D printing strategies for designing endothelialized (and 

epithelialized) airway models with CRISPR/Cas9 technologies for gene editing CF-iPSCs in 

order to correct for a common mutation in the disease.  

Finally, Chapter 6 closes this thesis by discussing the summary of this work as well as 

exciting opportunities for the broad utility of our vascularized tissues. We pose an interesting 

philosophical question about how far we must engineer or pre-design vascular structures and 

speculate about future applications toward pharmaceutical utilization. 
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Chapter 1: Introduction 

Portions of this chapter have been previously published in Calderon et al., 2018. 

1.1. Vasculature is required for advanced multicellular life 

Vasculature pervades nearly every tissue in the body, supplying essential nutrients and 

oxygen and removing waste. If cells are further away from blood supply than the diffusion limit 

(just over 100 μm), cells in the tissue will necrose [2],[3]. Therefore, a tremendous challenge 

exists in the field of tissue engineering to perfuse all tissues with vessel channels to maintain 

viability. Not only is the inclusion of such vasculature vital, but we must also consider the 

hierarchical organization of vessels from large diameter arteries and veins all the way down to 

microscale capillaries. The generation of efficient and multiscale vasculature optimizes space for 

multicellular engineered tissue that must otherwise function in its parenchymal role. Nature has 

already derived the most efficient configuration of parent to daughter vessels by minimizing the 

energy cost of permeating bulk flow following Murray’s law[4].  The complexity of vasculature 

is appreciated by developmental biologists and tissue engineers as we learn to observe cellular 

behaviors in orchestrating vessel development at the embryonic stage and to recreate similar 

vascular networks in engineered constructs. 

Figure 1.1 Variability of vascular architectures across tissues in the mouse: In (a) the 

cerebral cortex displays a high degree of fractal patterns. On the other hand in (b) there is 

alignment in the heart and in (c) the vasculature is highly tortuous in the kidney.[1]  
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In adults, vascular architectures vary greatly between tissues making bio-mimicry even 

more challenging for tissue engineers. Figure 1.1 illustrates the clear variety of vascular 

organization in different tissues[1]. While each native vascular architecture is optimized to meet 

the needs of that specific tissue function, our challenge is to devise architectures in the lab that 

will support perfusion culture and have remodeling potential such that it may meet the demands 

of a that tissue. Therefore, we need a system that allows for responsive remodeling to blood flow 

and to specific tissue demands as seen in vivo.  We believe our combined strategy of self-

assembled capillaries and 3DP’ed channels allows for responsive remodeling to perfusion 

in the ECM bulk space.  

 

1.1.1. Endothelial cells: critical cell type lining all vasculature to perform as 

gatekeeper between blood and tissue 

Endothelial cells (ECs) play a crucial role in lining all vessels of the body with the task of 

controlling the passage of materials through, in, and out of the blood stream. By elongating and 

aligning along blood flow very tightly between neighboring ECs, these cells reduce thrombosis 

and provide a barrier to circulating molecules[5]. Endothelial cells are the best interface for 

blood; without endothelial cell lining, open channel networks would not be hemocompatible. 

Further, should the endothelium’s performance be compromised, vascular leakage can cause 

severe complications like edema or hypovolemic shock which can become life-threatening [6]. 

The main elements allowing this function depend on their cell junctions such as platelet 

endothelial cell adhesion molecule (PECAM or CD31) and vascular endothelial (VE)-

cadherin[7].  

Precursor endothelial cells arise from the early mesoderm and differentiate into an EC 

lineage. Cells undergoing this differentiation out of the mesoderm provide a primitive vascular 

plexus during development do so de novo[8]. Signaling pathways and the onset of flow further 

the differentiation, migration, and proliferation of ECs to coalesce into a vascular plexus. The 

endothelial precursor cells, also called angioblasts, migrate to where a primary vascular plexus is 

formed. Growth factors like vascular endothelial growth factor (VEGF) and fibroblast growth 

factor (FGF) and other regulatory proteins guide the migrating cells to eventually form tube-like 

structures[9–11]. The regulatory system to control the process of vascular development shifts 
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precursor ECs into tightly “stitched” ECs often demarcating the transition between 

vasculogenesis and angiogenesis where new vessel formation is derived from existing ones 

[7,11]. 

1.1.2. Endothelial cell sources for vascular studies 

Human umbilical vein endothelial cells (HUVECs) are commonly used as the endothelial 

cell source for in vitro vascular applications and often serve as a golden standard to compare 

against when examining new endothelial cell sources for vasculogenic phenotype [12]. However, 

a limitation of their utility is associated with their venous origins which may not properly 

represent arterial or other vessel types. Further, these cells suffer from batch to batch 

inhomogeneity and limited proliferation potential. As a result, many groups choose to study 

specific endothelial niches to utilize the most relevant source for the model environment such as 

brain microvascular endothelial cells, lung microvascular endothelial cells, etc [12,13]. On the 

other hand, human pluripotent stem cells hold much promise as a cell source for developing 

engineered tissues, disease models, and drug screening models. Induced pluripotent stem cells 

(iPSCs) are derived from tissue-specific and patient-specific sources and therefore are from a 

homogeneous source.  Because the source is so specific, cell lines can be generated to be patient 

specific or disease-relevant for experimental studies and therapeutic applications. iPSC-derived 

cells are reproducible and robust across many passages which is another benefit when compared 

to primary cells.  

Our work utilizes HUVECs and iPSC derived ECs (iPS-ECs). Even though there are 

currently limited studies with this newer cell source, we confidently use iPS-ECs as they benefit 

from the advantages of an induced pluripotent stem cell source and demonstrate characteristic 

functional properties of ECs. Characteristic expression of EC markers (e.g. CD31) and functional 

assays (e.g. tubulogenesis in 3D matrigel culture) were observed across at least 6 passages in 

culture across different production lots[14].  Additionally, others have encapsulated iPS-ECs in 

peptide PEG hydrogels that were shown to form vascular networks via vaculogenesis[15]. We 

believe we can use these therapeutic cells to vascularize natural and semi-synthetic hydrogels 

and study vascular biology regarding cell-cell and cell-matrix interactions, vascular remodeling, 



 22 
 

and hierarchical organization of engineered microvasculature between vasculogenic tubes and 

angiogenic sprouts. 

1.1.3. Vasculogenesis: assembling the vascular plexus from individual cells 

Vasculogenesis describes the process of assembling de novo vessels from individual 

cells. For very early embryonic development, vasculogenesis paves the way for the first vessels 

that are later pruned and remodeled into hierarchical vascular networks[1]. In addition to 

embryonic development, vasculogenesis occurs during wound healing and ischemic tissue for 

intermediate vascular networks[16,17]. The fundamental steps in vasculogenesis have yet to be 

fully elucidated because studying these mechanisms is difficult in vivo.  Many researchers form 

in vitro systems to study endothelial cell biology to understand and possibly mimic vasculogenic 

processes like migration of ECs and associated cells (such as pericytes), cord formation, and 

lumenization[18–27]. 

1.1.4. Lumen formation during vasculogenesis  

Lumens are the inside spaces of tubular structures, and we hone in on lumens of vascular 

tubes. Lumenization or tubulogenesis is essential for endothelial cells to perform their roles as a 

barrier between the blood and the interstitial tissue[28]. These hollow tubes form prior to the 

onset of blood flow. Currently, several theories exist on how cells establish tubes (whether that 

be endothelial, epithelial, or other) described generally as cord hollowing or cell hollowing[28]. 

Other theories such as plasma membrane invagination and cavitation exist, but are not widely 

considered in published studies[29]. Though different theories exist describing the establishment 

of tubes, a unifying feature is the processes to form lumens beginning with initiation followed by 

membrane addition, spatial organization, and maturation.    

Cell hollowing describes vacuole fusion where new lumens form within individual cells. 

The emergence of intracellular lumens initiate as either small vesicles or vacuoles that coalesce 

to become central lumens as seen in Figure 1.2a. A series of these spaces connect to adjacent 

cells that are forming similar central lumens, which eventually lead to perfusable tubes[28]. This 

specific process of lumen formation has been observed by several groups in vitro where ECs are 

encapsulated in 3D collagen matrices and tubulogenesis occurs through vacuole fusion[30,31]. 
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Moreover, live imaging in Drosophila and zebrafish captured vacuole fusion during intracellular 

lumenization[32,33].  

Another mechanism for lumen formation emerges from the generation of luminal space 

between ECs, rather than inside ECs, in a process called cord hollowing, demonstrated in Figure 

1.2b[28]. The fusion of extracellular vacuoles is dependent on several proteins (e.g. Rab7) that 

are out of the scope of this proposal. Although, we note that these proteins are crucial for 

endothelial vacuole trafficking and eventual endocytosis[34]. Additionally, polarity of the EC is 

an important step in establishing the interior, lumen facing side, from the exterior, interstitial 

facing side of the cell[35]. The same protein, Rab7, that is critical for extracellular vacuole 

arrangement also aids in defining EC polarity[34]. Cord hollowing appears to represent a 

mechanism of tubulogenesis as well as a determinant of cellular polarity.  

We are interested in which of these two theories (or maybe both) our lumenization during 

vasculogenesis occurs. Previous work has demonstrated that these processes can occur with 

Figure 1.2 Vascular morphogenesis for lumenization: schematic for visualization of two theories 

of lumenization – cell hollowing or cord hollowing[28]. A) Vacuoles form within a single cell, fuse 

together, and then coalesce into neighboring fused vacuoles to form an open lumen in cell 

hollowing. B) In contrast, cord hollowing forms lumens by vacuole formation between individual cells 

that extend into an open lumen.  
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human umbilical vein endothelial cells (HUVEC) in several different three dimensional 

environments (e.g. collagen, fibrin, matrigel, peptide conjugated poly-ethylene glycol [PEG]) in 

vitro[18–27]. Generally, these studies generate cord assays where cellular morphogenesis 

transforms vascular cords into lumenized tubes. HUVECs have long time served as the golden 

standard in studying vascular development, vasculogenesis, and angiogenesis. With the advent of 

induced pluripotent stem cells (iPSC), we have the opportunity to create cultures with 

homogeneous and clinically relevant cell populations and to determine if these mechanisms hold 

true with this endothelial cell type. 

1.1.5. Angiogenesis requires intricate orchestration of molecular and cellular 

processes 

Dynamic flow and chemical gradients play an important role in the shaping of angiogenic 

vessel formation. Lumens and vessels grow from pre-existing lumens and tubes. The initiation of 

vascular sprouts requires a multitude of factors in concert to expand cell protrusions between the 

tip cells (leading cells with filopodia protrusions) and stalk cells (cells proliferating behind the 

leading cell in the angiogenic sprout)[28,36,37]. The modulation of angiogenesis leads to 

endothelial cell sprouting, proliferation, or quiescence where each endothelial cell might exhibit 

a different phenotype (i.e. tip cell specification results in less proliferation yet higher migration) 

that is hugely dependent on the vascular development context [37].   

Vascular endothelial growth factor (VEGF) is one of the many candidates of chemo-

attractants for sprouting angiogenesis. Endothelial cells sense extrinsic cues from the 

environment and particularly from variants of VEGF. Some of the VEGF family (-A, -120, -164, 

-188) have differential binding to ECM creating a chemical gradient guiding and “pulling” the 

tip cells toward the gradient of higher ligand concentration[38–41]. The importance of the VEGF 

family is corroborated by mouse studies lacking any of these genes where resultant vessels form 

aberrantly[39,40]. The VEGF family also interacts with tyrosine kinase receptors, Flk-1 

(VEGFR-2) and Flt-1 (VEGFR-1), on the endothelial cells. This high affinity interaction 

promotes endothelial proliferation, migration, and survival leading to the sprout initiation for the 

tip cell migration[41,42]. 

Following the initiation of the tip cell, the following stalk cells must lumenize to form 

continuous perfusion between the pre-existing vessel and the sprouting one (Figure 1.3). An 
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extension to vasculogenic tubule formation during cord hollowing, sprouts must first establish 

polarity and then follow by cord hollowing[43,44]. The question is whether angiogenic sprouts’ 

cord hollowing resembles the mechanisms underlying vasculogenic cord hollowing.  

In addition to chemical gradient signals, another driver leading tip cells is fluid forces. 

Forces like shear stress from flowing blood direct regions of sprouting angiogenesis.  In a study 

with HUVECs encapsulated in collagen within a PDMS microfluidic device, flow and VEGF 

signals were together driving sprouting angiogenesis. The location of sprouting and direction of 

tip cell extension were affected by changes in luminal shear stress and interstitial flow in 

addition to VEGF gradients[45]. The authors’ work suggests that flow and chemical cues must 

be integrated to direct angiogenic sprouts and lumenization.  

Lastly, the ECM itself guides leading tip cells in sprout direction. We know that the ECM 

is a reservoir for a multitude of chemical factors, but also the physical space of the ECM can 

provide pathways or resistance for invading sprouts. The top left sprout in Figure 1.3 

demonstrates movement toward a path of least resistance as the local ECM is degraded. This 

local degradation, mediated by MMPs, is heavily involved in cell-matrix interactions[46].  
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Figure 1.3 Tip cells leading blood vessel sprouting: Red colored endothelial cells are selected as 

tip cells to lead angiogenic sprouts. These tips cells probe the ECM environment for soluble factors 

(e.g. VEGF) and guidance cues for directional migration of the emerging tip cell. As the leading tip cell 

migrates away from the parent vessel, following endothelial cells called stalk cells proliferate behind to 

acquire a new sprout. These emerging vessel extensions will lumenize in either a similar fashion to 

vasculogenic tubes (i.e. top left sprout demonstrates cell hollowing) or the lumen of the parent vessel 

continues to expand into the sprout as the stalk cells proliferate behind the tip cell (i.e. bottom right 

sprout). Lastly the direction the new sprouts will take is a matter of debate. On one hand, leading tip 

cells are suggested to take the path of least resistance (top left sprout). On the other hand, guidance 

cues guide the tip cell’s forward progress (bottom right sprout)[44].  

Leading tip cell 
takes path of 
least resistance 

Leading tip cell 
senses 
environmental cues 
for sprouting 

Cell hollowing 
forms lumens in 
newly developed 
sprouts 

Parent vessel 
lumen expands 
into new sprouts 
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1.1.6. Cell-cell interactions contribute to barrier function of endothelium 

1.1.6.1. Vascular endothelial cadherin (VE-cadherin), an adherens junction 

Vascular endothelial cadherin (VE-Cadherin) is a type of adherens junction that tightly 

promotes homophilic interactions between each EC. Cells adhere to each other through these 

transmembrane proteins. Loss of VE-Cadherin is catastrophic and will result in lethality early in 

the embryonic stages[47,48]. More recently, VE-Cadherin is suggested to be necessary for 

maintaining EC polarity[49]. Not only does VE-Cadherin interconnect ECs for tube networks, it 

also allows ECs to identify luminal space from interstitium. Importantly, VE-Cadherin plays a 

role in guiding endothelial cells to reach quiescence upon reaching contact with neighboring ECs 

thereby ensuring long lasting monolayers lining a vessel wall[50]. In our work, we look for this 

adherens junction expression in our vasculature to confirm that our endothelialized walls have 

reached maturity in their monolayer, quiescent form. 

1.1.6.2. Tight junctions serve as the interconnections between ECs 

For the endothelium, tight junctions serve the crucial role of barrier between lumen and 

interstitial tissue. These junctions do so by maintaining cell polarity and regulating permeability 

between cells[50]. Though roles for tight junctions have been more extensively studied in 

relation to epithelial cells, many of the lessons learned are also applied to endothelial cells where 

the polarity or “fence” function separates the cell between apical and basolateral regions relating 

to blood and perivascular region specifically. Also, permeability within the blood vessel volume 

is highly regulated. Important differences, though, are that tight junction assembly, arrangement, 

and function vary between arterial and venous vessels. For example, in large vessels, tight 

junctions are highly organized and developed for arterial vessels. However, veins have less 

coverage of tight junctions relating to the lesser mechanistic need to form a barrier function that 

withstands respective blood flow. Additionally, their organization varies according to metabolic 

or functional need of the tissue with the example of the blood-brain barrier having the most 

elaborate organization of tight junctions.   
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Specifically, zonula occludens-1 (ZO-1) is an essential intracellular component of tight 

junctions[50] and a commonly used marker for endothelial cell barrier functionality. Though the 

vast majority of expression is localized in both epithelial and endothelial cell types, there is 

differential expression across endothelia (i.e. brain versus arterial vasculature). The expression 

relates to the level of permeability within the vascular region as demonstrated by direct 

immunostaining across various tissues of known differential levels of permeability[51]. 

Therefore studies verifying endothelial functionality should be wary of expression using this 

marker. ZO-1 serves as an indicative measure of barrier function, but it does not necessarily 

dictate the endothelial phenotype or vessel identity.  

1.1.6.3. Pericytes aid in endothelial cell barrier between luminal and abluminal surface 

Maturation of vascular networks 

requires the presence of pericyte or mural 

cells. Via paracrine signaling, smooth 

muscle cells (SMCs) and pericytes are 

recruited to adhere to the vascular 

abluminal surface. These supporting cells 

aid in vascular maturation by encouraging 

ECM deposition as well as by adapting 

vessel stability relevant to a given tissue. 

As an example of comparison, arteries are 

enveloped with more SMCs than veins 

due to their necessity to withstand strong 

pulsatile blood flow pumped from the 

heart. A cross section of a vessel is shown to demonstrate the physical interaction of pericytes 

with the endothelium (Figure 1.4). In previous studies[21,27], HUVECs in culture did not form 

long-lasting capillary networks without the presence of support cells, in this case fibroblasts. 

Though endothelial cells alone can spontaneously self-assemble, these networks regress without 

the aid of pericyte or pericyte-like cells. With pericyte-like behaving cells, vascular networks are 

longer lasting and visually more organized, interconnected, perfusive tubes. More ECM 

Figure 1.4 Endothelial and pericyte cell interaction: 

Vessel cross section schematic demonstrating close 

interaction between endothelial cells and pericytes. 
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deposition is confirmed with increased expression of basement membrane components, laminin 

and collagen IV. The role of mural cells cannot be overlooked when establishing nascent 

vasculature[52]. This is why we include studies with co-culture systems with endothelial cells 

and mesenchymal stem cells to provide a long lasting nascent capillary plexus. 

1.1.7. Capillaries form self-assembled networks 

Many studies demonstrate the capacity of endothelial cells to spontaneously self-

assemble into capillary networks[20–25,27]. De novo formation of a capillary plexus that occurs 

during embryonic development has been recapitulated in vitro provided that endothelial cells are 

encapsulated in a three-dimensional extracellular matrix environment. Some groups have 

modeled vasculogenesis in natural matrices such as collagen or fibrin or collagen/fibrin 

composites[53]. Others have demonstrated successful tubule networks in more synthetic 

environments such as modified gelatin for GelMA (gelatin methacrylate)[54] or completely 

synthetic matrices such as PEG-based hydrogels[55]. Though the formation of a capillary plexus 

can occur sans hemodynamic flow, remodeling and maintenance of the network will not occur 

without the introduction of blood flow[56]. Therefore self-assembled capillary networks may 

address diffusion limits beyond 200 μm in engineered tissues, but they require dynamic actions 

between their endothelium and external stimuli such as biophysical forces, cell-cell interactions, 

biochemical cues, and cell-matrix interactions for long term stability[57].  

 Developing vasculature via self-assembly has many advantages as a method for 

vascularizing engineered tissues. One of the major advantages is that the researcher allows nature 

to dictate the resulting architectures rather than imposing any man-made geometry. As we will 

learn in the following section, investigators can impose control over branching patterns, vessel 

diameters, etc. with 3D bioprinting methods. By relying on biology, researchers are mimicking 

the likes of in vivo vasculogenesis which may be considered highly advantageous. However, 

there is lack of control, and the time needed for vascular assembly to reach relevant macroscales 

is too slow. Yet, this approach is one of the limited techniques to reach the smallest scale of 

capillaries (between 5-15 μm)[58]. On the other hand, a coupled approach to creating microscale 

capillaries with quickly bioprinted vessels, like what we are aiming to do, might alleviate the 
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long time scale and achieve the multiscale vasculature necessary to reach organ-level 

functionality. 

1.1.8. Dynamic vascular remodeling in response to the fluidic environment 

The nascent capillary networks formed during self-assembly soon remodel in response to 

flow in order to optimize vascular convective and diffusive transport. During embryonic 

development, remodeling is observed where pruning of redundant branches occurs by apoptosis 

and migration as induced by blood flow[59–61].  

Pruning has been demonstrated at the cellular level in an in vivo zebrafish embryo. The 

most efficient transport of blood flow is effectively achieved by coordinating cell rearrangements 

and trimming of branches. Live imaging captures the morphogenetic changes that occur as 

selected by blood flow 

(Figure 1.51.5)[61]. As 

an example, non-

perfused vessels are more 

likely to regress. 

Theories historically 

have suggested that 

vessels with greater 

blood flow have greater 

diameters whereas lesser 

blood flow often 

regresses[62].  

Figure 1.5 Vascular pruning in zebrafish embryos: In vivo tracking of nuclei 

and vascular pruning where there the total number of nuclei increase 

suggesting that while segments prune, cells rearrange and even proliferate 

rather than apopotose[61]. 
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The Dickinson group reported live imaging during vascular remodeling to witness 

cellular dynamic changes (Figure 1.6). The live confocal images demonstrate retrograde 

migration of endothelial cells meaning that ECs surprisingly migrate against the direction of 

blood flow. This directed cell migration phenomenon occurs generally from smaller capillaries to 

larger vessels. Vessel fusions result in an increase in vessel diameter and occur in regions that 

experience high flow levels. These data capture the sensitivity of ECs in response to blood flow 

and other dynamic processes[59,63].  

Because these phenomena occur in vivo where we have limited physical access, we 

would like to recapitulate these processes in vitro. In this way, we can independently understand 

EC’s dynamic responses to blood flow. Other studies show that mature vessels change in 

diameter in response to blood flow and other dynamic forces, but these changes occur by muscle 

relaxation from other cell types (e.g. smooth muscle cells) which envelop vasculature[64,65]. 

Therefore when mimicking microvasculature, it is important to consider the dynamic responses 

before the recruitment of smooth muscle or other mural cells and at the onset of blood flow. 

Previous work demonstrates that endothelial cells can tubulate into a primitive capillary network 

via vasculogenesis in a three-dimensional ECM environment in vitro[21,27]. Studies done in 

vivo have shown the morphogenetic and dynamic changes that occur during vascular 

development in early embryonic stages[56,61,64]. Others have developed methods for creating 

vascular patterns with high precision in geometry via 3DP techniques[19,66–68]. In this thesis, 

Figure 1.6 Dickinson lab schematizes retrograde migration: In response to blood flow in 

the mouse embryonic yolk sac in vivo, the Dickinson group observed endothelial cell fusions 

and retrograde migration with their fluorescent reporters (Flk1-myr::mCherry membrane 

marker and Flk1-H2B::eYFP nuclei marker). 
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we build on previous findings to recapitulate vascular morphogenetic phenomena that are 

observed in vivo in an in vitro environment. While we have detailed fundamental elements of 

vascular biology, we will next elaborate on 3D bioprinting fabrication for a basic understanding 

of how we apply this technique to mimic an endothelialized, perfusable vasculature.  

1.2. Fundamentals of 3D printing 

This section contains previously published material [69].  

3DP is an additive manufacturing technique originally applied to plastic and metal 

manufacturing but has progressed to adapt to biomedical engineering applications within the last 

few decades. Over three decades ago, Charles Hull patented a new technology for rapid 

prototyping – stereolithography. This described system to fabricate three-dimensional (3D) 

constructs utilizes liquid photopolymerization for building desired objects in a step-wise manner 

and is considered the birth of 3D bioprinting[70,71]. 3DP and bioprinting have revolutionized 

the ability to create objects with any shape or size on demand. The exciting promise toward 

medicine is that we can customize patient specific tissue scaffolds, fabricate on-demand medical 

devices, and reliably reproduce constructs for high-throughput screening.  

The key element that defines modern bioprinting is control. Casting approaches have 

surface resolution defined by the mold itself and no control over the internal structure of the 

casted sample. Similar salt leaching or electrospinning protocols for porous structures have little 

to no control over the internal pore size and distribution[72]. Modern technologies allow for 

control deposition and building; there is control over detailed characteristics such as location and 

content of material deposition. This includes microstructures to bear stress, cell encapsulation, 

and growth factor or other biochemical functionalization. Being able to fully design the bulk 

shape and the internal microstructure has allowed producing structures that more closely 

resemble nature’s complexity: controlled internal microstructures (pores, gradients and 

layering)[73–78], micro channel and micro patterning for pre-vascularization[19,79], and 

simultaneous deposition of different types of materials[79–81]  or different cell lines[74–

76,79,82]. The technology allows for control and the mechanics are there to exploit; however, 

the current hurdle to overcome is defining the bioinks that can be adequately used with these 
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systems. There exists an ever-expanding list of 3D bioprinting technologies (and bioinks to 

match) that are differently suited for specific desired materials or applications. These techniques 

vary based not only on materials (e.g. affected by cross linking mechanisms to determine 

biocompatibility and/or mechanical properties), but also vary over resolution of architecture and 

speed of fabrication. Four 3DP methods have been adapted for biomedical application: 1) 

extrusion-based printing, 2) particle fusion-based printing, 3) inkjet printing, and 4) 

stereolithography or photopolymerization methods (Figure 1.7). Recent technological advances 

have resulted in novel methods or modifications of the four previously mentioned, including 

acoustic droplet ejection, direct-write assembly, laser-guided direct writing, and 3D powder 

printing[83]. Each of these approaches have advantages and limitations. However, given an 

identified desired application, often one or a combination of technologies proves to match the 

sought biomaterial and architecture.  

 
Figure 1.7 3D bioprinting techniques: Extrusion based printing deposits continuous filaments on a 

surface to build constructs layer by layer. Inkjet printing adapts inkjet cartridges to contain bioinks so that 

liquid droplets are formed on a surface that can quickly solidify. Selective laser sintering uses a laser to 

melt powder particles together to sinter a 3D object within the powder bed. Lastly, projection 
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stereolithography utilizes photosensitive liquid material that can be crosslinked with light exposure with 

controllable photomasks. Reprinted with permission from Miller, J. S. & Burdick, J. A. Editorial: Special 

Issue on 3D Printing of Biomaterials. ACS Biomater. Sci. Eng. 2, 1658–1661 (2016)[84]. Copyright 2017 

American Chemical Society. 

1.2.1. Extrusion based printing 

Extrusion based printing is the most commonly employed method for 3DP, but it requires 

thermoplastic materials that are only cell compatible if printed at physiological temperatures. 

The technology forces a viscous ink through a nozzle that can solidify once deposited onto a 

build platform. The extruded material is deposited to form individual lines in a predefined path 

as dictated by a generated computer model to form a 3D object in a layer by layer fashion. 

Typically, each different ink is extruded out of the nozzle at a specific temperature and pressure 

so that the material can flow through the nozzle (e.g. polycaprolactone (PCL) will extrude at 80 

°C and a pneumatic pressure of 400 kPa, whereas alginate can be deposited at 20 °C[75]). 

Materials that are most commonly used for this technique possess sharp solid-to-melt transition 

such that the material can flow and rapidly solidify once passed through the nozzle. Progress has 

been made in developing thermoplastics that extrude at lower, more physiological temperatures 

and pressures by exploiting shear thinning properties (i.e. PCL[85]). Other approaches include 

using materials that can be extruded at lower temperatures, do not rely on thermal setting but 

require additional crosslinking mechanisms such as ionic bonding[86], pH alteration[87], or 

ultraviolet (UV) photopolymerization, among others. The inclusion of cells, however, can 

ultimately affect several aspects of the resulting print. Not only do the materials need to be able 

to flow through the nozzle at low temperature, but parameters such as high extrusion forces and 

narrow nozzle diameters, which usually help improve the print’s resolution for synthetics at high 

temperatures, affect cell viability. Decreasing pressure and/or increasing nozzle diameter may 

help improve cell viability by reducing cells’ experienced shear stress but at the cost of potential 

nozzle clogging and print resolution. Additionally, this technique has some difficulty printing 

overhanging structures without supporting filler structures. The printed filaments can sag or even 

collapse without underlying support. While some groups utilize extrusion printing with PCL or 

poly(propylene fumarate) (PPF) for creating highly controlled porous scaffolds[88–90], others 

generate structures as a sacrificial template with similar extrusion based methods to precisely 
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pattern architectures which can be better suited for some of the biocompatibility issues with this 

3D printing technique[19,91]. Overall, extrusion based printing has been applied to many tissue 

engineering applications and is most widely available.  

1.2.2. Selective laser sintering 

Another printing technique, particle fusion printing methods such as selective laser 

sintering (SLS), uses a directed laser to raise the temperature of a powder material beyond their 

melting temperature to locally fuse or sinter the particles. The laser fuses each patterned layer in 

a repeated process in order to create 3D structures[92]. The construct’s resolution is only limited 

by the laser resolution and the powder size. This technique has had its most successful 

applications to bone tissue engineering by sintering composite materials. Examples include 

ceramics, PCL, or hydroxyapatite[93–96].  Even though the tissue engineering field has seen 

promise with this technique, the printed objects are difficult to incorporate with living cells and 

instead utilize a two-step process of first building the volume followed by the addition of cells. 

Additionally, there is some difficulty in controlling porosity which can in turn affect the 

longevity of the biomedical application[71]. Although, a major benefit is the technique’s 

capacity to be self-supportive of printed structures by the powder bed enabling the printing of 

complex overhanging geometries. And similar to extrusion based printing approaches, SLS also 

features groups who utilize the technique additively[96] and sacrificially[67].   

1.2.3. Inkjet bioprinting 

Inkjet bioprinting is considered the cheapest bioprinting technique and was patented as 

one of the first strategies for cell printing[97,98]. Originally, inkjet bioprinters were created by 

replacing traditional 2D ink-based printers’ cartridges with biological solutions. Instead of paper 

used as the recipient of the ink, a moveable stage added a third dimension to build a construct 

layer by layer[99,100]. Inkjet bioprinters can deposit picoliter droplets with positional accuracy 

<30 μm, allowing high precision control in positioning different materials and cells into specific 

microenvironments[101]. To deposit liquid onto a substrate, some inkjet printers electrically heat 

the print head to a range between 200 and 300˚C. The high heat raises concerns for the viability 

and function of the cells after printing. Still, some studies using this technique show viability for 
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mammalian cells attributing survival to the short duration of the high temperature 

exposure[102,103]. In inkjet printing a liquid droplet is solidified after deposition on a substrate, 

a process that must occur quickly to control spatial resolution of the printed volume. Important 

material properties of the ink are the viscosity and the surface tension to determine final shape, 

size, resolution, and accuracy of the print. Therefore, an important mechanism to consider for 

improving the final print is the crosslinkability of the bioink. Methods of effective crosslinking 

for this application are via chemical, pH, or ultraviolet crosslinking[104,105]. There is a delicate 

balance of crosslinking the deposited droplets for rapid structural organization and limiting the 

toxicity introduced to cells. The chemical modification to achieve the desired crosslinking 

capability can decrease cell viability and affect the chemical and mechanical properties of the 

material. These changes can alter the biomimicry that was relevant prior to modification[106]. 

Additionally, inkjet printing uses a nozzle head to deposit the bioinks and therefore is limited by 

the possibility of clogging. Bioinks for inkjet printing should have low viscosities (below 10 

centipoise) because the necessary pressures or heat that would eject higher viscosities would 

negatively affect cell viability[107].   

1.2.4. Stereolithography 

The last 3D printing technique to be discussed, stereolithography, brings us back to the 

origins of 3D bioprinting and to the crux of the 3D bioprinting technique used in this thesis. 

Stereolithography-based printing utilizes light as a tool to solidify liquid materials in a 

photochemical reaction. With a laser often used as the light source, a projection of light is shown 

onto the liquid material in a specific pattern to solidify the exposed region[108,109]. By means 

of using a light source, photosensitive material, and a controlled axis stage, one can print 

complex 3D structures. Since stereolithography depends on photosensitive material to print 

constructs, there are only a limited number of biomaterials that can be utilized. Common 

materials for this application are poly(ethylene glycol) diacrylate (PEGDA) based materials and 

gelatin methacrylate (gelMA). The acrylation modification to PEG and gelatin render the 

material photosensitive for printing[110,111]. Combinations of already self-assembling proteins, 

such as keratin or decellularized extracellular matrix (ECM), with photo-initiators have allowed 

crosslinking of soft hydrogels[112]. This method has the advantage of excellent structural 
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integrity because there are no artificial interfaces that result from droplets (inkjet printing) or 

lines (extrusion printing). Also, the electromagnetic spectrum and its multiple energy 

wavelengths, allow for a broad range of chemistry alterations; various wavelength lasers, UV 

sources and the visible light spectrum are common energy sources used in this technique. The 

use of light, with all available intensities and wavelengths, results in very fast and precise builds. 

Resolution of this technique ranges from 25-200 μm for commercially available printers[83,112] 

down to ~10 μm for two-photon polymerization setups[113]. But because the material must be 

photosensitive, many biomaterials cannot be used, or they must be chemically modified for 

photopolymerization[112,114]. A photopolymerizable material like PEGDA is not in itself good 

for cell viability. Additional surface modifications are necessary to allow for cell attachment and 

material degradation by incorporating peptide sequences[24]. Additionally, resolution is 

determined mostly by the laser spot size and therefore has high 3D resolution, but the prints 

often are warped as mechanical properties are typically weak[71].  

Our group has recently developed stereolithographic fabrication of hydrogels that possess 

entangled, independent vessel networks. We incorporate natural food dyes that act as potent 

photoabsorbers enabling the creation of patent, intricate vascular topologies (Figure 1.8). In this 

work, we are using this approach to delve into vascular biology [115].  



 38 
 

 

Figure 1.8 Projection stereolithography approaches to fabricate transparent, monothilic hydrogels 

with perfusable vessels: a) Incorporating a horizontal patent channel within hydrogels are made 

possible by the utilization of tartrazine, a yellow food coloring dye, as a photoabsorber. b) A vessel lumen 

is actualized with projection stereolithography with tartrazine limiting excess light penetration for 

crosslinking into the open channel void (denoted by the asterisk) and shown as a line plot (scale = 1 mm). 

c) A lung subunit schematic and fabricated hydrogel showcase the intricate, entangled vessel topologies 

that can be contained within the monolithic hydrogel.  

Overall, 3D bioprinting techniques vary in approach and can also result in a wide array of 

medical applications from tissue repair to modeling disease. In the last three decades, there has 

been tremendous progress in the development of not just the technique but also the biomaterials 

synthesized to expand the palette of available 3D printable bioinks. 3D bioprinting has exciting 

translational potential to produce implantable structures for regenerative medicine and high 

throughput, reproducible drug screening. However, to realize this medical impact, researchers 

must continue to explore the architecture, the biocompatible yet printable materials, and the 

inclusion of proliferating and differentiating cells for fabricated living tissues to reach a desirable 

function.  
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1.2.5. Bioinks 

3D bioprinting may offer the potential to fabricate physiological tissue mimics; however, 

progress toward therapeutic application relies heavily on its integration with bioinks. Therefore, 

the development of biocompatible yet printable bioinks requires tremendous consideration to 

closely match physical and functional aspects of the desired tissue. Since 3DP technologies 

originally were designed for nonbiological applications, some of the materials used as inks for 

printing such as thermoplastic polymers, ceramics, and metals cannot translate to supporting 

living cells. Hence, one of the greatest challenges of the field is to find materials that are both 

biocompatible and printable. 

As defined previously, printable biomaterials, or bioinks, encompass any printable 

material that 1) will interface with biological components during or after the actual print, or 2) is 

involved in the structural construction of scaffolds that will interface with biological 

components. These bioinks are distinguishable from other printable inks in that bioinks are to not 

produce any toxic element that could be detrimental to living cells or physiological function of 

the printed tissue.  

Generally, materials used in the field of regenerative medicine are divided between 

natural and synthetic materials. Natural materials have all the advantages of being physiological 

and inherently bioactive. However, natural materials lack in tunability, batch-to-batch 

consistency, and often physical properties necessary for printing. On the other hand, synthetic 

materials benefit from a high degree of tailoring to specific physical property needs with inherent 

consistency to meet the printing technique’s criteria. Still, synthetic materials often fail to match 

the biocompatibility of natural materials sometimes leading to toxic degradation products or lack 

of cell-binding sites. Some groups have compromised the divided material set by synthesizing a 

semi-synthetic class of materials such as gelMA or methacrylated hyaluronic acid 

(MeHA)[116,117]. Of our palette of biomaterials, only a subset is additionally suitable for 

bioprinting.  

For a bioink to be not only biocompatible but also printable, the material must have the 

capacity to be accurately and precisely deposited with spatial and temporal control. Each 

bioprinting technique may require a different subset of material properties. For example, inkjet 
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printing requires bioinks to possess low viscosity to avoid nozzle clogging; extrusion printing 

benefits from shear thinning properties to fluidize through the nozzle and quickly solidify once 

deposited; selective laser sintering must be able to powderize finely and have an attainable 

melting temperature; and stereolithography requires photosensitive bioinks. These mentioned 

material properties to promote printability often come at the cost of compromising 

biocompatibility. As an example: a photosensitive material that crosslinks in the presence of a 

photo-initiator can be highly cytotoxic. Therefore, the available bioinks are chosen to meet the 

demands of the particular printing process but also for its ability to shield encapsulated cells 

from a possibly harmful printing process.  

The requirements for printing depend on a variety of properties, including rheological 

behavior, the gelation process, or available biological interactions. From a rheology perspective, 

only specific ranges of viscosities match well with either inkjet or extrusion printing, but shear 

thinning is an example of a rheological property ideally suited for extrusion. The gelation 

process, or crosslinking, can greatly influence the geometric integrity of the print. Gelation can 

occur through ionic, thermal, enzymatic, or photo-crosslinking mechanisms and these ultimately 

dictate which printing technique the bioink is compatible with. Biological interactions might 

need to be enhanced, especially for synthetic materials, by incorporating cell binding motifs or 

inclusion of an additional natural material.  

We categorize the available bioinks into three categories: 1) matrix or matrix-mimicking, 

2) sacrificial, and 3) support[118]. The same bioink can fall under several bioprinting strategies 

even if the bioink is utilized in a different way. Each category requires specific workflows but 

are ultimately brought together in the printing process as illustrated in Figure 1.9. 
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Figure 1.9 Bioink categories: From left to right, a desired final geometry volume can be fabricated with 

three different bioink approaches to result in the ultimate final print. The print setup shows how different 

bioinks would be incorporated during the print fabrication. 

1.2.5.1. Matrix or matrix-mimicking bioinks 

Matrix or matrix-mimicking bioinks are printed and remain as part of the scaffold system. A 

scaffold can be printed and consist of the matrix bioink material only (acellular scaffold), the 

matrix material with its surface chemically altered during or after the printing process 

(functionalized acellular scaffold), or the matrix printed with a loaded cell population (cell laden 

scaffold). In all cases, the matrix bioink is the material that provides the mechanical structure for 

cells to adhere to, and that will then be used to enhance cellular communication, proliferation, 

migration, and differentiation, and ultimately determine the function of the system.  

As a structural element in a biological environment, there is a delicate balance between 

achieving the rheological and mechanical properties needed to print a self-supporting structure 

and the eventual effects that the material may have on the biological development of the cellular 
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component. This balance is specific to the properties and function ultimately desired for the 

printed sample, anything ranging from soft and porous hydrogels for in vitro culture and 

assessment of cells[119–121] to very strong and durable scaffolds for in vivo bone 

regeneration[78,122–124]. The desired mechanical and biological properties of the matrices are 

nevertheless restricted by the capacities of the 3DP technologies and the bioinks associated to 

each method. As it has been reiterated in literature over the years, synthetic materials can be 

engineered to provide strong scaffolds with tunable mechanical and chemical properties[122]. 

Nevertheless, these materials have been traditionally associated to low biocompatibility[120], 

complex and demanding manufacturing processes (high temperatures, high pressures, strong 

solvents, etc.)[101,125], very low degradation rates[122,126], and, in some cases, cytotoxicity or 

harmful by-products[125]. On the other hand, natural materials inherently provide the adequate 

biological cues that cells need for proper development. The perfect combinations of amino acid 

sequences, protein ratios, growth factors, and cytokines are found in natural materials from fauna 

(ECM combinations, collagen, elastin, fibrin, keratin, hyaluronic acid, chitosan etc.) and flora 

(alginate, agarose, agar, silk, etc.)[83,120,127,128]. However, natural materials are also 

associated to weaker mechanical properties and high batch-to-batch variability[75,113]. Natural 

variability is unavoidable and perfectly defined manufacturing protocols for natural materials are 

virtually impossible, thus truly tunable properties are difficult to predict and the reason why 

results in studies using ECM usually differ on a case to case scenario. As it will be discussed in 

the next sections, synthetic and natural materials cannot be defined by positive and negative 

characteristics; researchers have been working on improving upon the weaknesses of both either 

by biochemically altering the individual materials or by implementing synthetic-natural hybrids 

or combined prints that use the strengths of each. 

1.2.5.2. Synthetic materials 

As mentioned before, 3D bioprinting is an adapted technology; the original patent filed by 

Hull in 1986[70] proposed to use the stereolithographic method to optimize prototype 

manufacturing of plastic parts for industrial applications. Since, the processes have evolved and 

revolutionized industry and bled into many other manufacturing applications including 

bioengineering, regenerative medicine, and tissue engineering. The original Hull patent was 
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intended for synthetic materials, named “UV curable materials”, which could be processed as a 

“fluid medium capable of solidification in response to prescribed stimulation”[70]. This 

definition is technologically viable today and could be applicable to most of modern bioprinting 

methodologies, even if the solidification is not via UV crosslinking. The materials have greatly 

evolved and new ones have arisen allowing researchers to incorporate synthetic materials and 

printing technologies into biomedical and tissue engineering.  

The greatest strength of synthetics is that the manufacturing processes are well known 

and can be engineered to specific mechanical and biochemical properties[120,125]. Polymer 

engineering allows control over molecular weights and distributions, as well as crosslinking 

densities, which can be tailored to control mechanical properties such as yield stress and strain, 

ultimate stress and strain, and elastic modulus[125]. This tailoring can occur as part of the 

polymer synthesis process, but can be further modified in the printing or post-printing processes 

with curing or cross-linking steps. In the end, robust mechanical properties can be used to sustain 

high loads or to adequately respond to elastic deformation, ideal for structural scaffolding 

components of biological constructs. The synthesis of tunable mechanical properties also means 

that synthetic materials can be used in multiple 3DP techniques and result in constructs with 

consistent macro and microscopic definition. The pore distribution in a biological scaffold is an 

important parameter that will define the presence or absence of vascularization for oxygen, 

nutrient, and metabolic waste transport in tissue regeneration[124]. The superior print resolution 

and fidelity of synthetics has been widely explored to produce complex morphologies that may 

be applied as bio-mimicking scaffolds in regenerative medicine (Figure 1.10) or as structural 

supports in co-printing applications, a concept that will be further detailed in following sections.  

In theory, just as the synthetic print resins can be modified to facilitate manufacturing 

processes, surface modifications can be implemented to allow better interactions with biologic 

components. However, the manufacturing and modification processes and variables are usually 

demanding and work in very narrow ranges to achieve specific properties. Often, printing 

techniques will involve high temperatures, toxic organic solvents or crosslinking agents, 

rendering them incompatible with living cells and biological materials such as growth factors 

and proteins that aid cellular function and survival[125]. Synthetic materials in general do not 

support cell adhesion without additional surface functionalization for adhesion ligands such as 
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arginine-glycine-aspartic acid (RGD), widely identified as binding motifs for proteins such as 

fibronectin, osteopontin, and fibrinogen[112,120,125]. Even with consistent morphology control 

and compatibility with surface modification strategies, synthetic polymers do not innately mimic 

ECM and that remains as its weakest characteristic for clinical translation of synthetic bioprinted 

scaffolds[83]. Still, synthetic materials that are commonly used in bioprinting applications 

include poly(ethylene glycol) (PEG) and poly(ethylene glycol) diacrylate  (PEGDA), poly(ε-

caprolactone) (PCL), poly(D,L-lactic-coglycolic acid) (PLGA), poly(L-Lactic acid) (PLA), and 

poly(propylene fumarate) (PPF), among others. 

 

Poly(ethylene glycol) (PEG) has been long used as a coating on medical devices to control host-

immune responses or alter degradation rates in vivo[125]. Furthermore, PEG is commercially 

available in many physical (linear, branched, molecular weight variation) and chemical variants 

(diacrylated variant PEGDA), and is FDA-approved as a biocompatible material, making it a 

versatile polymer for bioengineering[121]. Here, biocompatibility, a broad term, means the 

material does not kill cells or induce an aggressive immune reaction, but it does not necessarily 

mean that it induces cell adhesion or proliferation. As other synthetic materials, PEG lacks 

attachment sites that cells need to adhere to a substrate. PEG requires chemical immobilization 

of binding motifs in order to support cell adherence and stem cell differentiation[83,125]. These 

characteristics usually result in PEG being used as a secondary plasticizer component in bioinks: 

even more so, PEG is often modified with acrylate groups to create photopolymerizable PEGDA, 

a variation that is commonly used with extrusion or stereolithography approaches, and can be 

easily coupled with natural biomolecules for cell-laden bioinks[83,121]. 

 

Poly(ε-caprolactone) (PCL) is synthesized by ring-opening polymerization of ε-

caprolactone[126]. PCL is a high molecular weight semi-crystalline polymer that has good 

solubility, a low melting point, thermoplastic behavior, and an extended hydrolysis-induced 

degradation profile in vivo. This polymer is stable in the body for over 6 months[129], and then 

exhibits non-enzymatic, hydrolysis degradation of 2 to 4 years (depending on molecular weight) 

at physiological pH and temperature, without leaving any cytotoxic byproducts[122,126,128]. 

Extended degradation is ideal for providing long-term load bearing support during healing and 

regeneration processes[75]. PCL has a melting point close to 60°C, a relatively low temperature 
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in manufacturing industry, which allows its easy processing[125,126,128]. Upon heating, PCL 

has viscoelastic properties ideal for extrusion-printing of constructs with elastic mechanical 

behavior, a characteristic that improves the brittle properties of polymers like PLA and 

polyurethanes[129]. The Hutmacher group printed cylindrical scaffolds of medical-grade PCL–

tricalcium phosphate (mPCL-TCP) by fused deposition modeling that required added growth 

factors to increase osteogenic potential of seeded mesenchymal stem cells (MSCs)[122]. The 

growth factor coated PCL scaffolds successfully completed up to 12 months of unrestricted load 

bearing in vivo within large tibial defects in sheep[122]. The use of additional osteogenic growth 

factors is indicative of the biochemical limitations of PCL; other than hydrophobic non-specific 

binding of cells, PCL lacks binding motifs that provide specific binding sites for cells[125]. The 

combination with natural materials or other functionalized materials is the usual approach to 

address this limitation. The Atala group, for example, concurrently prints PCL with hydrogels 

based on gelatin, hyaluronic acid, or fibrin; the hydrogels provide the biochemical cues for 

cellular adhesion and viability[125]. Starch, a natural polysaccharide, has also been widely used 

to improve biocompatibility of PCL[126]. PCL-starch prints can enhance and stimulate 

osteoblast proliferation for bone regeneration, support hippocampal neurons and glial cells to 

treat spinal cord injury, or support bovine articular chondrocyte adhesion and proliferation, and 

glycosaminoglycans for cartilage tissue engineering[126]. 

Poly(lactic acid) (PLA) is a well-known established aliphatic polymer used in 

temperature-based extrusion methods[128,129]. It has a melting temperature close to 175 °C, so 

it can be extruded in melt-based systems between 200 and 230 °C[129]. However, PLA glass 

transition occurs around 60°C and easily interacts with many plasticizers and solvents to change 

viscosity, a characteristic that allows printing at lower temperatures[128]. The resulting 

mechanical properties are usually high, with elastic modulus around 1.5–2.7 GPa, but tends to be 

brittle[128,129]. PLA is commonly used in orthopedic implants and drug delivery systems 

thanks to its biocompatibility and biodegradability[128,129]. Nevertheless, its degradation is via 

hydrolysis of ester bonds which releases acidic byproducts; in vivo, this may cause the localized 

decrease of pH through the release of lactic acid, inflammation and cell death[129]. 

Poly(lactic-coglycolic acid) (PLGA) is the copolymer of lactide and glycolide, obtained 

via ring-opening polymerization, synthesized to address individual limitations and uncontrolled 



 46 
 

degradation of PLA and poly(glycolic acid) (PGA)[128]. Popular polymerization of d- and l-

configurations of lactide yield the poly(D,L-lactic-coglycolic acid) variation, which is frequently 

used due to its improved toughness and easy manipulation of hydrolysis-driven degradation 

rates[128]. Shah group synthesized “hyperelastic bone” (HB), a particle–laden 3D bioink that 

combines hydroxyapatite, a highly bioactive ceramic, and either PCL or PLGA[130]. The 

extrusion-printed structures exhibited mechanical and physical properties that allow further 

manipulation (sheets that can be rolled, folded, or cut). The hybrid with PCL showed highly 

elastic properties, capable of reaching a 61.2 ± 6.4% strain and a tensile elastic modulus of 10.3 

± 1.3 MPa, a behavior superior to the PLGA combination (36.1 ± 4.3% strain, 4.3 ± 0.4 MPa 

elastic modulus). In terms of cell interaction, the PLGA combination showed better results; both 

hydroxyapatite-PLGA and hydroxyapatite-PCL scaffolds supported human MSC adhesion and 

proliferation, and induce osteogenic differentiation in the absence of engineered growth factors 

after 28 days[130]. 

Poly(propylene fumarate) (PPF) is a biodegradable polymer, broadly applied in tissue 

engineering due to its ability to form crosslinked networks through its carbon–carbon double 

bond[78,90]. The Mikos[90] and Fisher[78,131] groups have extensively studied PPF and its 

crosslinking capabilities for 3DP and tissue engineering. Because it is biocompatible and can be 

photo-crosslinked, PPF is a prime candidate for 3DP via stereolithography[90,131], but can also 

be as a viscous bioink for extrusion and cured using an UV source[90]. In the first case, the 

printing process is driven by the intensity of the light source and the proportions of photo-

initiator and photo-inhibitor in the bioink, but the resulting mechanical properties of the 

constructs heavily depend on the amount of printing or post-printing exposure to UV which 

determines polymer crosslinking density[78,131]. In the case of extrusion, PPF resins exhibit 

shear-thinning behavior and concentration of PPF drives the viscosity level; other factors such as 

fiber spacing during deposition and pressure affect pore size and fiber diameter, respectively, but 

interplay among the factors can also alter scaffold architecture[90]. Melchiorri et al. report that 

human umbilical vein endothelial cells (HUVECs) and human umbilical vein smooth muscle 

cells were seeded on stereolithography-printed PPF surfaces and proliferate in a 7-day 

study[131]. Similarly, MSCs have been cultured of PPF scaffolds over 7 days and exhibit levels 

of metabolic activity that are not statistically different from cells cultured on standard tissue 
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culture polystyrene[78]. In vivo, using 3DP PPF grafts to treat a coarctation of the aorta in mice 

for 6 months, printed PPF experienced a 40.76 ± 8.37% decrease in mass and full 

endothelialization of the inner lumen on the grafts was observed even without preceding cell-

seeding or surface modifications[131]. 

 

Figure 1.10 Synthetic materials in bioprinting applications: (a) Morphology of bioprinted starch-PCL 

scaffolds, including tubular scaffolds made by rapid prototyping and fiber bonded scaffolds[126]. (b) 

Variations of 3DP PPF assessing scaffold and pore geometry to study the effects of pore geometry on 

cell viability and differentiation[78]. (c) Design and fabrication process of a 3DP PPF graft to treat a 

coarctation of the aorta[131]. 

1.2.5.3 Natural materials 

Based on the definition earlier proposed, bioinks will either interact with biological 

components (e.g. tissues, cells, proteins, growth factors) during or after the actual print, or serve 

as structural components during the printing of scaffolds that will interface with biological 

components. Without considering the specifics of in vivo or in vitro applications, there is an 

imminent interaction between cells and tissues with the bioink or its by-products. Natural 
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materials are taken from animal or plant sources; these are materials that naturally developed to 

sustain cellular life cycles, nutrient and waste transport, and healing processes. They are 

composed of the perfect combinations of amino acid sequences, protein ratios, growth factors, 

and cytokines, thus intrinsically providing safe and nurturing interactions with cells. 

Composition provides the proper biochemical environment for cells to adhere or feel attracted to, 

subsequently allowing individual cells the healthy completion of the cell cycle and then induce 

cellular proliferation, migration, and differentiation. Thus, natural materials are intrinsically 

cytocompatible [83,120,125]. Just as important, the composition and biochemistry of a natural 

material is designed to be degraded by physiologically-viable processes, through natural 

enzymatic and chemical processes, and to be discarded by natural metabolic activity, leaving no 

significantly harmful by-products behind[120]. Bioinks from these materials can be further 

biochemically enhanced by encapsulating tissue-specific growth factors, genes, and other 

controlled-release chemical-regulation factors. Similarly, the surfaces of printed hydrogels can 

be functionalized by adding the same biochemical factors with both approaches aiming to 

recreate environments more like those of in vivo tissues[120,125,127,130]. The balance between 

cytocompatibility and degradation means that these materials naturally go through the proper 

cycles and rates needed to induce healthy integration with host tissue[83].  

Natural materials can be used as isolated, purified proteins (e.g. collagen, fibrin, keratin, 

or elastin,) or as the natural protein combinations already present in the ECM. These 

combinations can be specific to each type of tissue and might determine the type of cells present, 

the bulk mechanical properties, and its function. The methods to obtain and alter natural 

materials in laboratory mainly consist of enzymatic cleaving, ionic interactions, or temperature 

and pH variations [83]. These methods are used to crosslink the bioinks via multiple 3DP 

techniques and produce hydrogels with, theoretically, fine-tuned biochemical and mechanical 

properties. As it will be further discussed, encapsulated cells or those that later migrate into the 

printed scaffolds are greatly impacted by the mechanical cues imparted by the surrounding 

material. Cellular adhesion, morphology, migration, and especially differentiation, has been 

widely proven to be affected by the stiffness of the substrate[125,132]. In general, 3DP natural 

materials result in weak hydrogels difficult to manipulate into specific ranges of physical 

properties, limited by the inefficient or low-energy crosslinks achieved by the traditional 
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methods mentioned[125]. Weak mechanical properties have been used as an advantage when 

attempting to model or regenerate soft tissues or substrate for cell culture, but it is a severe 

disadvantage when the applications relate to load-bearing hard (e.g. bone, cartilage) or elastic 

tissue (e.g. muscle, skin, vascular and gastrointestinal tissues, ligaments, tendons). This major 

weakness has led to combinations with strong and elastic synthetic materials, either by co-

printing or as hybrids, as will be detailed later. 

The intrinsic biocompatibility of natural materials is the main reason that these have been 

used to formulate bioinks to use in a wide range of in vitro and in vivo bioengineering and 

regenerative medicine applications (Figure 1.11). The most popular materials are generally 

proteins from mammalian origin like collagen, gelatin and gelMA, fibrin, hyaluronic acid (HA), 

elastin, and keratin; similarly, popular polysaccharides from plant sources include alginate, 

starch, agarose, and silk, among others. 

 

Collagen, particularly type I collagen, is the most abundant ECM protein in tissues[77,125,133]. 

The most common types of collagen are the fibril-forming collagens (e.g. type I, II, III, V, and 

XI), and they are the main component in the ECM of tissues such as bone, tendon, ligament, skin, 

muscle, or cornea[77,133]. Because of its natural abundance in all types of tissues, it has 

variations that interact with most types of cells and perform a wide range of mechanical roles in 

either soft, elastic, or hard tissues. For this, collagen is arguably the material that most 

researchers have tried to adapt for bioengineering applications and has been reported as the most 

used for cell and tissue culture[125]. It has been used in 3DP techniques such as 

extrusion[91,134], stereolithography[77], and inkjet[135], mostly using variations of pH-

triggered or temperature-triggered gelation[133] that range from hours to minutes[120]. 

Crosslinking of collagen by pH alteration using solubilized sodium bicarbonate (NaHCO3) 

solution has been used to construct multi-layered cell–hydrogel composites. This method 

provided a novel approach to printing both fibroblasts and keratinocytes in a single experiment to 

model dermal/epidermal-like distinctive layers in a 3D hydrogel[82]. Natural material hydrogels 

have typically been reported to have subpar printing resolution when compared to synthetics. 

Nevertheless, Bell et al. report printing line widths of ∼1 μm using multiphoton crosslinking of 

type I collagen with a flavin mononucleotide photosensitizer, which confers structural control at 
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a microscale level[77]. Collagen has also been widely used in combinations with other natural 

and synthetic materials, principally bringing the strong biocompatibility aspect to the 

mixture[80,120,136].  

 

Gelatin is the denatured form of collagen that has undergone partial hydrolysis [77,125]. 

Similar to collagen, gelatin is characterized by its wide availability, biocompatibility, predictable 

enzymatic degradation, non-toxic by-products, and inherent cell binding motifs [132]. It has been 

involved in engineering of soft and hard tissues, ranging from liver to bone, either by itself or in 

part as hybrids such as gelatin-alginate, gelatin–fibrin, or gelatin–HA [127,137]. Gelatin is 

widely regarded as the easiest protein to print, mainly because of thermally responsive behavior 

that allows extrusion at temperatures below 20°C and hydrophobic crosslinking [125,138]. 

However, the melting temperature of gelatin (30-35 ºC) is below physiological temperature, 

severely limiting its clinical application in vivo [127]. Even with high resolution obtained by 

extrusion-based printing [132], gelatin hydrogels are usually soft and limited by temperature, 

thus requiring further crosslinking either by post-printing approaches (e.g. using glutaraldehyde 

or thrombin [127]) or by the addition of functional groups [125]. Like the acrylate modification 

on PEG that produces the versatile PEGDA, methacrylamide photo-initiator groups can be used 

on gelatin to obtain gelatin methacrylate (gelMA) to produce a photo-crosslinkable resin. This 

modification enables irreversible cross-linking, generally by UV irradiation, that preserves 

printed architectures under physiological conditions [132]. UV exposure time and gelMA 

concentration regulate printability, while the degree of methacrylation determine the mechanical 

properties and additional acetylation can be used to further influence rheological properties of 

the bioink [128,132]. 

 

Fibrin is a glycoprotein comprised of fibrinogen monomers, synthesized in the liver by 

hepatocytes. In the body, it has important roles in blood clotting and wound healing [125]. The 

clotting pathway has been replicated as a crosslinking method for 3DP; thrombin is used to 

rapidly polymerize fibrinogen into crosslinked fibrin [79,125]. As a glue-like gel, fibrin has been 

used clinically as surgical hemostatic agents and sealants [125]. The enzymatically-quick 

crosslinking rates have been exploited with extrusion and inkjet-based printing [125,135,139], 

but the mechanical properties of the constructs have been paradoxically described as both robust 
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[125] and weak regardless of the concentration of the reagents [113]. Fibrin-based hybrids 

materials with natural or synthetic components are usually reported to fine-tune mechanical 

properties depending on the application, including crosslinking with PEG, the addition of PGA 

fibers, PLGA, hydroxyapatite, or demineralized bone matrix [113]. 

 

Alginate is a natural polysaccharide derived from algae or seaweed. Sodium alginate is 

generally crosslinked in calcium chloride (CaCl2) aqueous solution, via an ion exchange reaction 

between sodium and calcium [83,140]. This chemically efficient reaction results in 

biocompatible, low polymer density and high water content hydrogels [83]. Traditionally, cell 

encapsulation in calcium alginate hydrogels has been the main application of alginate in tissue 

engineering and bioengineering models, despite the controversial effects of CaCl2, the 

crosslinking reagent, as well as sodium citrate and ethylenediaminetetraacetic acid (EDTA), 

commonly used chelators, on cell viability [125]. This ionic crosslinking approach has been 

implemented in bioprinting, working particularly well in extrusion-based systems that extrude 

alginate resin into CaCl2 reservoirs [74,75,81,86,141]. Cells can be suspended in a solution of 

sodium alginate in cell-specific culture medium, after which crosslinking is induced by 

incubation in CaCl2 and results in a hydrogel construct laden with cells. This approach has been 

successful in bioprinting, for example, human cardiac-derived cardiomyocyte progenitor cells 

(hCMPCs) for an in vitro committed cardiac tissue  [86]; heterogeneous scaffolds with MSCs 

and chondrocytes (in alginate with osteogenic or chondrogenic differentiation medium 

respectively) for osteochondral tissue engineering [74]; or encapsulated HepG2 liver cells 

printed directly on a polydimethylsiloxane (PDMS) chamber for a microfluidic pharmacokinetic 

liver model [140]. Nevertheless, Carrow et al. state major challenges for bioprinting alginate: (1) 

the difficulty to control the ionically-driven process which results in unpredictable 

microstructures, and (2) the high solubility of alginate as a disadvantage when printing thick 

structures by extruding directly into CaCl2 aqueous solutions [128]. 

Hyaluronic acid (HA), or hyaluronan, is a hydrophilic non-sulfated glycosaminoglycan 

present in the ECM of tissues [125]. The Atala group has regularly used HA in bioprinting 

processes by adding photo-crosslinkable methacrylate groups that can undergo free radical 

polymerization when irradiated with UV light. This modification allows printing soft hydrogels 
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via stereolithography or extrusion with additional post-printing UV curing [125,142,143]. 

Although not mechanically robust on their own, HA hydrogels have served in cutaneous and 

corneal wound healing, prototype vessel structure bioprinting, tumor modeling, and 3DP of cell-

laden structures [125].  

Other lesser-used natural materials for bioprinting include proteins and polysaccharides 

like elastin[133], keratin[112], starch[126], or agarose[83,120]. Despite the success of using 

isolated natural polymers, there has been growing interest in using the innate combination of 

proteins in the ECM. The ECM not only allows structural support and anchoring to cells, but 

provides a substrate for transport and communication, ultimately affecting the survival and 

differentiation of cells. The cell–ECM interactions are extremely complex and cannot be fully 

and precisely replicated in vitro or engineered from isolated proteins. Several groups have 

presented decellularized ECM (dECM) bioinks derived from adipose, cartilage, heart, bone, or 

skin tissues. The combination of proteins in the ECM can be understood as a hybrid of multiple 

natural materials; therefore, the available crosslinking methods and bioprinting approaches have 

been successful in producing 3D dECM scaffolds. Pati et al., developed dECM bioinks that can 

be extruded as filaments; printed scaffolds can then undergo gelation at physiological 

temperatures, remaining in the solution below 15 ºC and crosslinking by incubation at 37 

ºC[137].  
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Figure 1.11 Natural materials in bioprinting applications: (a) Examples of plotted gelMA/gellan 

structures after UV curing: (clockwise) solid pyramid, solid hemisphere, porous hollow cylinder, and 30% 

porous hemisphere (5 mm scale bars)[132]. (b) Examples of dECM printing in combinations with PCL 

framework, including heart dECM, cartilage dECM, and adipose dECM (scale bar, 5mm). Also, scanning 

electron microscopy of PCL tissue constructs with adipose-derived dECM bioink (scale bar, 400 

mm)[137]. 

 

1.2.5.4  Co-printing and hybrid bioinks 

 Approaches attempting to individually print synthetic and natural materials have 

produced scaffolds with mechanical and biochemical properties that very differently affect cells 

and tissues, and thus can be used in different types of in vitro and in vivo applications. A 

common generalization in the field is that synthetics are used for their strong, finely-tunable 

mechanical properties; nevertheless, it has been proven that they can provide tunable degradation 

rates, functionalization capabilities, and various degrees of biocompatibility and print resolution. 

On the other hand, natural polymers have proven to be highly compatible with a wide variety of 

cells and biological components, mostly due to their inherent composition and function; as with 
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synthetics, it is hard to generalize the negative characteristics of natural bioinks, but it is fair to 

say that the properties (mechanical or biochemical) are rarely finely-tunable and usually 

presented as ranges and wide error margins commonly associated with batch-to-batch variability. 

Over all, natural material properties, printing quality, and in vitro or in vivo behavior can be 

described as unpredictable and difficult to replicate. Combining both types of materials has been 

an increasingly popular apprpoach that relies on the positive properties of each. In theory, 

synthetic materials provide structural integrity and printing definition, while natural polymers 

can be used to incorporate cells and other biological components[127,129,137]. Two broad 

categories for combinations of synthetics and natural materials as bioinks for 3DP applications 

are (1) co-printing, the individual but parallel printing of natural and synthetic resins, and (2) 

hybrid bioinks, in which the resin is a uniform solution of both materials printed as a single 

construct.     

   

Co-printing approaches rely on printing synthetic scaffold structures with robust 

mechanical properties onto which natural hydrogels can be printed. This addresses the common 

limitation of natural materials, the inability to maintain uniform 3D structures in vivo (e.g. to 

allow tissue load bearing, or provide a specific porosity or microstructural pattern) or in vitro 

(e.g. to be robustly handled in bioreactors, or as cell substrates), by integrating a synthetic 

scaffolding[81]. 

The main challenge is that co-printing relies on technologies that dispense more than one 

material during the printing process, sometimes with radically different deposition necessities 

and crosslinking mechanisms. In extrusion-based systems, for example, the rheology of the 

materials is the driving principle, and variables such as viscosity, flow rate, temperature, and 

pressure determine extruded line width, fabrication time or print resolution[75]. Shim et al. used 

a multi-head tissue/organ building system, possessing six dispensing heads to individually 

dispense thermoplastic PCL and alginate hydrogel in the same structure, to produce constructs 

containing two different cell types for osteochondral tissue regeneration [75]. As they report, the 

viscosity of alginate solution is about 10 Pa·s and needs low driving forces but high force control 

to achieve high resolution; on the other hand, viscosity for PCL ranges from 1020 to 2560 Pa·s at 

80-120 ºC (a temperature high enough to damage cells) which requires high driving forces to 

extrude [75]. The same PCL-alginate approach was reported using a multihead deposition system 
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(MHDS); they printed PCL and chondrocyte-laden alginate, with and without transforming 

growth factor β[81]. Here, PCL was extruded at 80 mm/min at 80 ºC using a 650 kPa pneumatic 

pressure. Sodium alginate was deposited at room temperature between lines of PCL, at 

400mm/min, and then crosslinked in sodium chloride [81]. These cases illustrate the complexity 

of printing two different materials in the same structure; as stated before, the key relies in the 

independent extruding heads, in which the variables of the process (temperature, speed, 

pneumatic pressure, architectural patterns, etc.) can be controlled independently for each 

different material. 

The capability of controlling each material separately, but still building a single construct, 

has high impact in resolution. In particular, the ability to place cells and materials with different 

properties in specific patterns confers high control over the resulting mechanical and biochemical 

behavior of the whole construct. Complex tissue constructs have been achieved via co-printing, 

such as the muscle-tendon unit (MTU) approach recently reported by the Atala group [141]. The 

MTU is the interface between muscle, elastic and fibrous in nature, and the tendon, very stiff and 

sparsely cellular. In this approach, natural hydrogels were composed of gelatin, HA and 

fibrinogen. Elastic polyurethane and hydrogel laden with C2C12 myoblasts were chosen for the 

muscle side, while stiffer PCL and NIH/3T3 fibroblasts gels were selected for the tendon 

group[141]. The co-printing approach allowed the controlled construction of the interface where 

two mechanically different tissues, with different cell populations, flawlessly meet (Figure 1.12). 

They report that the construct was not only able to mimic the complex mechanical behavior of 

the MTU, but successfully retain cell viability in both hydrogel portions (C2C12 cells with 

92.7±2.5% viability and NIH/3T3 cells with 89.1±3.3% after 7d[141]). The PCL-hydrogel co-

printing approach has also been used to mimic mandible bone, ear cartilage, and skeletal muscle 

for tissue engineering[123]. 

In addition to the production of tissue scaffolds for eventual in vivo applications, co-

printing allows the construction of complex models for in vitro testing, particularly 

vascularization, microfluidic, and tissue-on-a-chip models. Having multiple heads depositing 

various materials and cells, under strict spatio-temporal control, has allowed researchers to 

produce highly complex models that more closely resemble the behaviour of biological systems 

in vitro. These efforts usually require the use of cell laden hydrogels and complex types of 
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bioinks such as sacrificial or supportive bioinks. An interesting example of such structures can 

be observed in the Lewis group work, that use co-printing of natural and synthetic materials to 

develop in vitro models of tissues and vascularization [79]. They concomitantly print natural 

materials that include cell-laden castable and printable ECM composed of fibrinogen and gelatin, 

crosslinked via thrombin and transglutaminase (TG) enzymatic reactions, while the synthetic 

parts include silicone chip bases and pluronic sacrificial materials [79]. These materials are 

deposited and crosslinked independently and sequentially to produce a highly organized 

vascularized tissue analogue based on the strong characteristics of both natural and synthetic 

materials. 

 

 

Figure 1.12 Co-printed systems with synthetic and natural bioinks: (a) Synthetic and natural 

materials are deposited using independent cartridges and print heads. The different properties of each 

material can be exploited to print them separately and sequentially, but it is necessary to consider force 

and temperature shocks that may alter one material when the other is printed in contact with it. (b) 

Bioprinting of PCL-alginate scaffolds. SEM images comparing PCL and PCL–alginate scaffolds
14

. (c) 

AlexaFluor 594 red fluorescent dye positively staining type II collagen fibrils deposited by viable 
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chondrocytes encapsulated in the same PCL-alginate scaffolds. Also, live/dead assay of chondrocytes 

showing cellular viability on the natural material but none on the synthetic component [81]. 

Hybrid bioinks are the second approach trying to integrate synthetic and natural materials. 

In this case, there is a single bioink solution that includes both types of materials as solutes. 

Generally, hybrid bioinks are composed of a synthetic substrate solution with specific 

mechanical and rheological properties into which a natural component is mixed to alter 

biochemical and biocompatibility properties. For synthetic materials, adding natural groups to 

the bioink usually results in improved compatibility with cellular processes, by inclusion of 

binding sites and growth factors or by reducing the high hydrophobicity of synthetics [81]. For 

natural materials, the benefits are usually observed as structural or mechanical, but the inclusion 

of synthetic polymers to the protein chains also allows processing natural materials using the 

techniques and equipment designed for synthetics. The weak ionic interactions or unpredictable 

enzymatic processes reserved to process alginate, fibrin or collagen, can be changed for 

optimized and finely tunable techniques like photo-crosslinking or high resolution extrusion 

[125]. 

The hybridization of the materials can be achieved either by mechanical entanglement of 

the materials in solution or by chemically joining the polymer and protein chains. The first is a 

common approach to improve the mechanical or rheological properties of natural materials. 

Narayanan et al. use human adipose tissue stem cells loaded in alginate bioink with suspended 

PLA nanofibers [144]. The cell laden alginate solution can be prepared separately from the 

nanofibers, but are vortexed together into a single solution, printed and crosslinked, trapping the 

PLA within the hydrogel without any crosslinking interaction between the two. This approach 

was successful in producing constructs that allow stem cell differentiation down the 

chondrogenic pathway, but more interestingly it proposes a method to use the distribution and 

alignment of the PLA nanofibers to stimulate orientations within the ECM-mimicking hydrogels 

[144]. The second approach relies on chemically altering and crosslinking the synthetic and 

natural chains, and is commonly used to improve the biocompatibility of the synthetic portion or 

to print the natural material using synthetic methodologies. The chemical modification allows 

personalization and optimization of the resulting bioink chain, which means higher specificity of 

the printed materials to cell or tissue functions. The Shah group, for example, uses functionalized 
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PEG to include a variety of proteins in extrudable, tunable, and cell compatible bioinks [121]. As 

illustrated in Figure 1.13, PEG with reactive ends (PEGX) is used to bridge protein and polymer 

chains in a variety of configurations, producing mixtures such as PEGX-collagen, PEGX-gelatin, 

PEGX-fibrinogen, or PEGX-PEG, among many others, that can be successfully loaded with cells 

and printed via extrusion [121]. 

 

 
Figure 1.53 Hybrid bioinks combining synthetic and natural biomaterials: a) Hybrid bioinks can be 

3D printed from a single ink containing both the synthetic and natural components. The two materials can 

be printed into a single construct and structurally held together either by mechanical entanglement of the 

polymers or by biochemical crosslinking (a process that can occur during resin formulation or after 

printing). b) 3D bioprinting of PEGX-biomolecule hybrids. Extrusion printing of PEGX-gelatin hybrid. Next, 

PEGX–gelatin (red) and PEGX–fibrinogen (blue) can be printed in a single cylinder. Last, PEGX-PEG and 

PEGX-gelatin fibers crosshatched, live/dead assay show viable human dermal fibroblasts preferentially 

adhering to PEGX-gelatin, a synthetic-natural hybrid, but not to the PEGX-PEG, a synthetic mixture[121]. 

c) Optical and live/dead fluorescence images (after 16d) showing cell viability in bioprinted strands of 

alginate with adipose derived stem cells (Alg-hASC) and of alginate-PLA nanofibers with hASCs (Alg-Nf-

hASC) [144]. 
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1.2.5.5  Cell laden bioinks 

Current definitions of bioinks refer to resins that are loaded with cells and printed. As 

described before, we expanded the definition of bioink to include several categories of printable 

materials and not necessarily considering cells as the determinant bio factor. Nevertheless, the 

importance of cells for bioengineering and regenerative medicine is undisputable, and cell laden 

bioinks are crucial for the development of 3D bioprinting technologies and the goal of printing 

functional in vivo and in vitro tissues and organs (Figure 1.14).  

Synthetic and natural materials have been proven to have various degrees of success in 

cell compatibility, tissue integration, and tunable mechanical and biochemical properties, so why 

incorporate the complex additional factor of cells? It is commonly accepted that the acellular 

scaffold approaches have poor translation in vivo, mostly due to the limitation of cells only 

adhering to the surface of the constructs. The success of this approach is unpredictable, locations 

and concentrations of growth factors or chemo-attractants within the constructs cannot be 

guaranteed and cell behavior cannot be controlled [81]. We have mentioned before that the key 

term that defines modern bioprinting is control. Being able to control where cells, matrix, growth 

factors, and other biological components are placed, results in structures with higher orders of 

specificity and functionality. If materials and cells can be located and properly stimulated to 

construct gradients, strata, or clusters, there is a higher chance for success without relying on the 

unpredictable colonization of native cells. Fedorovich et al. exploit this control feature to 

reproduce the specific spatiotemporal distribution of cells and ECM in osteochondral tissue [74]. 

The bioinks consisted of alginate solution in either osteogenic or chondrogenic differentiation 

medium, where MSC or chondrocytes were added respectively. After successful extrusion 

mimicking the adjacent bone and cartilage portions, ionic crosslinking, and subcutaneous 

implantation in mice, the dual, heterogeneous scaffolds show two different cell lineage 

commitments, with each type of cell remaining in its printed position and depositing lineage-

committed ECM [74]. Another multiphase approach to osteochondral tissue engineering was 

presented by the Demirci group, aiming to study the tissue interfaces in the anisotropic 

composition of fibrocartilage [76]. Human MSCs were encapsulated in gels and printed by 

droplet deposition in an arrangement with zone-specific biochemical factors and ECM 
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components (TGF-β1 for fibrocartilage and BMP-2 for bone regions). Again, cells show 

different lineage commitment by upregulation of osteogenesis- and chondrogenesis-related genes 

defined by the position and matrix they are printed in, yet constructing a single heterogeneous 

scaffold [76]. 

 

 

Figure 1.6 Applications of cell-laden bioinks: a) Micropatterning and bioprinting the anisotropic 3D 

fibrocartilage phase, composed by merging two hMSC-laden gelatin hydrogels with either tendon or bone 

growth factors[76]. b) Macroscopic and live/dead images of printed human cardiac-derived cardiomyocyte 

progenitor cells in 5% alginate scaffold[86]. c) Fluorescence image of alginate hydrogels laden with 

chondrocyte (green) and osteoblast (red) cells and dispensed into a PCL framework. Every other pore is 

empty for oxygen and nutrient transportation [75]. 

 Cell laden bioinks are generally hybrid or natural bioinks that can be 3DP into hydrogels. 

The materials provide innate cell-binding motifs, hydrophilic surfaces, and low cytotoxicity to 

promote cell adhesion [125]. The hydrogel structures provide soft, degradable, and swelling 

networks that mimic ECM and allow cell migration, metabolism, and differentiation with 

minimal restriction [129,132]. The mechanical properties of 3DP hydrogels can be modified by 
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regulating cross-linking density, the linking chemistry, or polymer concentrations to match 

properties close to those of native ECM [125]. Structural properties of the microenvironment, 

such as stiffness or composition, can deliver biochemical cues by mechanotransduction to 

regulate cell shape, migration, and differentiation lineage selection [120,121,125]. As an 

example, bioinks used for high-resolution prints generally produce stiffer gels ideal from a 3DP 

and structural standpoint, but the high elastic modulus will drive stem cell differentiation towards 

the stronger tissue lineages (bone, cartilage), making it an obsolete approach to produce soft 

tissues [132].  

Hydrogels seem to have the ideal characteristics for cell adhesion and sustenance, but the 

material-cell tandem must also work with 3DP methods and account for the impact of the 

processes on cell function after printing. First and foremost, no part of the bioink, the printer 

setup, additional crosslinking mechanisms, or by-products can be cytotoxic and have to be 

sterile-compatible; this seems straightforward, but it considerably reduces that available 

materials and processes that can be used [83]. Current 3D bioprinting methods mostly rely on 

physical forces or temperature to deliver materials. The most popular methods, extrusion-based 

and inkjet printing, rely on some mechanism of pressure that pushes the bioink through a nozzle. 

This setup translates pressure on the cells first as a compressive force within the cartridge and 

then as shear stress while they are moving through the nozzle. Varying the pneumatic pressure, 

extrusion speed, and nozzle diameter regulate the stress delivered to cells and have been proven 

to affect cell viability during and after printing [81,125]. A variety of printing protocols have 

studied these parameters and successfully printed multiple types of cells and materials with a 

very high viability rate: extrusion of MSCs and chondrocytes in alginate with 89% viability 5h 

after print [74] or 97% cell viability after thermal inkjet deposition [101]. High shear rates and 

shear stress have been proven to harm the cells, but high viability is explained by: (1) stress 

causing protein denaturation by damaging the tertiary or quaternary structures of the chains, a 

process that is reversible with time [101], or 2) natural or hybrid gels having shear thinning 

behavior, which decreases stress on the cells even at high shear rates or pressures [74,137]. 

Bioink viscosity and surface tension can also be modified to reduce shear stress using solvents or 

surfactants [101,127], although these must comply with minimum cytotoxicity requirements. In 

the case of stereolithography, the UV intensities required to initiate and sustain photo-initiator 
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and photo-crosslinking reactions can negatively alter cell morphology and viability [83]. The 

amount of energy radiated can also cause irreversible damage to the cells due to increasing 

temperatures and dehydration.  

Temperatures different from physiological 37 °C, both high or low, and drastic changes 

will alter cell metabolic activity and may cause cell death [125]. This is a critical consideration 

for co-printing approaches, where the temperature required to deposit synthetic materials could 

easily be above 60-100 °C and then solidify on cold surfaces, both extremes having the potential 

for irreversible cell damage [72,74,79,81]. Chemically or pH induced crosslinking by ionic and 

physical mechanisms can also harm cells. Additional crosslinking or post curing approaches, 

such as post print glutaraldehyde or EDTA chemical crosslinking or additional UV irradiation, 

which guarantee 3D geometries and mechanical properties, are commonly seen as additional 

negative factors [72]. 

A critical element to maintain cells in the bioinks is the permanent need for proper 

oxygenation and metabolic transport. In vivo, any cell will be located within 100-200 μm of a 

capillary, the maximum distance for adequate gas and metabolic exchange[72,75,120]. Thick 

casted or printed hydrogels without pores do not allow diffusion deep enough to supply oxygen 

or nutrients and result in necrotic cells encapsulated in the center of the structure. Generally, the 

design of 3D printed architectures is envisioned with pores or channels that provide open 

transport pathways and open vascularization channels. Interconnected pores, constructed by 

weaving strands or layered patterns, with dimensions ranging for tens to hundreds of 

micrometers usually allow transport through the scaffolds and report high cell viability and 

development [75,78,127,138]. Another common approach is to induce fast vascularization of the 

constructs, generally by adding endothelial progenitor cells or growth factors and using 

bioreactors [72,79]. 

Overall, accounting for the strengths and limitations of printing cell laden bioinks, 

numerous approaches regularly report very positive effects of this approach on cell behavior for 

a wide range of applications. As an in vitro example: Gaetani et al. printed a model of 

undifferentiated, but committed cardiac tissue [86]. Here, sodium alginate was dissolved in 

culture medium and mixed with hCMPCs. 3D constructs were obtained by printing strands into 

layers, stacking them to obtain different degrees of porosity, and crosslinking with CaCl2. 
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Comparing to regular 2D cultures, bioprinting had no effect on cell viability and proliferation, 

but increased cardiac lineage commitment by upregulation of early and late cardiac transcription 

factors and markers [86]. On the other hand, an in vivo application aiming to produce an 

implantable bioartificial liver: Wei et al. used a gelatin/fibrinogen matrix loaded with rat hepatic 

cells to produce 3D porous constructs via extrusion-printing and thrombin-induced gelation 

[135]. After extrusion, ~98% of the hepatic cells are reported as viable, steadily producing 

albumin and dissolving the surrounding gelatin matrix throughout the culture time [135].  

 

1.2.5.6 Sacrificial bioinks 

Sacrificial bioinks allow the fabrication of complicated structures and open geometries 

without dealing with many of the difficulties related to satisfying biological requirements. Using 

a sacrificial bioink for a print material, the print volume is created initially and will subsequently 

be washed away. The bioink provides space filling volume and support that will be evacuated. 

Some groups refer to their sacrificial bioinks as fugitive inks to further suggest its temporary role 

in printing in the scope of the final structure [66]. Therefore a sacrificial bioink needs only to be 

nontoxic which will also further along not induce any harmful byproducts; however no further 

biological features are necessary such as cell adhesiveness or biodegradability [118]. Here, by 

nontoxic, we idealize success cases where the byproducts are additionally non-cytotoxic. Still, 

sacrificial bioinks ideally match these specifications: high print fidelity, ease of removal, and 

lack of toxicity. 
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Figure 1.7 Sacrificial templating strategies: a) Lewis lab extrudes Pluronic F127 filaments in a renal 

proximal tubule geometry that is cast with a gelatin-fibrinogen gel. The extruded Pluronic can then be 

flushed out by cooling to 4˚C to leave behind perfusable renal tubules that can be seeded with proximal 

tubule endothelial cells[145]. b) Miller and colleagues similarly extrude a lattice structure with 

carbohydrate sugar glass which can be encapsulated with a number of different ECM or ECM-like 

materials and later dissolved away for perfusable vasculature. HUVECs are seeded in the casted gel and 

remain viable due to the perfusion of cell media through the vascular architecture[19]. c) Lee et al. print 

collagen layers with intermittent sacrificial and cell laden gelatin filaments via inkjet. Gelatin’s gelation 

process relies on thermal transition therefore can be liquified to evacuate open geometries. When seeded 

with endothelial cells, junctional markers confirm their barrier function after long-term perfusion[146]. d) 

Kinstlinger et al. demonstrates that SLS can also be implemented with a sacrificial templating strategy. 

Vascular geometries can be formed with PCL and casted over with PDMS (shown here) or other 

materials and leave behind open channels[67]. 

To enable ease of removal, an important material property is its gelation process, in other 

words under which conditions will the printed material wash away. Some examples of bioinks 

such as Pluronic F127 or gelatin have a thermally reversible gelation process. Therefore, while 

printing can occur at one temperature, the printed material can evacuate when another 

temperature is attained. The Lewis lab is one of the leaders utilizing Pluronic F127 as a fugitive 
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ink to create perfusable networks in tissue mimics. Pluronic F127, a poloxamer, is solid at 37˚C 

but can be liquefied when cooled to 4˚C. They take advantage of this material property to flush 

out the fugitive bioink with cold cell media to leave behind perfusable channels. Resulting print 

structures resemble thick vascularized tissue mimics with endothelialized lumens viable after 45 

days of perfusion [147]. The same group applies this sacrificial strategy to other tubular tissues 

where more recently the technique was applied to fabricating renal proximal tubules with 

pluronic [145] and highly cellularized, organ specific tissues with direct writing of gelatin as 

vascular templates [148].  

Other common sacrificial bioinks include agarose [68], alginate [149], and gelatin [146]. 

The Khademosseini lab applies sacrificial templating strategies with different materials. For 

agarose, the geometry is extruded to form a solid network at 4˚C. Subsequently, the agarose 

fibers can be either manually removed or lightly vacuumed as the material does not adhere to 

surrounding photo-crosslinked hydrogel [68]. With a different material, the Khademosseini 

cohort uses sodium alginate to fabricate a sacrificial network. The gelation of alginate occurs 

ionically with calcium chloride and can be removed with EDTA treatment [149].  Others apply 

this strategy to 3DP other tissue mimics like aortic valves and bone; however, these groups do 

not print with this bioink sacrificially [150,151]. An additional naturally derived sacrificial 

bioink, gelatin, is thermally reversible proving useful for a sacrificial templating strategy. Lee 

and colleagues used inkjet printing to form vascularized tissue constructs dropwise and layer by 

layer with gelatin and collagen. Collagen layers were printed and polymerized at 4˚C with a pH 

altering crosslinking agent (sodium bicarbonate) so that the thermal responsive nature does not 

take precedence over the intended material evacuation. Within the collagen layers, gelatin was 

left uncrosslinked and therefore removed by liquefying the printed structure when the final print 

structure was raised to room temperature [146]. These natural sacrificial bioinks described are all 

able to be evacuated easily fitting one of the crucial characteristics of a sacrificial bioink.  

So far, the discussed sacrificial bioinks suffer from poor mechanical strength potentially 

leading to complications in maintaining print fidelity after the print. Some address this 

complication by using an alternative sugar material that has high mechanical stiffness and is 

water soluble [19,152]. Miller and colleagues developed an approach to use carbohydrate sugar 

glass to fabricate complex vascular designs. This strategy circumvented issues related to poor 
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mechanical strength. However a similar evacuation approach is utilized where the printed 

perfusable network is evacuated by running cell media through the channels in order to provide a 

fluidic network. Even though the carbohydrate glass lattices were printed at high temperatures 

(110˚C, a temperature physiologically unviable), the finished print volume can be brought down 

to physiological temperature with complete cell media for 10 minutes to dissolve away the 

carbohydrate glass [19]. Post evacuation, these open channels can be perfused with cell 

suspensions for long term cell culture. However, the extrusion-based printing technique used to 

fabricate structures is not without its limitations. One example of a limitation is as the build 

volume relies on depositing layer by layer material, this technique is unable to create 

overhanging structures without support. 

Some in the bioengineering community utilize SLS as a different 3D bioprinting 

technique extending the list of bioinks while addressing the overhang limitation of extrusion-

based approaches. SLS-based prints have been commonly used with materials such as PCL and 

PLA to, for example, produce bone-mimicking scaffolds. However, there is emerging research 

for this printing strategy falls under the scope of sacrificial bioinks [153,154]. Limited in 

resolution only by the smallest powder size of the bioink and the laser used, SLS exhibits 

micron-sized fabricated structures with complicated overhangs with a sacrificial templating 

workflow [67]. Using PCL, a lattice structure can be selectively laser sintered and dissolved 

away to leave behind a fluidic network. However to provide perfusable channels, the printed 

construct requires dissolving in dichloromethane which may or may not induce toxicity to future 

seeded cells [67]. More gentle evacuation for future cell encapsulation may be necessary to 

translate to a cytocompatible workflow. While others utilize sacrificial templating strategies with 

plastics (i.e. acrylonitrile butadiene styrene) to fabricate intricate microfluidic systems and 

subsequently remove with acetone, these removal approaches may not lend well to tissue 

incorporation [155].  

Although there is a short list of sacrificial bioinks, these materials share one thing in 

common –  the need to have multi-material integration for a finalized structure. Inevitably for the 

sacrificial ink to be evacuated, a requirement is an encapsulating material in which the flushed 

material can leave behind a space. The selection of the encapsulation material, the matrix or 

matrix-mimicking bioink, is crucial to incorporate cells or interface with biological tissue 
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therefore might require cell adhesive sites or degradation properties. Additionally, the gelation 

process of the encapsulation should ideally be at a mismatch to the sacrificial bioink so that the 

intended material is the one being sacrificed at the point of dissolving.  

1.2.5.7 Supporting bioinks and supporting baths 

 Supporting bioinks and supporting baths are used during 3DP to improve mechanical 

properties and expand geometric capacities of the bioprinted scaffold. High viscosity is 

commonly a desired material property for supporting baths to provide structural integrity as the 

print is fabricated. This material property functions to hold the print in place in a way that the 

printed material alone (without the support bath) would be unable to maintain (i.e. overhanging 

features or ultra-thin features). Consistent with requirements for other bioinks, the material 

should not possess toxicity for assurance of biocompatibility.  

The Feinberg lab takes an innovative approach to bioprinting by taking advantage of 

material properties to extrude bioprinted features within a hydrogel support bath. Their approach, 

coined freeform reversible embedding of suspended hydrogels (FRESH), uses a gelatin slurry 

hydrogel bath embodying thermo-reversible properties and Bingham viscosity to print soft, 

fragile constructs within the bath material. With the bath’s Bingham plasticity, the material acts 

as a solid unless a yield shear stress is attained, in which case the material will flow as a viscous 

fluid locally to the applied shear. This way, extruded crosslinked printed structures (i.e. fibrin, 

alginate, and collagen type I via enzymatic, ionic, and pH mechanisms respectively) within the 

hydrogel bath will immediately be surrounded by the supporting viscous material enabling 

improved complexity in fabrication without collapsing or deforming under the printed structure’s 

own weight. Additionally, the gelatin slurry possesses thermo-reversible and biocompatible 

properties. The temporary support bath can be removed by raising the temperature from room 

temperature maintained during the printing process to a physiological range at 37˚C (for gelatin 

specifically) to release the 3DP object supported within. Because the gelatin slurry is 

biocompatible, cells can be incorporated in the extruded bioink within the bath without concern 

of its effect on cell viability [91]. This group has advanced their approach to FRESH v2.0 which 

resulted in enhanced print resolution. The authors demonstrated filaments of collagen as thin as 
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20 µm supported by their smaller sized gelatin support bath particles (whereas previously 

diameters were approximately 250 µm) [156].  

Similarly, others have achieved bioprinting of intricate structures that can otherwise not 

be achieved without support baths. Carbopol is another support bath material possessing 

desirable rheological properties in that the transition from locally fluidized to solidified afforded 

by its Bingham plastic nature allows for the support of printed structures. While the writing 

medium is more permanent (via photo-crosslinking or other means), the support bath can be 

dissolved with water [157,158]. The Angelini group has even expanded their carbopol support 

material to be cytocompatible for a range of cells (i.e. MSCs, human aortic endothelial cells) 

with enough elasticity to support cell division with the inclusion of cell media adjusted to a pH 

of 7.4 [159].  

For those utilizing inkjet printing for their bioprinted constructs, a common support bath 

system is the use of a CaCl2 solution that can dually function as a crosslinking agent and a 

support material. In this way, the alginate ink-jetted deposition with or without cells are 

fabricated with the support bath instantly polymerizing the material to allow for complex 

structures with overhangs [160]. 

Yet another extrusion based bioprinting approach, the Burdick lab developed a hydrogel 

bioink format that is directly written into a self-healing support hydrogel based on guest-host 

complexes. Their system is based on noncovalent and reversible bonds with the application of 

shear. By directly writing into this material, the bonds of the support bath are disrupted by the 

physical stimulus but are quickly reformed after the shear is removed. This enables the capacity 

of injectable hydrogels and extrusion 3DP. Their writing bioink based on HA was chemically 

modified for photo-crosslinking and, more importantly, the support bath possesses shear thinning 

properties to provide structural support to print free-standing structures [117]. More recently, this 

group has further engineered support hydrogel stabilization inclusive of adhesive peptides which 

resulted in curved, endothelialized vascular channels [161].  
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Figure 1.8 Supportive baths utilized in 3D bioprinting: a) The Feinberg lab developed the FRESH 

method to 3DP structures within a support bath. The bath is a Bingham plastic gelatin slurry which 

provides structural integrity to the print; as an example, a human femur CT scan that was downsized in 

order to create a printed version composed of alginate (scale 1 cm, 4 mm) [91]. b) Angelini’s group 

demonstrates the capacity of cells to remain functional (viable, migrating, and proliferative) with their 3DP 

method [159] that expanded from their previous work in c). In c), a 3D object is printed within another gel 

support bath. This support bath based off of carbopol fluidizes locally to the point at which shear is 

applied (i.e. the needle head extruding print material). The print can be released and form intricate 

structures such as the fine tentacles of a jellyfish [157]. d) Christensen et al. use calcium chloride as a 

supporting and crosslinking bath for their sodium alginate bifurcated objects with inkjet printing. This 

material supports cell encapsulation and allows for overhanging geometries [160]. e) The Burdick lab 

utilizes photosensitive hyaluronic acid bionks printed within a self-healing support hydrogel in order to 

form free-standing geometries as shown by the spiral enveloping a channel [117]. 

Support baths must interact with the finalized structure in such a way that the material 

itself must still provide a minimal baseline of compatibility. Certainly, some approaches have 

been utilizing the support bath as a reservoir of cells or perhaps crosslinking agents that will 

ultimately become part of the printed construct, therefore the level of cytocompatibility is 

correspondingly going to increase. Regarding toxicity, beyond the baseline of cell compatibility 
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in cell-laden prints, studies in the future might want to consider long term effects on cytotoxicity. 

If residual components of support baths are cytotoxic, a few days after the print is not long 

enough to prove long term cell viability and functionality. Finally, in parallel to sacrificial inks, 

these materials must be easily removable to decouple from the finalized printed construct.  

1.2.6. Current translation of 3D bioprinting 

Three-dimensional bioprinting has opened the door for opportunities in directly 

translating to the clinic. 3DP provides us with the ability to print tissue analogues by controlling 

the delivery of living cells and matching the appropriate material in a defined and organized 

manner. The control is promising because it is beyond defining the exact location, but also the 

defining of sufficient number of cells in a multi-material environment. 3DP has applications to 

tissue-engineering scaffolds, constructing cell-based sensors, physiological screening for drug 

and toxicity, and modeling tissue disease and tumors [137]. Here we will broadly characterize 

translation applications to in vitro and in vivo examples.  

1.2.6.1 In vitro applications 

In general, lab-on-a-chip style models can represent tissue analogues well by 

incorporating the many fluidic networks of our body (i.e. vasculature, lymphatics). An example 

of lab-on-a-chip, miniaturized functional tissue mimics was discussed in the sacrificial section 

previously from the Khademhosseini lab. In their work, they incorporate embedded vascular 

networks in their 3DP constructs [68]. We and many others have also dedicated our research in 

incorporating vascular fluidic networks because vascularization remains a critical challenge in 

tissue engineering [19,67,66,145]. As discussed, beyond a few hundred microns of the diffusion 

limit, cells will not remain viable. However, even with many research groups studying 

vascularization strategies, many challenges remain such as what vascular geometries to print and 

reaching truly multiscale vasculature. By miniaturizing human tissue functional elements, studies 

can more accurately predict drug toxicity over animal models. Khademhosseini and colleagues 

delve into more complex in vitro models by developing liver-on-a-chip constructs. By 

developing a liver model, one can assess drug toxicity more adequately as the liver plays the 
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most important role in drug metabolism. Their liver model was biofabricated as a perfusable 

bioreactor with a direct write printer to create hepatic spheroid-laden hydrogel structures [119]. 

In addition to better drug screening, in vitro models fabricated with 3DP approaches can 

better represent tumor models to help researchers elucidate cancer mechanisms. Efforts are being 

made to three-dimensionally represent tumors in models as the progression of tumor metastasis 

is significantly different than a 2D counterpart [162]. The West lab models tumor angiogenesis 

with layer-by-layer tunable PEG hydrogels [163]. 3DP can provide cancer researchers with 

control over specific 3D microenvironments influencing nutrient transport and fluid shear 

stresses. With this kind of physiological mimicry, researchers can identify mechanisms directing 

tumor metastasis.  

A major challenge of 3DP is scale for tissue engineering translation – printers often have 

difficulty achieving large, clinical-size organ analogues with the micro-detail of the cellular 

organization necessary to be functional. The Atala lab reports an integrated tissue-organ printer 

that prints cell-laden hydrogels of desired mechanical stiffness with sacrificial hydrogels. 

Fabricated constructs presented include mandible bone, cartilage, and skeletal muscle. The 

printed anatomical shapes can be composed of multiple biomaterials and cells resulting in 

structures that in the future can be vascularized and included in more complex, solid organs 

[164]. Until then, these constructs may be difficult to incorporate in the clinic as encapsulated 

cells will quickly necrose without proper vascularization. 

For in vitro 3DP, clinical translation is mostly limited to drug screening and disease 

modeling. These applications can provide important information on addressing drug toxicity and 

for drug development.  

1.2.6.2 In vivo applications 

The promise of 3DP to fabricate tissue parts for implantation in the body is taking shape 

in in vivo applications. Tissue engineering has the potential to facilitate tissue regeneration by 

replacing injured parts and encouraging regrowth with the appropriate healing environment (i.e. 

growth factors, vascularization, stem cells). With 3DP, a diversity of critical sized defects can be 

addressed tailored to the needs of the individual. In this section, we discuss studies that utilize 

3DP to fabricate scaffolds applied in vivo. 
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As mentioned previously in the chapter, rapid vascularization is one of the limitations in 

applying tissue mimics in vivo as cells will necrose soon after implantation without access to 

nutrients and oxygen. Several studies achieve rapid vascularization in vivo enabled by pre-

vascularization strategies fabricated with 3DP techniques [165,166]. Using sacrificial templating 

with a sacrificial carbohydrate bioink, an open microvascular network can anastomose in-line 

with the rat femoral artery with a surgical technique [19,165]. Similarly, others utilize 3D printed 

biodegradable scaffolds to directly and surgically anastomose built-in vasculature in an 

AngioChip to the host vasculature of the rat hind-limb femoral vessels [166]. Patency is 

maintained through the fabricated vessels within the scaffold. These studies demonstrate the 

potential of pre-vascularizing tissue analogues with 3DP for rapid vascularization in vivo.  

Other tissues have also been fabricated and implanted in vivo such as bone. Bone 

scaffolds 3DPed with MSCs, bone morphogenetic protein growth factor, and PCL as the bioink 

have been implanted in critical sized bone defects of sheep. After three and twelve months, bone 

healing progresses with signs of vascularization ingrowth, mineralization, and appropriate 

mechanical stiffness [122]. By considering important aspects of biocompatibility and 

degradability, many of the bioink principles described in previous sections affects the success of 

3DP tissue mimics for in vivo implantation.   

The opportunities to apply 3DP to in vivo applications are still being explored. Integration 

with the host tissue is of utmost importance for all in vivo studies. For researchers, great care is 

taken to select the most appropriate bioink during the fabrication process to allow the best 

possibility for integration success. Future work is necessary to ensure functionality of the 

intended tissue analogue taking the role of parenchyma into consideration. We believe that our 

work herein moves us closer to that direction as we demonstrate functional vascularization of 

hydrogels that may serve the needs of encapsulated tissue-specific bulk cells in the future.  
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Chapter 2: Tubulogenesis of co-cultured human iPS-

derived endothelial cells and human mesenchymal stem 

cells in fibrin and gelatin methacrylate gels 

Portions of this chapter have been previously published in Calderon et al. 2017 [167]. 

 

Here, we investigate the tubulogenic potential of commercially-sourced iPS-ECs with and 

without supporting commercially-sourced hMSCs within 3D natural fibrin or semi-synthetic 

gelatin methacrylate (GelMA) hydrogels. We developed a selectable dual color third generation 

lentiviral reporter (hEF1α-H2B-mOrange2-IRES-EGFP PGK-Puro) to differentially label the 

nucleus and cytoplasm of iPS-ECs which allowed real-time tracking of key steps of vascular 

morphogenesis such as vacuole formation and coalescence to form shared multicellular lumens. 

We implement 3D quantification of the network character and validate that transduced and 

untransduced iPS-ECs can form tubules in fibrin with or without supporting hMSCs.  In addition 

to natural fibrin gels, we also investigated tubulogenesis in GelMA, a semi-synthetic material 

that has received increased interest due to its ability to be photopatterned and 3D printed, and 

which may thus boost development of complex 3D models for regenerative medicine studies. We 

find that iPS-ECs alone have a muted tubulogenic response within GelMA, but that their 

tubulogenic response is enhanced when they are co-cultured with a small fraction of hMSCs (2% 

of total cells). We expect our findings will benefit biologic studies of vasculogenesis with 

commercially available iPS-ECs, and will have applications in tissue engineering to pre-

vascularize tissue constructs which are fabricated with advanced photopatterning and three-

dimensional printing. 
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2.2  Introduction 

Vascularization is critical for the maintenance of multicellular life as blood vessels 

provide oxygen and nutrients to tissues while also removing waste. Beyond the diffusion limit 

for oxygen transport, cells in tissue cannot survive or maintain normal function. The formation of 

vascular networks in vitro and in vivo have applications in treating ischemic disease[168], 

elucidating vascular mechanisms [33,169,64], screening drug efficacy, and engineering 

functional tissues for regenerative medicine [19,147]. Toward the creation of vascular networks, 

methods of creating both structurally and functionally mature and complex vasculature must be 

identified to address the challenge of fabricating clinically-relevant tissue models and engineered 

tissues [170]. 

One of the several strategies toward vascularization is to create new vessel networks 

through cell-mediated morphologic processes similar to those seen during embryonic 

development.  De novo vascular formation, or vasculogenesis, occurs through assembly of 

populations of endothelial cells into a rudimentary capillary plexus. Subsequent steps in vivo 

ensure vascular stabilization and maturity by generating ECM and recruiting supporting mural 

cells [1]. Further cell-cell and cell-matrix interactions encourage or antagonize vessel sprouting 

(angiogenesis), branching, remodeling, and pruning [170]. Many groups have cultured 

endothelial cells in vitro to generate spontaneously self-assembled vascular networks 

[15,21,27,171]. While some groups have modeled vasculogenesis in natural matrices such as 
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collagen and fibrin [53], others have demonstrated capillary networks in more synthetic 

environments such as GelMA (gelatin methacrylate) [54] and polyethylene glycol (PEG)-based 

hydrogels [15,27]. However, for the development of clinically relevant cell-based strategies, the 

selection of biomaterials best suited for the approach and application becomes an inherent 

challenge. While natural biomaterials have inherent pro-angiogenic properties making them 

well-suited for cell-based strategies, there are challenges associated with applying natural 

matrices to therapeutic application, including batch-to-batch inconsistencies, the potential for 

immunologic reaction, and difficulties in tuning matrix properties, such as stiffness or 

degradation kinetics, for specific applications. Conversely, synthetic materials may offer 

tunability and low batch-to-batch variability, but these materials may be absent of cell-

responsive characteristics. 

In addition to challenges associated with the biomaterial environment, another critical 

aspect for cell-based clinical translation is the selection of cell sources. Human umbilical vein 

endothelial cells (HUVECs) have been commonly used for studying vascular morphogenesis 

[21,27]. Supporting mural cells also have a history of various cell sources such as fibroblastic 

C3H/10T1/2s and smooth muscle cells. These cell types suffer from poor batch-to-batch 

uniformity as well as difficulties with scale-up [172] and in some cases poor translation potential 

— for example, C3H/10T1/2 cells are mouse cells which would not be translatable to human 

patients due to xenobiotic complications. Recent efforts in personalized medicine have been 

revolutionized by the generation of induced pluripotent stem cells [173,174] which offer high 

batch uniformity, standardization, scale-up, and the potential for personalization. Human 

pluripotent stem cells have been used to derive endothelial cells (iPS-EC) that have been 

previously shown to form connected capillary-like networks in 2D and 3D studies with Matrigel 

[14]. 

 Here, we explored a cell-based strategy to form tubule networks using clinically relevant 

cell sources and biomaterials. We utilize iPS-ECs in monoculture or in co-culture with human 

mesenchymal stem cells (hMSCs) in natural fibrin and semi-synthetic GelMA environments, 

track the progression of vasculogenesis, and quantify the network character of nascent tubules. 

Our dual fluorescent lentiviral reporters further supports the hypothesis that tubulogenesis is 

driven by intracellular vacuole formation and intercellular vacuole fusion [28,33]. By using cell-
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based strategies for vascularization we allow biology to dictate the microvascular organization 

and exploit cellular interactions between iPS-ECs and hMSCs to stabilize networks when the 

extracellular environment cannot. 

2.3  Objectives 

In this work, we aim to establish the vasculogenic potential of hiPS-ECs with and without 

a co-culture of hMSCs in natural fibrin and photosensitive GelMA. Because there are well-

established self-assembled tubule networks that form within fibrin, we utilized putative tube 

formation in this environment as a baseline for these hiPS-EC transduced dual fluorescent 

reporters. Furthermore, we sought rapport between network formation in a natural ECM 

component compared to a semi-synthetic environment with GelMA. Our goals were to:  

1) Assess the retention of phenotype after transduction of dual-fluorescent reporters in 

hiPS-ECs 

 

2) Determine the vasculogenic potential of hiPS-ECs in fibrin and GelMA 

 

3) Characterize the vascular architectures enhanced by the co-culture of supporting 

hMSCs 

2.4  Materials and Methods 

2.4.1 Cell culture 

The human iPS-ECs (Cellular Dynamics International, Madison, WI) were cultured in 

VascuLife Medium and supplements (LifeLine Technologies, Frederick, MD; detailed 

supplements in the appendix) at recommended concentrations between 10,000 to 15,000 

cells/cm
2
. The hMSCs (RoosterBio, Frederick, MD) were cultured in Dulbecco’s Modified Eagle 

Medium (VWR, Radnor, PA) + 10% fetal bovine serum (Atlanta Biologicals, Flowery Branch, 

GA) + 1% penicillin streptomycin (Life Technologies, Carlsbad, CA). The iPS-ECs and hMSCs 

used in experiments were at passages 3-6. When encapsulated in hydrogels, both the 

monoculture and co-culture conditions were cultured in VascuLife Medium. All cells were 

incubated at 37 °C and 5% CO2. 
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2.4.2 Transduction of iPS-ECs with dual fluorescent reporters  

Fluorescent reporter cell lines were generated to allow for live monitoring of cell 

morphology and confidently distinguishing between cell types. Lentivirus production is in 

accordance to the Rice University Institutional Biosafety Committee on Protocol #662023. Our 

plasmids for lentivirus transduction were obtained from custom-designed plasmids built with 

GeneDesigner and synthesized by DNA 2.0 (Newark, CA) (Appendix).  

Plasmids were obtained from a bacterial stab and isolated by Midi-Prep from Qiagen 

(Hilden, Germany). The isolated DNA was used to generate lentivirus using a third generation 

lentiviral system. We chose to use lentiviral vectors to introduce these genes because of the 

relatively high carrying capacity (~18 kb) and because the incorporated genes are permanently 

part of the genome [175–177]. Plasmids contain long terminal repeats flanking the desired gene 

cassette which incorporate into the virus and ultimately were inserted into the genome of target 

cells. Third-generation lentiviral vectors were designed and custom synthesized by DNA 2.0. We 

produced lentivirus by following the protocol detailed by Kutner and colleagues [176] and Life 

Science’s Lipofectamine transfection protocol (Waltham, MA). HEK 293T cells were transfected 

with four different plasmids: 1) our custom synthesized plasmid of interest, 2) the packaging 

plasmids pRSV-Rev and 3) pMDLg/pRRE, and 4) the envelope plasmid MD2.G [176]. The three 

supporting plasmids were obtained from AddGene (Cambridge, MA). Before viral harvest, cells 

were monitored for expression of fluorescent transgenes and for morphologic characteristics 

indicative of lentiviral production (such as lysis). After three days, culture media was harvested, 

centrifuged, and the supernatant containing active lentivirus was collected. The supernatent was 

either directly applied to cells for transduction or stored at -80 ˚C for future use, and subjected to 

at most one thaw cycle to preserve viral potency. 

Cells were transduced by adding lentivirus to the culture media and allowing transduction 

for one day. Since successfully transduced cells expressed a puromycin resistance gene, cells 

were selected using 0.5 μg/mL puromycin  (Invitrogen, Carlsbad, CA), resulting in a pure 

population of fluorescent protein expressing cells where H2B-mOrange2 is localized to the 

nucleus and EGFP to the cytoplasm. 

2.4.3 Encapsulating varying ratios of hiPS-ECs & hMSCs in fibrin hydrogels 
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The desired hiPS-EC (510
6
 cells/mL) and hMSC (0, 110

5
, or 110

6
 cells/mL)  cell 

densities were re-suspended in 37 °C, pre-warmed 10 mg/mL of fibrinogen (Sigma-Aldrich, St. 

Louis, MO), 1.25 U/mL of thrombin (Sigma-Aldrich, St. Louis, MO), and 1 phosphate buffered 

saline (PBS). Once the fibrinogen and thrombin came into contact, enzymatic crosslinking 

began, forming the fibrin gel within a few minutes. A 10 µL volume of the suspension was 

mixed and placed into individual wells of an Ibidi µ-slide (Martinsried, Germany) with delayed 

pipetting to ensure homogeneous distribution of encapsulated gels in the crosslinked fibrin gel. 

2.4.4 Encapsulating varying ratios of hiPS-ECs & hMSCs in GelMA hydrogels 

 
GelMA [178] was synthesized according to the following protocol. Methacrylic 

anhydride was added dropwise to gelatin dissolved in carbonate-bicarbonate buffer for 3 hrs at 

50 °C. The solution was then precipitated in ethanol, dried, dissolved in PBS, sterile-filtered, and 

frozen at -80 ˚C. After 1 week lyophilization, the dried GelMA powder was stored at -20 ˚C until 

use. Lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) photoinitiator was synthesized as 

previously described [179]. When preparing the GelMA stock solution, the GelMA powder was 

dissolved in PBS and incubated for 30 min at 37 °C. For our GelMA encapsulations, the desired 

hiPS-EC and hMSC cell densities were re-suspended in 5 wt% GelMA, 10 mM of the 

photoinitiator LAP, 0.0625 wt% xanthum gum (for neutral buoyancy), and 1PBS. Then 10 µL 

of the cell suspension was pipetted into individual wells of an Ibidi µ-slide. The suspension was 

polymerized using a 405 nm light source at 10 mW/cm
2
 for 90 sec. 

2.4.5 Immunofluorescense staining 

 

After one week in culture, encapsulated gels were fixed in 4% paraformaldehyde for 30 

min. Following 310 min washes in 1PBS, samples were blocked overnight at 4 ˚C with 2% 

donkey serum, 0.08% Triton X-100 in PBS. The primary antibody, mouse anti human CD31 

(R&D systems, Minneapolis, MN), was diluted to 1:200 overnight at 4 ˚C in blocking buffer. 

After 310 min 1PBS washes, donkey anti-mouse 568 secondary antibody and DAPI were 

diluted to 1:500 and incubated for 1 hr at room temperature. Samples were washed again and 

mounted with fluoromount for subsequent imaging.  
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2.4.6 Epifluorescent and confocal microscopy 

 

Z-stack images acquired for quantitative analysis of tubule networks were taken by an EC 

Plan-Neofluar 10/0.30 NA objective on a Zeiss LSM 780 confocal microscope (Carl Zeiss AG, 

Oberkochen, Germany). To capture discrete timepoints during vasculogenesis, z-stacks were 

taken by using a 20 DIC/0.75 NA objective on a Nikon Eclipse Ti epifluorescence microscope 

(Andor, South Windosr, CT). 

2.4.7 Presentation of epifluorescence z-stack images 

 

Acquired z-stack images using an epifluorescence microscope captures information 

outside of the focused region. Therefore, light from out of focus areas are included in several 

slices of a z-stack series. To address this issue, we used an open source focus-stacking software, 

Enfuse (http://software.bergmark.com/enfusegui/Main.html), to compile the z-stacks with in-

focus images of each slice of the series.  

2.4.8 Tubule network characterization 

 

The FARSIGHT toolkit (Fluorescence Associations and Rules for image-based Insight) is 

a library of modules that provide automated measurements that have meaningful biological 

information for multi-dimensional images (http://farsight-toolkit.org/wiki/Main_Page). The 

module for the OpenCurve tracing system was originally developed to address the need to 

accurately segment the tortuous neuronal environment [180]. By setting seeds where there is 

signal in a z-image series, the algorithm can trace along the seeds across the depth of the image 

set. Though the majority of research groups implementing this tracing system apply the analysis 

to neuron reconstruction, this approach can be useful to study vascular networks [25,181,182].  

Vasculogenesis of endothelial cells differentiated from induced pluripotent stem cells 

(iPS-ECs) in fibrin or GelMA hydrogels were mapped by using FARSIGHT. The minimum 

length for a tubule was set at 20 μm for this analysis. Volumetric data were generated for vessel 

densities limited to 200 μm thick for each analysis. Either fluorescent cytoplasmic reporters or 

immunostained CD31
+
 expression are used to trace vessel networks in the FARSIGHT software. 

 

http://software.bergmark.com/enfusegui/Main.html
http://farsight-toolkit.org/wiki/Main_Page
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2.4.9 Statistical Analysis 

 

Statistical analysis of tubule characteristics were evaluated with Student’s t-test where 

statistical significance was set at a minimum with a P-value less than 0.05. All groups included 

are n  ≥  3. Output data from FARSIGHT was transferred to Microsoft Excel for the analysis. 

2.5   Results and Discussion 

2.5.1 iPS-ECs transduced with fluorescent reporters can still undergo 3D 

vasculogenesis 

  

The formation of lumenized endothelial tubules, or tubulogenesis, is crucial for a 

functional circulatory system. Endothelial cells possess the innate capacity to form seamless 

lumenized structures that serve as a barrier between blood and the interstitial tissue and do so 

prior to the onset of blood flow during development [28]. Previous studies have shown 

mechanisms of lumen formation in vivo in zebrafish [183] and in vitro in collagen [30,184–186] 

and fibrin [26] matrices with endothelial cells. However, many of these studies utilize HUVECs 

which suffer from poor therapeutic potential due to possible immunologic reaction and 

inconsistencies. Others discuss tubulogenesis in 3D within Matrigel and PEG-based materials 

with endothelial cells derived from an induced pluripotent stem cell source [15,187]. Here, we 

utilized two different materials, fibrin and GelMA, to study vasculogenesis of commercially 

sourced iPS-ECs. We sought to observe lumen formation with fluorescent reporter iPS-ECs in 

fibrin and GelMA to assess 1) vacuole formation as an indicator of tubulogenesis and 2) the 

morphologic progression of tubulogenesis and the cellular composition of nascent tubules. 

To observe vacuole formation of transduced iPS-ECs encapsulated in three-dimensional 

matrices (Figure 2.1A), we captured epifluorescence images at discrete day time points every 

day over the course of a week. We also confirm that iPS-ECs possess endothelial cell phenotype 

in both fibrin and GelMA environments by CD31
+
 expression (Figure 2.1B). Z-stacks were taken 

and enfused to create focus-stacked images. Because our lentiviral fluorescent reporter labeling 

includes a nuclear marker as well as a cytoplasmic marker, we are able to distinguish vacuoles 

forming within the iPS-EC bodies. As shown in Figure 1, iPS-ECs form intracellular vacuoles as 
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early as one day after encapsulation indicating ongoing tubulogenesis (Figure 2.1C).  

Additionally, we see a different onset of vacuole formation with fibrin gels versus GelMA gels. 

The insets in Figure 2.1C demonstrate clear vacuoles within the fibrin environment whereas such 

vacuoles are difficult to visualize in the GelMA encapsulated group. We therefore hypothesized 

that hMSCs in co-culture can provide support for tubulogenesis progression in such 

microenvironments. We later explore this hypothesis in subsequent sections. Finally, the 

observed vacuole formation occurs uniformly across the entirety of the gels suggesting we 

achieve comprehensive vasculogenesis (Figure 2.1D).  
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Figure 2.9 Vasculogenic plexus formation – tubulogenesis process with cell hollowing 

lumenization: a. The desired cell suspension is pre-mixed with either the fibrinogen/thrombin solution or 
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the GelMA solution to result in a homogeneous, three-dimensional suspension of encapsulated cells. The 

fibrin gel solidifies quickly and is incubated for 30 min before adding media. The GelMA solution 

crosslinks after the entire slide is exposed to a 405 nm light projection. b. Endothelial phenotype of iPS-

ECs is confirmed by positive CD31 expression in both 10 mg/mL fibrin and 5 wt% GelMA gels. c. 

Progression of vasculogenesis is schematized in the top panel toward a plexus network. The 

corresponding time course and observed vasculogenic progression occur in fibrin gels and GelMA gels. 

Morphogenetic changes for vacuole formation, coalescence, and multinucleated tubulogenesis is 

monitored via our fluorescent reporter system H2B-mOrange2 EGFP. Inset shows vacuole formation one 

day after encapsulation demonstrating phenotypic vasculogenesis at early time points in fibrin. Arrow 

heads highlight vacuoles within the cytoplasm of cells within fibrin gels. However, we do not see vacuoles 

forming at this time point in the GelMA condition. Scale bar = 100 μm; inset = 50 μm. d. Lower 

magnification images demonstrating consistent and widespread vasculogenesis throughout the entire 

fibrin gel space.  Scale bar = 500 μm. 

Furthermore, we sought to determine whether fluorescent proteins generated by the iPS-

ECs would compromise the cell phenotype with tubule characterization. iPS-ECs were 

encapsulated in 10 mg/mL fibrin gels. After a week, quantitative metrics were taken of either 

transduced fluorescent reporter or immunostained CD31
+
 iPS-ECs to define the architectures 

generated during capillary network formation. We used FARSIGHT’s tracing system thereby 

avoiding labor-intensive and likely-biased manual tracing to gain vital insight on the vascular 

network organization within our in vitro model. Though many groups employ 3D systems to 

study microvasculature, the quantification output remains two dimensional. Common metrics 

such as vessel density and branch length per area do not encompass the complexity of vessels in 

3D [21,188]. These metrics assume segments cannot overturn or loop on themselves and are 

contained within the image plane[180]. Therefore the FARSIGHT’s OpenCurve tracing 

system[180] used here quantitatively defines vascular metrics three dimensionally for the 3D 

systems to capture the vasculature in its full complexity. Based on the average tubule length of 

the two conditions, we confirm that there is no significant difference in tubule metrics between 

transduced fluorescent reporter iPS-ECs and untransduced iPS-ECs immunostained for 

endothelial markers (Figure 2.3D).   

For vasculogenic morphogenesis toward patent lumens, we observed both dynamic 

changes during vacuole formation and coalescence occurring within the cytoplasmic space using 

our lentiviral reporter system as seen at discrete time points (Figure 2.1) over the course of a 

week. We do not demonstrate flow through these lumens or examine barrier function, but we are 

able to specifically monitor the intracellularly formed vacuoles that go on to coalesce with 
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neighboring iPS-ECs to form putative lumens (Figure 2.2). Very early work observing this 

phenomenon called this a pinocytic mechanism [186]. Although later groups have found lumen 

formation to occur with lumens forming intercellularly, our work demonstrates that cell 

hollowing drives tubulogenesis.   

 

Figure 2.2 Estimated vacuole volume: Overnight timelapse z-stack videos were taken in order to 

visualize vacuoles in formation in real time. Selected cells were isolated in order to analyze vacuoles 

within the cytoplasmic bodies. The vacuole volumes were tracked by computing two volumes – 1) EGFP 

signal representing the cytoplasmic region not inclusive of the negative space considered vacuoles and 2) 

a “filled gaps” volume yielding a second volume including any vacuoles present. The subtraction of the 

first volume from the second volume provides an estimated volume that is observed over time. The 

selected vacuoles demonstrate a variety of vacuole progression in our 10 mg/mL fibrin cultures. Scale = 

10 μm 
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Figure 2.3 Untransduced and transduced iPS-ECs tubulate similarly: a. Tubulation comparison 

between untransduced and transduced iPS-ECs encapsulated in 10 mg/mL fibrin after 1 week in culture. 
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Both confocal representative images of CD31 expressing iPS-ECs and transduced iPS-ECs with an 

EGFP cytoplasmic reporter morphologically possess tubulogenic characteristics. Although some 

morphological differences appear to exist, it is difficult to quantify any significant difference. Scale = 100 

μm. b. An example showing the workflow of FARSIGHT’s open curve tracing detailing the different steps. 

Original projected 3D image of the H2B-mOrange2 EGFP transduced iPS-ECs (5   10
6
 cells/mL) in 10 

mg/mL fibrin with only the EGFP z-stack channel, which distinguishes all cytoplasm, is used for 

quantification. The gray scale image is then converted to a binary mage that was segmented on each 2D 

slice of the series. The projected seeds are detected where there is signal set at 10 seeding radius. The 

open-curve tracing is initiated from a single seed point and traces the tubes. The contour tracing in 3D is 

zoomed in where branching points are denoted with white spheres where two contours collide. Scale bar 

= 100 μm. c. A volume rendering of the tubules are shown with the corresponding maximum intensity 

projection. This representative image is 40 μm thick. d. No significant difference between the two 

conditions in their average cord length suggesting that transduction does not affect the capacity of these 

cells to tubulate. Error bars represent standard deviation, (P = 0.122; n = 3). 

 

2.5.2 Co-culture of hMSCs with iPS-ECs in fibrin form putative capillaries 

 

Several groups have demonstrated the importance of mural cells in promoting vessel 

stability [25,27,185]. In order for a vessel bed to reach maturity, the vasculature must have the 

appropriate surrounding extracellular matrix inclusive of collagen IV and laminin that make up 

the basal lamina. Pericytes, or mural cells, are recruited by endothelial cells during vascular 

development which in turn secrete ECM components [1]. Therefore, we sought out a renewable 

therapeutically relevant cell source that possesses mural cell phenotype. Human mesenchymal 

stem cells have been shown in studies to differentiate into smooth muscle cells potentially 

propelling endothelial cell progression toward vessel stability [189]. We encapsulated iPS-ECs in 

monoculture or with hMSCs in co-culture within 10 mg/mL fibrin gels. The three conditions 

were composed of iPS-ECs in monoculture, the ratio of iPS-ECs(50):hMSCs(1), or the ratio of 

iPS-ECs(5):hMSC(1) homogeneously suspended in fibrin gels. Untransduced iPS-ECs were 

fixed and immunostained for CD31 expression after one week in culture, while H2B-mOrange2 

EGFP reporter iPS-ECs were observed daily and fixed at day seven (Figure 2.4).  

Morphological assessment of phenotypic characteristics such as vacuolization and 

multicellularized lumens were observed in all three conditions (Fig 2.4A). Although many 

tubules exceed single cell extensions in each condition, the addition of 100,000 hMSCs/mL to 

the 510
6
 iPS-ECs/mL [iPS-EC(50):hMSC(1)] significantly increased the average tubule length 

and tubule density within the volume of the gel (Figure 2.3B). However, at a different ratio of 
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5:1 iPS-ECs to hMSCs, there were no significant changes in tubule length or tubule density 

compared to iPS-EC monoculture in fibrin. We suggest that the small changes in tubule 

characteristics may be attributed to the already pro-angiogenic fibrin environment. Because 

fibrin ECM is notably associated with clotting and wound healing, endothelial cells might 

natively extend and tubulate without requiring much mural cell support[190].  

 

Figure 2.4 Co-culture of iPS-ECs and hMSCs at day 7 in 10 mg/mL fibrin support endothelial 

tubule formation: a. Maximum intensity projections of the co-culture encapsulation become increasingly 

composed of hMSCs within the 10 mg/mL fibrin gel. Extended tubules are shown with EGFP expression 

from transduced iPS-ECs and appear to tubulate regardless of hMSC presence, scale bar = 100 μm. b. 

The extent to which iPS-ECs tubulate over a 200 μm thickness is characterized by quantifying the 

average tubule length and tubule density. FARSIGHT data reveal that 50:1 iPS-EC to hMSC ratio 

significantly increased tubule length and tubule density between that condition and the monoculture and 

other co-culture condition. Error bars represent standard deviation, (P = 0.002 for average tubule length; 

P = 0.004 for number of tubules per volume; n = 4). 
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2.5.3 Co-culture of hMSCs with iPS-ECs in GelMA promote more extended 

tubules 

 

Toward developing strategies for vascularization in tissue engineering, we must carefully 

explore and select biomaterials which allow for high tunability and control as well as 

biocompatibility. In this study, we adapt this ideology by incorporating GelMA in our cell-based 

strategy for forming lumenized microvascular tubules. GelMA provides the element of 

biocompatibility with denatured collagen retaining cell binding and degradable motifs as well as 

methacrylation  rendering the material photosensitive [178]. This semi-synthetic material may be 

suitable for tubulation while providing opportunities in 3D printing with photosensitive materials 

for tissue engineering applications. Previous studies have demonstrated HUVECs perform 

favorably (i.e. high viability, adhesion, proliferation, migration, and barrier function) in GelMA 

[110,66]. Therefore, we hypothesized that iPS-ECs can tubulate in this ECM environment. 

By encapsulating and monitoring fluorescent reporter or immunostained iPS-ECs and 

hMSCs in co-culture within 5 wt% GelMA gels, we find trends in tubule characteristics that are 

markedly different morphologically as compared to the same co-culture conditions studied in 10 

mg/mL fibrin gels. Notably, iPS-ECs in monoculture within the GelMA matrix do not appear to 

form vacuoles at early stages and form shorter extensions. After one week in culture, the iPS-

ECs alone in 5 wt% GelMA appear mostly as truncated cords. On the other hand, both co-culture 

conditions appear to greatly improve tubule characteristics with longer, lumenized structures 

after one week (Figure 2.5A). Moreover, over the time course, cord extension is more prominent 

in the co-culture groups.  

Indeed, the quantification of the tubule density and average tubule length indicates that 

both co-culture conditions are significantly higher than the mono-culture condition.  Moreover, 

the tubule density is greatest in the iPS-EC(50):hMSC(1) condition. This finding may be 

beneficial to vascularize different tissues of varying metabolic need as some tissues require a 

higher density of capillaries than others (Figure 2.5B). We have observed tubule density to vary 

as a result of the ratio of iPS-ECs to hMSCs which may help tune tubule density to match a 

desired tissue destination dependant on the material.  
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Figure 2.5 Co-culture of iPS-ECs and hMSCs at day 7 in 5 wt% GelMA significantly enhances 

endothelial tubule formation: a. Maximum intensity projections of the co-culture encapsulation are 

composed of increasing numbers of hMSCs within the 5 wt% gel. Formed tubules of transduced  iPS-ECs 

are associated with hMSC co-culture conditions. However, in mono-culture, iPS-ECs appear to lack 

tubulogenic potential in this environment, scale bar = 100 μm. b. The extent to which iPS-ECs tubulate 

within a 200 μm thickness is characterized by quantifying the average tubule length and tubule density 

where it is found that both co-culture conditions significantly increase average tubule length and tubule 

density over the monoculture condition. There is decidedly a much higher tubule density in the 50:1 iPS-

EC to hMSC condition. Error bars represent standard deviation, (P < 0.006 for average tubule length; P 

<< 0.001 for number of tubules per volume; n = 4). 

 

2.6   Conclusion 

We investigated endothelial cells during vasculogenesis with dual-color lentiviral 

reporters which differentially localize fluorescent proteins to the nucleus and the cytoplasm to 

facilitate the tracking of cellular morphogenesis over time. We utilized human cell sources which 
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are therapeutically relevant (iPS-ECs and hMSCs) and confirm that iPS-ECs maintain their 

phenotypic ability to tubulate even after lentiviral transduction. We observed tubulogenesis 

within two ECM-based materials: fibrin and GelMA. Studies in fibrin demonstrate that iPS-ECs 

have an innate capacity to self-assemble into a complex 3D capillary plexus as reported 

previously with other endothelial cell types (HUVECs[21,25,27],  bovine aortic or BAECs[191–

193]). In GelMA, we found that iPS-ECs required co-culture with supporting hMSCs to form 

extended tubules. The studies presented in this work are consistent with prior hypotheses 

regarding tubulogenesis: namely, that microvascular lumens form through coalescence of fluid-

filled vacuoles. We explored mechanically-matched matrix concentrations of fibrin and GelMA, 

but cell-adhesiveness and matrix degradation potential also change with matrix concentration in 

these materials. Thus extension of this work can further explore vasculogenesis and the 

stabilization of the nascent plexus with different concentrations of these matrices and cells. 

Microvascular formation in GelMA is a promising strategy with application in tissue 

engineering strategies, such as 3D printing, where photosensitive material would allow the 

researcher to dictate complex geometries with open channels for multiscale vasculature, a so-

called top-down approach. However, in these 3D printing applications there is difficulty reaching 

lumen diameters as small as capillaries [3]. Therefore, we expect the cell-based strategy to form 

microvasculature presented here, a bottom-up strategy, will continue to be crucial as the field 

progresses toward rapid fabrication methods in order to achieve multiscale vasculature required 

of living, functional, human-scale tissue. Finally, we expect utilization of our dual-color 

selectable lentiviral reporter and additional color variations thereof provide an important 

methodology to investigate the maturation of endothelial morphologies at single-cell resolution. 

 

2.7   Future work 
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While this chapter is simplistic in characterizing self-assembled networks in a well-

established natural material, this framework importantly establishes the baseline for future 

comparative studies. We critically assessed the phenotype of a relatively unstudied iPS-derived 

endothelial cell source after transduction to express dual fluorescent reporters. Future work will 

continue to explore the photosensitive, biomaterial space we have that will maintain 

characteristic tubulogenesis as well as provide the structural integrity that is necessary for 3D 

printed, cellularized constructs (Figure 2.6).  

 

  

Figure 2.6 Optimization for vasculogenesis in bioprinted inks: While 10 wt% GelMA served as a 

promising photosensitive biomaterial with robust connected tubules for stereolithography-based printing 

(a & b), printing hollow vascular patterns worked well in the vertical axis along the projection of the light 

path (a), but not when perpendicular to the light path (b). b) The channel opening lacks complete patency 

requiring further optimization to not comprimise the intended vascular design or the cells that lie within the 

bioink. c) By doping in small amounts of 3.4 kDA PEGDA, we have found that there is improved structural 

integrity of the printed construct however at the cost of limiting the vasculogenic potential of the 

encapsulated endothelial cells (GFP, green).  
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Chapter 3: 3D printed vascular networks within cell-

degradable hydrogels to promote angiogenic sprouting 

3.1   Acknowledgements 

I thank Bagrat Grigoryan, Daniel Sazer, Ian Kinstlinger, and Evelyn Wattenberger for 

their contributions to this chapter. Bagrat was instrumental in pioneering initial models in 

Blender and perfusion culture for pSLA printed hydrogels. Dan synthesized much of the 

photosensitive materials utilized. Ian facilitated higher throughput with an automated gel flipper 

and sterile techniques with designed housing chambers for long-term perfusion. And finally, I 

thank Evelyn for her assistance in general maintenance for the set-up and duration of long-term 

perfusion. 

3.2   Introduction 

The viability and function of tissues rely on its pervasive vasculature to support the 

exchange of nutrients, gases, and waste. Beyond 200 μm, nutrients and oxygen do not rapidly 

diffuse thereby compromising tissue health. While engineered constructs hold promise as 

valuable platforms for drug testing, disease models, and even organ replacements, insufficient 

vascularization remains a critical challenge.  

Extensive research efforts have been dedicated to addressing tissue vascularization 

strategies. Previously, many groups have fostered an environment for the self-assembly of de 

novo, vasculogenic, capillary networks by incorporating endothelial cells (and supporting mural 

cells) in natural and synthetic matrices like collagen [1], fibrin [2], gelatin methacrylate [2,3], 

and poly(ethylene glycol) [4]. However, the rudimentary capillary plexus formed offers very 

little control over vascular architecture, takes too long to reach hierarchical relevancy from a 

starting capillary scale, and often lacks interconnected, perfusable networks. On the other hand, 

rapid fabrication techniques such as pin casting [5–8], photolithography [9], and more recently, 

3D printing approaches, are enabling investigators with vascular architecture control and high 
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speed fabrication. Casting around needles results in cylindrical vessels but limits the complexity 

of the vessel architecture to mostly straight single channels often featuring blunt ends [194]. 

Work conducted with photolithographic approaches can form rectolinear vascular networks to 

form homogeneously endothelialized lumens [195]. These studies have generated relevant 

vascular environments to better mimic three-dimensional fluid flow within endothelialized 

vessels. With recent advances in 3D bioprinting, researchers can continue to produce and elevate 

the complexity of vascular geometries albeit with a more limited palette of biomaterials fitting to 

the printing technique. In this chapter, we implement 3D bioprinting using stereolithography to 

fabricate functional endothelium that remains stabilized for weeks in perfusion within cell-

degradable hydrogels. 

3.3   Objectives 

This chapter applies the material characterization that held promise from the previous 

chapter with endothelial cells’ compatibility with photosensitive GelMA to our 3D fabrication 

technique, projection stereolithography in order to create perfusable vascular architectures within 

soft, cell-degradable hydrogels. Our goals were to:  

1) Establish ideal composition of photosensitive materials for faithful printability which 

also allows for strong endothelial cell adhesion. 

 

2) Determine perfusability and convection through designed vascular architectures. 

 

3) Develop an endothelialization technique to line the hollow lumens of vascular 

channels within 3D printed hydrogels. 

 

4) Introduce flow in endothelialized channels for longitudinal perfusion. 

 

5) Assess endothelial cell phenotype and characteristic behavior as a response to 

induced shear by perfusion. 
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3.4  Materials and Methods 

3.4.1 Materials synthesis 

Poly(ethylene glycol) diacrylate (PEGDA 3400 Da) was synthesized as described 

previously [24]. In brief, poly(ethylene glycol) was reacted with triethylamine (TEA) and 

acryloyl chloride in anhydrous dichloromethane under argon overnight. Typically yields of 80-

90% and percent acrylation of 99% were achieved.  

Lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) was prepared as described 

previously [179]. Briefly, overnight reaction under argon was done with dimethyl 

phenylphosphinite and 2,3,6-trimethylbenzoyl chloride followed by 4 molar excess lithium 

bromide in 2-butanone. A solid precipitate was formed from the reaction mixture after being 

heated to 50 ˚C. After being cooled for 4 hours, the solid precipitate was filtered with excess 

amount of 2-butanone and diethyl ether. Batch sizes of up to 30 g resulted in up to 90% yields.  

Gelatin methacrylate (GelMA) was synthesized as previously described [178]. Briefly, 

methacrylic anhydride was added to gelatin dissolved in carbonate-bicarbonate buffer in a 

dropwise fashion for 3 hours at 50 ˚C. The dissolved solution was then precipitated in ethanol, 

allowed to dry, and once again dissolved in PBS. The solution was sterile-filtered and frozen at -

80 ˚C. A dried GelMA powder was formed after up to 1 week of lyophilization and stored at -20 

˚C until use. 

3.4.2 Design of perfusable vascular networks 

Open vascular networks embedded in hydrogel constructs were designed and generated 

in an open-source 3D computer graphics software Blender (Blender Foundation, Amsterdam, 

Netherlands). The designed geometry was then converted to a stereolithography (.STL) file 

which was sliced into 2D layers using Creation Workshop (http://www.envisionlabs.net/). 

3.4.3 Hydrogel fabrication with projection stereolithography 

Monolithic hydrogels were fabricated with projection stereolithography (pSLA) which 

involves sequential crosslinking of photo-sensitive polymers in a layer-by-layer fashion via the 

projection of photomasks to create a 3D volume [196]. Our lab has developed a custom pSLA 

3D printer consisting of a commercial digital light processing (DLP) projector, a stepper motor 

http://www.envisionlabs.net/
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and axis for the z-stage, a RepRap Arduino Mega Board (RAMBo), and 3D printed housing 

components which were fabricated using an Ultimaker 2 (Ultimaker, Netherlands) from 

consumer-grade poly(lactic acid) (PLA) plastic filament. Full set-up is described previously 

[115]. The hydrogels are fabricated layer-by-layer by attaching to the glass slide surface on the z-

stage which is immersed into a poly(dimtheylsiloxane) (PDMS) coated (6:1 based:catalyst) vat 

of pre-polymer solution. The XY build size is 64x40 mm and has an XYZ resolution of 50 μm 

determined by the projector optics (XY) and photoabsorbers used (Z). The light source is 405 nm 

and is attached to a computer so that there is control over the motor, heating element, and 

projection of photomasks. 

Pre-hydrogel mixtures were prepared containing 3.25 wt% 3.4 kDa PEGDA, 10 wt% 

GelMA, 17 mM LAP, 10% glycerol, and 2.255 mM tartrazine. Tartrazine (yellow food coloring 

FD&C Yellow 5, E102) is used as a photoabsorber which we have previously established serves 

as a low toxic dye that washes out easily to result in a transparent hydrogel for facile imaging 

[115]. The pre-hydrogel mixture is loaded into the PDMS coated dish where the build platform is 

lowered to the first layer position. Creation Workshop software (http://www.envisionlabs.net/) 

enables control over the printer with GCode commands sent for vertical movement of the z-

stage, projection of the photomask sequence, and controlled heating of the heating element. 

Because GelMA is sensitive to thermal gelation, the vat is maintained at 37 ˚C to preserve an 

aqueous pre-hydrogel mixture until crosslinked. Each layer height was set to 50 μm with 

exposure times adapted for each batch of GelMA (typically between 10-15 seconds per layer) at 

19.5 mW/cm
2
 power output. After the printed construct is complete, the 3D hydrogel is removed 

from the glass slide by applying a razor between the hydrogel and the slide and allowed to swell 

overnight in PBS with multiple washes. 

3.4.4 Experimental and computational models of convective transport 

Flow rates through vascular channels were measured experimentally with PIVlab and 

computationally with COMSOL. PIVlab is an open-source particle image velocimetry package 

for MATLAB in which the displacement of groups of particles is mapped over time to compute 

the local fluid flow velocity [197]. For these experiments, one micron fluorescent red beads were 

perfused through the vascular channels at 5 µl/min (1:800 in 10 wt% glycerol in PBS, to reduce 

bead settling). The image acquisition was taken at a 24.6 ms frame rate to track velocity profiles 

http://www.envisionlabs.net/
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within these vascular architectures and to analyze with PIVlab. Computational fluid dynamic 

modeling of convective transport was computed in COMSOL Multiphysics 5.3a using the Single 

Phase Laminar Flow Module with a steady state profile by importing manifold STL files 

generated in Blender. The inlet and outlet points were identified and set to 5 µl/min and to 1 atm 

respectively and defined with no slip boundaries. Running this module computed theoretical 

velocity flow profiles across the vascular geometry.  

With both experimental and computational velocity profiles mapped, wall shear stresses 

were calculated by fitting a parabolic line to the data and using the following equation for points 

along the channel at the wall:  

     
  

  
 

Equation 1 determination of shear stress 

where τ is the wall shear stress (WSS), µ is the dynamic viscosity (here approximated with 

water, 8.90 × 10−3 dyn·s/cm
2
), and du/dy is the velocity gradient.  

3.4.5 Cell culture and endothelialization for long-term perfusion 

Human umbilical vein endothelial cells (HUVEC) were cultured in VascuLife Medium 

and supplements (LifeLine Technologies, Frederick, MD) at 37 ˚C and 5% CO2. Before seeding 

onto tissue culture dishes, surfaces were coated with Quick Coating Solution (Angio-Proteomie, 

Boston, MA) for 5 minutes at room temperature. All HUVECs used in endothelialized channels 

were between passages 4-8.  

The hydrogel was placed inside a custom PLA gasket to serve as a perfusion chamber 

closely fitting the gel as well as the inlet and outlet 18 gauge needle tips. Before placing the 

hydrogel, the chamber was bonded to a glass slide and sterilized with ethanol for 15 minutes and 

dried thoroughly. Once the hydrogel was placed inside the chamber and the inlet and outlet were 

fitted with the 18 gauge needles, the top of the chamber was sealed with another glass slide. This 

set-up allowed for fluidically sealed perfusion through the lumenized architecture while overall 

maintaining sterility. Fluid connection was initially primed with Quick Coating Solution using a 

1 mL Normject syringe. A total volume of 300-500 µL was used to flush through the vascular 
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network and allowed to interact with the hydrogel lumen surface for at least five minutes prior to 

any cell injection. 

HUVECs were loaded into the lumens of the hydrogel’s microchannels at a concentration 

of 30e6 cells/mL with a 1 mL Normject syringe connected to an 18 gauge flexible needle at the 

inlet of the channel. The outlet was likewise catheterized with an 18 gauge flexible needle to 

fluidically seal the channel. Following suspension injection, cells were allowed to adhere to the 

bottom cylindrical surface for 15 minutes. Every 15 minutes thereafter for 6 hours, the gel was 

rotated by 90 degrees to establish a cylindrical coating of adhered HUVECs. Any unattached 

cells were washed away with fresh media during the perfusion set-up. Details of the fluidic 

connection for perfusion culture are pictured in Appendix 0.7.  

Perfusion culture was maintained at 5 μl/min using the high precision, multi-channel 

peristaltic pump, ISMATEC (Cole Parmer). Tubing was connected with luer-lock fittings from 

an IV media bag through the peristaltic tubing to the inlet of the perfusion chamber. Two 0.22 

μm filters were placed in line with the flow before reaching the hydrogel – one placed right 

before the inlet, the second placed at a y-junction stop-cock between the media bag and the 

peristaltic pump. During long-term perfusion culture, media was added to the bag through this 

junction as needed. All bubbles were evacuated by pre-wetting the tubing all the way through to 

the inlet before connecting to the perfusion chamber (set-up described in Appendix, Section 0.6). 

3.4.6 Immunostaining  

With catheterization is still in place, HUVEC-laden vascular channels were fixed with 4 

wt% paraformaldehyde (PFA) for 10 minutes, followed by 20 minutes of permeabilization with 

0.1 % Triton X-100 in PBS.  Then the channels were blocked with 1 wt% bovine serum albumin 

(BSA) for 1 hour. Primary antibody (VE-Cadherin, D87F2 Rabbit mAb, Cell Signaling 

Technology) was prepared at 1:100 in 1 wt% BSA solution overnight at 4 ˚C. Following 

overnight incubation, 3 x 30 min washes with PBS were done before incubating with the 

secondary antibody prepared at 1:100 for 2 hours (Donkey anti-rabbit Alexa Fluor 647). Finally, 

a nuclear counter-stain was applied with 2.5 µg/mL Hoechst for 15 minutes. Vascular channels 

were washed 3 x 30 minutes with PBS before imaging.  
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3.4.7 Epifluorescent and confocal microscopy 

Gels were imaged with Nikon Ti epifluorescence microscope and Nikon A1 rsi confocal 

microscope. Stitched images were acquired using a Nikon Eclipse Ti inverted epifluorescent 

microscope (Nikon ipnstruments Inc., Melveill, NY) with a Zyla 4.2 sCMOS camera (Andor, 

South Windsor, CT). The degree of overlap is specified at 30%. Higher magnification images of 

VE-Cadherin staining taken with confocal microscopy. 

3.4.8 Characterization of endothelial cell alignment 

Endothelial cell alignment was assessed by using the Directionality plug-in for FIJI 

(https://imagej.net/Directionality). The Directionality plug-in computes the preferred orientation 

of structures present within images and produces a histogram indicating the amount of structures 

in that direction as previously reported for nanofiber alignment [198]. For our images, we used 

10x images of straight regions of our endothelialized channels under perfusion culture and in 

static culture. Should there be no preferred orientation - a completely isotropic image, the 

histogram is flat, without any peaks. Otherwise, an anisotropic image produces a histogram with 

discernable peaks at preferred angles. This method generated histograms for the endothelial cell 

orientation between -90˚ and 90˚ with a bin size of 1˚.  

The orientation order parameter (OOP) is a normalized value to represent alignment as 

previously established for E. coli colony [199], sarcomere [200], actin [201,202], and nuclear 

morphology orientation and alignment [202]. The order parameter ranges from 0, representing 

complete isotropy, to 1 indicative of complete alignment. The preferred angles from the 

Directionality plug-in were used to quantify the OOP. The OOP is derived from the following 

equation:  

       ⟨     ⟩  ⟨     ⟩   

Equation 2 Orientation Order Parameter, Q, to characterize the normalized degree of orientation, 

where   is the angle between the cell axis and the channel axis, and brackets denote averaging over the 

whole system[199].  

https://imagej.net/Directionality
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3.4.9 Quantitative assessment of endothelial permeability 

Endothelial permeability was determined by conducting a permeability assay for 

quantifying the apparent permeability coefficient (Pa) of 70 kDa rhodamine-dextran (Sigma-

Alrich, R9379) according to established methodology [203]. Briefly, an initial image was taken 

of the gel prior to any perfusion for a background fluorescence reading. Then, 1 mg/ml 

rhodamine-dextran was perfused through the patent vascular channels at 5 µl/min for 30 minutes. 

The lumens of the vascular channels were either 1) acellular (acell), 2) endothelialized under 

static culture (static), or 3) endothelialized under perfusion culture (perf) at 5 µl/min. All 

conditions were studied at 3, 6, and 12 days. Epi-fluorescence images were taken every 30 

seconds for 30 minutes.  

To quantitatively analyze the apparent permeability of these vessels, a 200 µm wide by 

2000 µm long window was applied across the middle channel of all collected data. The 

fluorescence intensity of this preset window was measured across time using ImageJ. Example 

workflow is described in Appendix, Section 0.9. The Pa of 70 kDa rhodamine-dextran was 

calculated using the following equation: 

   
 

     
 (

     
     

)  
 

 
 

Equation 3 Apparent permeability coefficient: describing the ability of a macromolecular solute to 

freely escape or diffuse across the vascular lumen. 

Where Pa is the apparent permeability, Ib is the background fluorescence intensity, I1 is 

the intensity at time t1, I2 is the intensity at time t2, and d is the width of the channel. The chosen 

initial time was determined by the point at which the width of the channel has reached a 

minimum fluorescence intensity threshold which implied that the channel was fully perfused. 
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3.5   Results and Discussion 

3.3.1 Designed vascular networks in degradable, biocompatible hydrogels are 

faithfully fabricated with projection stereolithography 

 We designed vascular architectures with an open-source 3D computer graphics software, 

Blender (Blender Foundation, Amsterdam, Netherlands). We then generated these designed 

vascular architectures in a PEGDA:GelMA (3.25 wt% 3.4 kDa PEGDA/10 wt% GelMA) 

hydrogel featuring totally perfusable hollow lumens with varied channel designs. The serpentine 

model featured channels of 750 μm diameter while the resulting fabricated channel diameter was 

reduced to 727.7 ± 157.5 μm after one day of swelling (N = 9). We also reduced and modified 

the serpentine channel design to be 350 μm with resulting channels of 328.2 ± 54.7 μm (N = 3). 

A different featured vascular design with branching contains an array of parallel struts. We can 

successfully fabricate a diverse range of perfusable vascular networks. Based on our projection 

stereolithography platform, we can arbitrarily create branching and continuous patent channels 

within hydrogels to be a desired diameter, curvature, architecture, etc that might be biomimetic 

and dendritic in nature by altering the computer-aided design. Regardless of the vascular design, 

our hydrogel composition comprising both GelMA and PEGDA provides biocompatibility with 

enough structural integrity to be printable.  

We verify lumen patency by perfusing (a) 1 μm red fluorescent beads (1:800 in PBS + 10% 

glycerol) and (b) adenocarcinoma human alveolar basal epithelial cells (A549) expressing H2B-

mVenus (not shown) and mCherry which flow through the entirety of our designed vascular 

architecture (Figure 3.1).  
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Figure 3.1 Designed vascular architectures are faithfully fabricated with projection 

stereolithography: We designed (a.) serpentine and (b.) branched vascular architectures with an open-

source 3D computer graphics software, Blender (Blender Foundation, Amsterdam, Netherlands). We 

generated these designed vascular architectures in a PEGDA:GelMA (3.25 wt% 3.4 kDa/10 wt% GelMA) 

hydrogel featuring totally perfusable hollow lumens. We verify lumen patency by perfusing (a.) 1 μm red 

fluorescent beads (1:800 in PBS + 10% glycerol) and (b.) adenocarcinoma human alveolar basal 

epithelial cells (A549) expressing H2B-mVenus (not shown) and mCherry which flow through the entirety 

of our designed vascular architecture. With our demonstrated channel patency fabricated as designed, 

we show we can successfully create perfusable vessel networks to support convective flow within a 

biocompatible hydrogels. 

 

With our demonstrated channel patency fabricated as designed, we show we can 

successfully create perfusable vessel networks to support convective flow within a biocompatible 

vascularization device. This also implies our 3D bioprinting technique can accommodate 

arbitrary vascular architectures should we deem a varied vascular design better suits long-term 

functionality of a specific tissue. 

 

3.3.2 Computational and experimental flow profiles utilized to determine wall shear 

stresses experienced by the endothelium 

 Native vasculature actively responds to and interacts with its environment to meet the 

local demands of that tissue [195,63,204,205]. The endothelium, in particular, senses mechanical 

stimuli such as shear stresses to influence its overall integrity or lack thereof that might underlie 
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certain cardiovascular diseases such as atherosclerosis [206]. Vessel regions with geometric 

changes such as branches, curves, bifurcations, and narrowings result in a variety of wall shear 

stresses contributing to heterogeneous endothelial cell responses. Therefore we sought to 

understand how vascular geometry might influence flow patterns giving rise to different regional 

pressures perceived by the endothelium. Previous studies suggest that perfusion culture 

imparting a specific range of shear stresses will improve barrier function by inducing the 

assembly of adherens junctions and remodeling the cytoskeleton [205]. However, beyond a 

certain shear stress threshold, the intact endothelial monolayer can be locally disrupted to trigger 

directed angiogenic sprouting [63]. Here, we specifically correlate experimental data to 

computational models for assessing convective transport within our designed vascular networks. 

Demonstrating parity between experimental and computational models allows us to determine 

critical flow parameters computationally in arbitrary vascular designs that may be too difficult to 

experimentally evaluate. 
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 Our designed serpentine model was perfused with one micron red fluorescent beads 

(1:800 in PBS + 10% glycerol) faithfully representing the model and demonstrating its 

perfusability. The inflow rate was set to 5 µL/min and images were acquired (24.6 ms frame 

rate) to track velocity profiles within these vascular architectures. Particle image velocimetry 

(PIV) measurements for tracking fluorescent beads were analyzed using PIVlab, an open-source 

application for MATLAB [197]. We quantitatively mapped flow and generated heat maps of 

average velocity vectors in the vessel (Figure 3.2C). The demonstrated parabolic flow profile is 

indicative of a cylindrical vessel and demonstrates that the no-slip boundary assumption at the 

walls is upheld.  

Figure 3.2 Experimental and computational measurements of fluid flow through perfusable 

serpentine vascular networks: a) The designed model features a serpentine network with 650 μm 

diameter cylindrical channels. b) Strong correlation of flow data between the experimental (PIVlab) and 

computational (COMSOL) was measured. c) One micron red fluorescent beads were perfused through 

the entire vascular network and tracked to generate a heat map of the average velocity vectors. The 

boxed region was measured using PIVlab. The parabolic profile was quantified by assessing the velocity 

vectors across all frame in a perpendicular line to the channel. d) The same design was modeled using 

COMSOL to generate a heatmap of the velocity vectors, highlighted in the boxed region. Similarly, the 

corresponding parabolic flow profile correlates to a perpendicular line across the channel.  
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 The same design was computationally modeled using COMSOL. The computational 

models of fluid flow revealed a similar profile. With the inlet flow set to the same 5 µL/min flow 

rate and the outlet boundary set to 1 atm (exposed to the atmosphere), we found that the general 

parabolic flow profile corroborated the tracked fluorescent beads. While the max velocity vectors 

differed slightly, the discrepancy is likely explained by the variability with the experimental data, 

especially notable with epifluorescent data that may contribute to the inability to consistently 

capture beads on the same optical plane. Overall though, we were encouraged to see the strong 

correlation between the measured and theoretical wall shear stresses through these vessel 

geometries (Figure 3.2B,D). While this shear stress of ~0.2 dyn/cm
2
 is an order of magnitude 

lower than reported shear stresses that may trigger an angiogenic response [63], we can now 

design narrower channels to theoretically reach the desired shear stress to induce such 

endothelial cell remodeling.  

 

3.3.3 Optimized material composition of GelMA:PEGDA composite hydrogels allow 

for robust endothelial cell attachment and consistent printing 

We have designed “half-pipe” models that feature a semi-cylinder within a rectangular 

block thereby introducing curved topologies while maintaining an internal flat control. We 

sought to determine cell attachment on various GelMA:PEGDA composites of 3D printed 

hydrogels. While we have previously established high fidelity printing with 20 wt% PEGDA 

gels, PEGDA alone lacks cell adhesive motifs therefore would not allow for endothelial cell 

attachment [115]. However, the semi-synthetic nature of GelMA derived from denatured 

collagen offers favorable conditions for cell adhesion sites and degradability. Therefore, we 

sought to incorporate a majority polymer composition of GelMA to provide these advantageous 

cellular attributes. In our hands, GelMA alone was difficult to handle, so we strengthened the 

resulting hydrogels by adding small amounts of PEGDA. PEG-based hydrogels have previously 

been tuned with GelMA in order to attain desired bioactive and mechanical properties [207]. By 

incorporating low doses of PEGDA, we found that we can tune gelatin kinetics and stiffnesses of 

resulting hydrogels (Appendix, Section 0.8).We observed quick gelation kinetics of the GelMA 

formulations and that the modulus of GelMA can be modulated by addition of PEGDA. 
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On the other hand, hydrogels strengthened with increased PEGDA or inclusive of the 

fewer cells binding motifs with decreased GelMA resulted in variable cell attachment and print 

fidelity. We screened for several ratios of GelMA to PEGDA composites to find that composite 

hydrogels of 10 wt% GelMA to 3.25 wt% 3.4 kDa PEGDA allowed for robust endothelial cell 

attachment (Figure 3.3). Not only did cells adhere well to the flat surface, but also endothelial 

cells adhered to the curved topology of the half-pipe. Moreover, this composition printed with 

consistency, with enough structural integrity to be readily handle-able. 

 

Figure 3.3 Fabricated half-pipes comprising GelMA:PEGDA composite hydrogels allow for 

endothelial cell attachment: The schematized half pipe demonstrates the internal flat region control as 

well as the curved topology of the semi-cylinder, or half-pipe. Endothelial cells are seeded on top of this 

hydrogel at 100K cells/mL. Four hours post seeding, gels are washed to remove any un-adhered cells 

and visualized under epi-fluorescence for attachment. We found an optimized formulation of 3.25 wt% 

PEGDA to 10 wt% GelMA allowed for consistent gel printing as well as strong endothelial cell surface 

attachment. 

 

3.3.4 Established fluidic connection allows for endothelialization and long-term 

perfusion culture 

Following the sterile fabrication of our hydrogels, we allow for overnight swelling. We 

place each gel in our customized plastic, housing components built on an Ultimaker 2 

(Ultimaker, Netherlands) such that flexible needle tips can be precisely inserted into the inlet and 
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outlet of the perfusable vessel.  HUVECs are initially injected into the lumens of our 3D printed 

hydrogels at 30e6 cells/mL. The gels are then rotated by 90 ° every fifteen minutes for four to six 

hours such that the HUVECs adhere to the inner surface of the designed microchannel. After this 

incubation, the cell-loaded syringe is replaced with tubing that connects to a loaded media bag. 

We set up our perfusion culture with a peristaltic pump for controlled flow rates between 5-10 

μl/min. 

Our closed system for flow through our hydrogels allows for longterm perfusion. We 

observed that our initial endothelialization resulted in rounded, yet adhered cells along the lumen 

walls after initial rotational seeding. However, the majority of the adhered cells began to flatten 

out and spread at day 1. By day 3, we observed the formation of a monolayer that was 

maintained over the course of the week, still lining the entire lumen surface of the vessel by day 

6 (Figure 3.4). 

 

Figure 3.4 Endothelial cells form confluent monolayers within 3D printed degradable hydrogels 

under perfusion: a) HUVECs (green, GFP) are initially injected into the lumens of our 3D printed 

hydrogels at 30e6 cells/mL. The gels are then rotated by 90˚ every fifteen m inutes for four to six hours 

such that the HUVECs adhere to the inner surface of the designed microchannel. Although the HUVECs 
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Figure 3.5 Long-term viability of perfused, endothelialized vessels: An endothelialized 
serpentine channel, perfused at 5 μl/min for 7 days was stained for cell vitality. We prepared the 
calcein violet, AM solution (ThermoFisher Scientific) at 1 μM and 1 μl/mL of the DEAD (Ethidium 
Homodimer-1) component of the LIVE/DEAD imaging kit (Invitrogen, R37601) in PBS. The staining 
solution was injected into the channel and incubated for 30 minutes at 37 °C before imaging (Nikon 
Eclipse Ti epifluorescent microscope). Four regions of interest were randomly selected to manually 
count live and dead cells for a cell viability output to show over 85% of HUVECs remain viable after 
one week of perfusion.  

are initially rounded, the endothelial cells sense their fluidic environment after experiencing 5 μl/min 

media perfusion. As a result, the adhered cells converge to form a confluent monolayer within the 

cylindrical lumen over time. b) A representative cross section demonstrates the homogeneous, complete 

cylindrical adhesion to the lumens that maintain patency over the duration of perfusion culture. Scale = 1 

mm. 

 

We have demonstrated that over 85% of HUVECs remain viable in vascular networks 

after one week in perfusion (Figure 3.5). This suggests that our endothelialized vascular 

networks can be robustly maintained long-term due to stabilized, media perfusion. Further, we 

have maintained perfusion culture for over a month in our format demonstrating the stability of 

our endothelialized vessels for as long as we choose to carry an experiment.  

3.3.5 Endothelial cell-laden lumens exhibit signs of mature endothelium after days 

in perfusion culture 

Seeded endothelial cells within the lumens of our perfusable hydrogels not only remain 

viable longitudinally as demonstrated previously, they also develop signs of mature endothelium. 

Because controlled perfusion offers mechanical stimuli to the lumen surface, vessel stabilization 

is seen with visualization of endothelial cell directional alignment and elongation along the 

channel (and corresponding fluid flow, Figure 3.6C). These observations of alignment are 

noticeable as early as one day after initial seeding. The directionality becomes more pronounced 

by day three and remains stable for weeks.  
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To further confirm the formation of a mature endothelium, vascular endothelial cadherin 

(VE-cadherin) was stained in perfused vessels. One of the most important roles of the 

endothelium is to perform as a functional barrier between the blood and the rest of the 

parenchymal tissue effectively separating what is contained in the lumen, yet selectively 

transporting soluble factors across it [205]. Cell-cell junctions, such as VE-cadherin, are required 

for mediating junctional integrity [208]. Therefore, expression of VE-cadherin in our perfused, 

endothelialized vessels was critical to suggesting its maturity. After over 30 days in perfusion 

culture, VE-cadherin was expressed along the boundaries between endothelial cells thus 

Figure 3.6 Formation and maturation of endothelialized lumens: a) A fully endothelialized 

serpentine vessel at day 2 features patent yet fully coated lumens (b) and already align in the direction 

of flow as seen by the elongation of the endothelial cells following the contours of the curve (c). The 

asterisk (a) indicates the location of the cross sectional view of the patent lumen (b). The boxed region 

(a) is magnified in (c). Fluorescent immunostaining of VE-Cadherin (magenta), nuclei (Hoechst, white) 

co-localized with GFP expressing HUVECs (green) demonstrate characteristic vessel maturation after 

42 days in perfusion culture at 5 μl/min.  
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suggesting the endothelium behaves with strong barrier function (Figure 3.6D). Because cell-

junctions, particularly VE-cadherin are so affected by the maintenance of regulated flow and 

corresponding shear stress, we can suggest that the utilized perfusion allows for a maintained 

monolayer of endothelium [205].  

3.3.6 Endothelial cells align with flow and exhibit migratory behavior from parent 

vessel  

The degree to which endothelial cells align and elongate in the direction of flow was 

analyzed. In conditions in which endothelial cells were injected into the lumens and left in static 

culture not only failed to form a confluent monolayer, any adhered endothelial cells were 

randomly oriented. On the other hand, endothelialized lumens that were perfused at 5 μl/min  

elongated along the axis of flow (Figure 3.7). We found that the degree of alignment in perfused 

vessels was close to the axis of the channel flow, 3.62 ± 2.80 degrees (N = 10) whereas the 

orientation in static culture had no preferential direction. The directionality quantification for 

static culture had high deviation with 44.86 ± 29.08 degrees (N = 11).  
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Figure 3.7 Directionality assessment reveals the tendency of endothelial cells to align in the 

direction of flow: a) During static culture, the endothelial cells have no sense of shear orientation and 

are effectively randomly oriented on the lumen surface. The corresponding histrogram for static culture 

further confirms that there is no preferential orientation. b) Endothelial cells coated along the lumen are 

already elongated along the axis of the channel (denoted by dashed lines) after 3 days of perfusion 

culture at 5 μl/min. The orientation histogram of perfused vessels are highly aligned with the greatest 

angle occurrence around 0 degrees in line with the channel’s flow axis (b. n = 5). 

 We further characterized endothelial cell orientation and alignment by analyzing the 

orientation order parameter (OOP). This normalized order parameter denotes the randomness of 

alignment on the scale of 0 to 1 according to previously established methods [199] where 0 

indicates a completely isotropic endothelium and 1 represents fully anisotropic endothelium 

alignment. We found that vessels experiencing 5 μl/min perfusion as early as day 3 all formed 

highly aligned endothelial cells in the direction of flow with an OOP value of 0.996. Conversely, 

vessels under static culture generated a more isotropic orientation (OOP, 0.58).  
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Figure 3.8 Single cell migration from perfused, endothelialized vessels: As early as two days upon 

the onset of perfusion culture, the endothelium exhibits migratory behavior. Individual endothelial cells are 

obvserved beyond the lumen walls into the parenchymal hydrogel space.  

Further, over the course of perfusion culture, the endothelium is capable of interacting 

with its environment. We have observed that endothelial cells migrate into the surrounding bulk 

hydrogel space (Figure 3.8). This behavior suggests that indeed this combination of GelMA and 

PEGDA is cell-degradable and compliant enough for single cells to invade. Previously, other 

studies have shown that there are multi-modes of endothelial cell invasion into the surrounding 

matrix from the parent vessel: single-cell and multicellular sprouting migration [209]. While the 

latter is more indicative of morphological features of angiogenic sprouts, single migrating cells 

exhibit strong invasion extending tens of microns into the matrix. These observations are 

revealing evidence that our hydrogel material is cell degradable for endothelial cells to be 

capable of migration through it.  

 

3.3.7 Permeability of vasculature indicates effective endothelial barrier function after 

6 days of perfusion culture 

Perfused endothelium appropriately established endothelial barrier function after as early 

as 6 days of culture. We found that these endothelia exhibited permeability ~ 1.3 x 10
-6 

cm/s 

which was 10 times lower than acellular lumens and 5 times lower than endothelialized lumens 

that were not perfused. Interestingly, the permeability was similar to static and acellular 

conditions at day 3 suggesting that the endothelium requires a minimum number of days of 

perfusion to prime the vasculature to establish its barrier function (Figure 3.9). 
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Figure 3.9 Endothelialized, perfused vessels limit diffusion of macromolecular solutes: a) A 

representitive stitched epi-fluorescence image after a 30 minute perfusion of 70 kDa rhodamine-dextran 

featuring an endothelialized serpentine channel which has been perfused for 6 days (GFP-HUVECs, 

green; rhodamine-dextran, red). The dashed box indicates the image acquisition window for permeability 

studies. The yellow arrow indicates direction of flow at the inlet. Scale bar = 1 mm. b) In non-

endothelialized, acellular channels, rhodamine dextran diffuses outside of the vessels after 15 minutes of 

perfusion (dashed lines denote the central vessel borders). c) On the other hand, in endothelialized 

vessels that have been maintained under perfusion culture for 6 days, diffusion is limited as visualized by 

the rhodamine-dextran constrained to the vessel. d) The fluorescence intensity across the dashed line in 

(c) is plotted at three different time points during the course of the rhodamine-dextan perfusion. e) 

Quantified apparent permeability of vessels to 70 kDa rhodamine-dextran under three conditions at three 

different day points are plotted. At day three, there are negligible differences between acellular, static and 

perfused groups. However, by day 6, the endothelium shows effective barrier functionality compared to 

acellular controls. 

Importantly, we determine the permeability of our vasculature across long-term culture. 

While 6 days was enough to establish noticeable differences in barrier function, this lower 
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permeability is maintained 12 days in culture (Figure 3.9). The perfusion applied to these lumens 

allows the endothelium to experience continuous laminar flow which in turn allows for the 

formation of adherens junctions (Figure 3.6) and thus result in an effective barrier function. 

Surprisingly, static culture improved the vessel ability to limit diffusion compared to acellular 

controls, however not to the extent of perfused endothelialized vessels. With our demonstrated 

long-term, sustained barrier integrity in vitro, our 3D printed, degradable and perfusable 

hydrogels are recapitulating key biological and biophysical features of functional, in vivo 

endothelium. 

3.6   Conclusion 

We established the endothelialization of 3D printed microvasculature that functionally 

exhibits critical characteristics of native vessels. We have the ability to design perfusable 

vascular architectures with channel diameters 500 µm. These vessels are contained within 

cytocompatible hydrogels composed of over 80% water that support robust endothelial cell 

attachment. Flow regimes are quantified and reveal characteristic parabolic profiles of cylindrical 

vessels. Our reproducible, rapid fabrication of soft vascularized hydrogels enables robust studies 

of the endothelium. 

We demonstrate that upon endothelializing 3D printed vessels, we can establish a closed 

fluidic connection to control perfusion. Upon days of perfusion, endothelial cells sense their 

fluidic environment and remodel accordingly. We show that in our system, endothelial cells form 

a monolayer, align along the direction of flow, express important adherens junctions, and display 

promising barrier function. Together, we are able to recapitulate hallmark characteristics of in 

vivo endothelium. 

3.7   Future Work 

Because our pre-hydrogel formulation is cytocompatible, we envision encapsulating co-

cultures of cells within the solution in order to homogeneously entrap cells in the bulk of the 

hydrogels. Our lab has already found uniform cell distribution and high viability within 
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hydrogels after printing [115]. Further, we have demonstrated that boosted vasculogenesis occurs 

when a co-culture of supporting cells are incorporated with endothelial cells within 

photosensitive materials [167]. Therefore we believe that the combined approach of 

endothelializing pre-patterned, parent vessels and encapsulating bulk cells for vasculogenesis 

will allow for rapid, multiscale vascularization within our hydrogel constructs. We have already 

seen that encapsulated endothelial cells in the bulk hydrogel are capable of remodeling its 

environment to form primitive tubules (Figure 3.10). 

 

Figure 3.10 Co-culture of endothelial cells and mesenchymal stem cells in the bulk hydrogel 

supports putative tubulogenesis and may anastamose with parent vessel: We show proof-of-

concept that we can incorporate cells in our pre-hydrogel solution such that they remain encapsulated in 

the parenchmyal space. These entrapped cells show signs of early stages of tubulogenesis. We have 

also captured a putative, anastomosed sprout between the parent vessel (GFP-HUVEC, green) and bulk 

cells (RFP-HUVEC, red). 

 Additionally, while our monolithic gels have thus far been fabricated with isotropic 

mechanical properties, we can intentionally selectively under-cure or under-polymerize regions 

to increase compliance locally to those specified regions. Stiffness patterning can provide 

mechanical guidance for leading angiogenic sprouting tip cells. This kind of approach can 

expand upon studies on geometric cues for guiding vascular remodeling in shapes that resemble 

physiologically relevant states like vascular aneurysms or narrowed stenoses [210]. Moreover, 

we can potentially pre-dispose specific regions to form angiogenic sprouts by increasing 

compliance for leading tip cells (Figure 3.11). Since tip cells must adopt a different migratory 

phenotype featuring filopodia sampling a softer ECM that MMPs would degrade in vivo, we can 

mimic that phenomenon with designed stiffness patterning [211]. 
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Figure 3.11 Designed compliant zones offer guidance cues for angiogenic sprouts: The 

schematized model on the left is fabricated and endothelialized on the right showing signs of angiogenic 

sprouts featuring tip cell morphology. 
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Chapter 4: Vascularization for therapeutic tissues 

4.1   Acknowledgements 

This chapter showcases exciting collaborative work between the Veiseh and Miller labs. I 

am thankful for the entire pancreas group for their weekly, lively discussions. I particularly am 

appreciative of Siavash Parkhideh who pushed this project forward even when in the trenches. 

He and his team executed in vivo surgeries and glucose studies in this chapter. This work is 

supported in part by the Juvenile Diabetes Research Foundation, JDRF. 

4.2   Introduction 

Toward utilizing a cellular device for therapeutic application, we must rapidly connect 

and vascularize between the host and implant for effective therapeutic delivery to the targeted 

tissue. However, the challenge for vascularization remains a driving obstacle to overcome. While 

we are able to pre-form microvessels in vitro in engineered constructs, there also must be rapid 

anastomosis to the host vasculature. Otherwise, the cell replacement therapy cannot rely on the 

unperfused vasculature for survival and function. Therefore, we strive to pre-vascularize 

engineered constructs before in vivo implantation and hypothesize that host vascular integration 

will more rapidly invade the existing construct’s pre-patterned vessels. Others have already 

shown that in vitro endothelial cell organization positively impacts the anastomoses to in vivo, 

host vasculature with self-assembled microvessels [212], aligned vascular cords [213], and 

microvascular meshes [214] to name a few examples. For our work, we focused on pre-

patterning vessels on a larger scale (~500 μm) that might guide host vascular invasion. 

Moreover, we endothelialize these patent channels that we believe can not only accelerate 

vascular invasion by way of graft perfusion from the host, but can also prevent thombotic events 

within the implant.  

While the goal of improving vascularization of transplanted constructs applies to all cell 

replacement therapies, we focused our efforts on the application of supporting pancreatic islet 
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cells for type 1 diabetes (T1D). Diabetes affects over 200 million people worldwide whose 

current standard of care consists of laborious blood glucose monitoring and exogenenous doses 

of insulin [215,216]. Our aim is to allow for insulin independence by the development of islet 

transplantation for TID patients. However current challenges in addressing this clinical need are 

associated with meeting the high metabolic demands of islets which are tenfold greater than 

surrounding tissue [217]. Therefore we investigated an islet encapsulation strategy with a 

vascularizing, biocompatible device to serve long-term viability and functionality of the implant.  

4.3   Objectives 

Using projection stereolithography-based 3D printing, we will pre-pattern vascular 

channels that are primed with endothelialization and perfusion culture such that our hydrogels 

support encapsulated islet viability and functionality. In this work, we will: 

1) Design and evaluate modular core-shell vascularizing hydrogels 

2) Demonstrate guided vascular invasion in vivo 

3) Support high density of 3D mouse islet cells 

4.4   Materials and Methods 

4.4.1 Vascularization hydrogel device fabrication 

Much of the fabrication is described and established in Chapter 3. Briefly, our 3D printed 

hydrogel chambers are composed of our ideal formulation of 10 wt% GelMA/ 3.25 wt% 3.4 kDa 

PEGDA such that the photopolymerizable composition allows for fabrication via projection 

stereolithography and cell attachment. Some of our experimental groups also include 

encapsulated bulk cells in which case would be incorporated in the pre-hydrogel solution. 

Several vascular architectures were designed and printed including straight, serpentine, and 

branched topologies – beginning with simpler designs to iterate through for convective 

efficiency. Our vascularized hydrogel device was designed to include empty cavities for casting 
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a secondary alginate hydrogel (which can encapsulate entrapped islets). Therefore, we have 

independent control of the underlying vascular architecture that we hypothesize improves 

nutrient exchange to the chamber of encapsulated islets above it for boosted in vivo functionality.  

4.4.2 Cell culture and endothelialization for priming vasculature 

The vascularization device’s enclosed vessels were endothelialized according to the 

methodology established in Chapter 3.4.5, again with passages 4-8 used. Since we have observed 

alignment and apparent healthy endothelium by day 3, we determined this was the minimum 

number of days of perfusion culture prior to in vivo implantation. Vessels were perfused with 

Vasculife media at 5 µl/min for 3 days. The gels were removed from perfusion and transferred 

into a 12 well place filled with culture media until implantation under sterile conditions.  

4.4.3 Fat pad implantation of vascularizing hydrogels 

All in vivo work was performed as approved by Rice University IACUC. Male SCID/bg 

mice (6-10 weeks old, Charles River, strain code 250) were anesthetized with 2-3% isoflurane. 

Abdomens were shaved, followed by sterilization with betadine and isopropanol. Mice were 

administered 1 mg/kg buprenorphine SR lab (Zoopharm) and 1 mL of 0.9 % saline for 

dehydration prevention. An incision was made at the linea alba with a scalpel and scissors. After 

the incision is made, Adson forceps were used to expose the gonadal fat pads. The hydrogels 

were rinsed with PBS and sutured to the gonadal fat pads flanking either side. The gel and the 

connected fat pads were placed back into the abdominal cavity, and closed by the muscle and 

skin. Post-operative monitoring and care were provided for the mice. 

4.4.4 Explantation harvest 

Fluorescent dextran consisted of Texas Red-conjugated, fixable dextran, 70 kDa (D1864, 

Thermo Fisher) was prepared at 25 mg/mL in PBS, or CF680-conjugated or CF633-conjugated, 

fixable dextran, 70 kDa (Biotium, Cat# 80129) was prepared at 2.5 ug/mL in PBS. 100 uL of 

dextran solution was injected via tail vein 15 min prior to euthanasia. Gels were surgically 

explanted and photographed with a Sony A7R3 camera (Sony), and a Canon macro lens EF 100 

mm 1:2.8 L IS USM (Canon). The gels were then submerged in ice-cold 4% PFA and fixed for 

48h at 4 ˚C. After fixation, gels were washed with PBS 3x, 20 min each wash, and maintained in 

PBS with 0.01% sodium azide at 4 ˚C for imaging.  
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4.4.5 Epifluorescence and confocal imaging 

Gels were imaged with Nikon Ti epifluorescence microscope and Nikon A1 rsi confocal 

microscope. Stitched images pre-implantation were acquired using a Nikon Eclipse Ti inverted 

epifluorescent microscope (Nikon ipnstruments Inc., Melveill, NY) with a Zyla 4.2 sCMOS 

camera (Andor, South Windsor, CT). The degree of overlap was specified at 30%. These images 

of vascularizing device were taken as an in vitro qualitative assessment of uniform 

endothelialization before in vivo implantation. After predetermined time points, gels were 

harvested, and fat pad tissue was removed from the gel. Confocal images were acquired on 

harvested samples utilizing fat pads as each gel’s dextran injection control. Acquisition settings 

(i.e. laser power, gain, pin hole diameter) were all set to the corresponding fat pad vasculature. 

The same settings were applied for acquiring images on the harvested gel. Confirmation of signal 

was done by taking multispectral images. We determined the spectral fingerprint of the dextran 

signal in the fat pad vessels and compared that waveform to the spectra within the hydrogel – all 

spectra were compared to the product defined spectra from the vendor (elaborated in Appendix 

Section 0.10).  

4.4.6 Islet encapsulation in alginate blocks 

TMTD Alginate was prepared according to previously established methods [218]. TMTD 

and SLG100 (Pronova, Sandikva, Norway) were dissolved at 5% and 3% in two separate 

solutions of 0.8% saline. The two separated solutions were combined at an 80:20 v/v ratio of 

UPVLVG to SLG100. In order to prepare a sterile solution, Alginate was filtered with 0.2-

micron syringe filter for the resuspension of freshly isolated rate islets. A 20 wt% 6 kDa PEGDA 

mold was soaked in crosslinking solution: 20 mM BaCl2 (Sigma-Aldrich 342920), 5 wt% 

mannitol (Thermo Fisher 33342). This mold served as a casting mold for alginate which was 

pipetting into with encapsulated islets. The alginate block was contained by a thin polycarbonate 

membrane (Sterlitech 0.01 Micron, 62x22 mm, PCT00162X22100) that was soaked in 

crosslinking solution and folded over the side of the mold so it could cover the top and extend 

under the bottom. The ends of the rectangular membrane were pinched with forceps to pull the 

membrane taut, and the mold was lifted and held in a 2-3 cm high bath of crosslinker (100 mm x 

50 mm crystalizing dish, PYREX). 
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The mold with its contained alginate was held in crosslinker for 20 seconds before being 

brought out of the bath and transferred on a clean, non-absorbent surface. The membrane was 

unwrapped, and the mold was gently stuck onto a glass slide (Thermo Fisher Cat. No. 12-544-7). 

The slide was then gently lowered back into the bath to pin the mold between the dish and the 

slide. A weight (VWR 50 mL conical tube filled with water) was then placed on top of the slide 

to depress the mold, and the crosslinking was allowed to continue for one hour. 

After an hour has passed, the mold was obtained from the bath, and the block was gently 

peeled out. The block was then washed in a 50 mL conical with 20 mL of HEPES buffer, where 

20 mL was added, 15 mL was drained, and 15 mL of new buffer was added for each subsequent 

wash. The block was washed with complete media three times in the same fashion before adding 

10 mL of media for storage in an incubator. 

4.4.7 Islet viability 

Live/dead staining was done by using a Live/Dead kit (L3224, Thermo Fisher). Calcein 

AM and Ethidium Homodimer-1 solutions were prepared at 1:200 v/v to stain live and dead cells 

respectively in complete media. The live/dead staining solution was added to encapsulated islets 

at a 1:1 v/v ratio to complete media and incubated at 37 ˚C for 30 min. The samples were then 

fixed with 4% PFA for 24 hours at 4 ˚C for future imaging with EVOS FL (Thermo Fisher) and 

Nikon Eclipse Ti Epifluorescence Microscope (Nikon). 

4.4.8 Glucose stimulated insulin release 

Krebs buffer (KRB) was prepared as previously described [218]. KRB was prepared with 

2 mM glucose (Sigma; G7528) (KR2) and 18 mM glucose (KR18). Encapsulated islets were 

incubated for 30 min in KR2 (wash), 1 hr in KR2 (low), then 1 hr in KR18 (high). Supernatants 

were then collected from the low (KR2) and high (KR20) wells, and the insulin concentrations 

were quantified by ultrasensitive rat insulin ELISA (ALPCO) in duplicate without sample 

dilution. 
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4.5   Results and Discussion 

4.5.1 Pre-patterned vessels within PEGDA-GelMA hydrogels promote in vivo 

vascularization 

Photo-patterned hydrogels with serpentine-designed lumens were developed and seeded 

with endothelial cells. Cells were either seeded in the lumens, encapsulated in the bulk gel, or 

included in both compartments. We determined the vasculogenic potential of four different 

conditions. Formulation 1, 3, and 4 contain GFP-HUVECs seeded in the lumens (30e6 cells/mL 

as established in Chapter 3.4.5) and maintained under perfusion culture at 5 μl/min until 

implantation. Formulation 2, 3, and 4 contain RFP-HUVECs at 5e6 cells/mL and hMSCs at 1e6 

cells/mL within the bulk gel. We believe bulk cell encapsulation might enhance the production 

of pro-angiogenic proteins and accelerate matrix degradation which may enhance vascular 

invasion. Formulation 2 was not perfused, instead contained collagen cords (2.5 mg/mL rat tail 

type 1 collagen) within the lumen that encapsulated GFP-HUVECs (5 M/mL). The collagen 

cords contracted after one day in agreement with previous work, and the gel was then implanted 

[213]. Formulation 3 was perfused until just before implantation at which point the lumen space 

was filled with 15 wt% gelatin which quickly solidified upon injection at room temperature. 

However, gelatin melts away when returned to 37 ˚C upon implantation in vivo. The gelatin plug 

in the lumen served to abrogate potential blood clotting in the channel during the surgical 

implantation.  

Gels were sutured to the gonadal fat pads of mice flanking the inlet and outlet side of the 

gel and maintained in vivo for 8 weeks to allow for vascular invasion into the gels. Just fifteen 

minutes prior to explantation, mice received a tail vein injection of fixable, fluorescent dextran to 

permit visualization of the host vascular network and potential fluidic connection within our pre-

patterned vessels. After harvesting and fixation, gels were imaged via confocal microscopy to 

visualize vascular invasion. Gels were also photographed to visualize gross degradation and 

vascular invasion (Figure 4.1). 
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Figure 4.1 In vivo workflow of vascularization device implantation yields closely associated 

vasculature: a) The surgical approach to implanting 3D printed vascularization devices is visually 

represented with suturing of the hydrogel to the gonadal fat pads. b) Prior to implantation, we image our 

perfused, endothelialized vessels for ensuring proper priming. We confirm that the lined endothelial cells 

are qualitatively forming a strong monolayer. Scale bar 1 mm. c) Gels are sutured such that the highly 

vascularized gonadal fat pads flank the inlet and outlet of the pre-patterned vessels. d e) After three 

weeks, there appears to be closely associated vasculature. White arrows indicate blood that follows the 

pattern of the serpentine. Black arrows point out vascular invasion with close proximity to the underlying 

pre-patterned vessels. Gross macroscopic photographs are promising indications that the hydrogel allows 

for potential host vascular integration. 

Various observations were made: (1) in all formulations, some degree of vascular 

invasion was observed so it is difficult to clearly draw a trend for the optimal condition. (2) we 

additionally observed signs of gel degradation in formulation 4. Therefore, we believe 

formulation 4 might be preferred to proceed with for curative diabetes studies as we also aimed 

to have a vascularization device which can degrade once integrated with the host (Figure 4.2). 
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Figure 4.2 Variable degree of host vascular invasion into hydrogel implants after 8 week 

retrieval: Four different conditions were assessed for promoting host vascular integration into our 

hydrogel implants. Group 1 consists of endothelialized lumens (GFP-HUVECs, green). Groups 2-4 

include encapsulated endothelial cells (RFP-HUVECs, red) and mesenchymal stem cells within the 

hydrogel potentially secreting factors that may induce vascular invasion. Group 2 was not primed with 

perfusion; instead these gels were cast with endothelial cell loaded collagen cords within the lumens. 

Groups 3 and 4 were endothelialized with GFP-HUVECs and perfused for at least three days prior to 

implantation. However, group 3 was cast with gelatin just prior to implatantation in order to block initial 

blood entry into the channels that might clot. After 8 weeks, dextran was injected via the tail-vein and 

allowed to circulate. We note that dextran signal appears in some degree in each of the conditions tested 

within the hydrogel explant, with group 4 showing signs of the most robust vascular invasion. Moreover, 

gross macrascopic photographs demonstrate that the hydrogel lumens are carrying host blood. 

4.5.2 Host vascular invasion into device occurs as early as one week post 

implantation 

To convincingly determine whether the host vasculature achieved fluidic connection and 

anastomosed to our hydrogels, we performed tail vein injections of 70 kDa CF633 conjugated 

fixable dextran (Biotium Inc, Fremont, CA). Tail vein dextran injections were also performed on 

mice with hydrogels without any pre-patterned channels as a control group. For each sample, the 

fat pads were imaged to note the extensive dextran perfusion in this highly vascularized tissue as 
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a testament to a successful tail vein injection. Details of multispectral data acquisition for 

identifying spectral fingerprints are described in the appendix (Section 0.9). However, hydrogels 

without any pre-patterning resulted in the lack of any dextran perfusion within the gel likely 

indicating that there was no vascular invasion in such a condition (Figure 4.3). 

To determine the contribution of pre-patterned hydrogels on aiding vascular invasion into 

the graft, we observed dextran perfused within the designed serpentine channel. Notably, the 

dextran invasion maintains the geometry of our network architecture which further corroborates 

that the host circulation connected to pre-designed vessels. 
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Figure 4.3 Host circulation perfuses through serpentine channel as early as one week post 

implantation: a) Acellular, pattern-less hydrogel carriers are implanted as controls. While adjacent fat 

pads have extensive dextran perfusion through its vasculature, there is no sign of vascular invasion within 

the hydrogel gel itself. b) On the other hand, not only is the fat pad fully perfused with the tail vein 

injection of dextran, but also the impanted, cellularized, pre-patterned serpentine channel shows dextran 

perfusion contained within its channel. After one week, endothelialized GFP-HUVEC lined lumens remain 

while connecting to the host circulation. 

The temporal kinetics of vascular invasion is of particular interest as the need for rapid 

host integration is essential for the success of the implant. While the previous section compared 

different conditions for achieving vascular invasion, we sought to interrogate when this occurs 
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during the eight week study. We have previously noted that after eight weeks, our implants all 

had some degree of vascular invasion. We next harvested the hydrogels at several discrete time 

points: 1, 2, and 4 weeks. All of the temporal kinetic studies for vascular invasion were 

conducted with formulation 4 hydrogels. These gels have encapsulated RFP-HUVECs (5e6 

cells/mL) and hMSCs (1e6 cells/mL) in the bulk gel and GFP-HUVECs lining the serpentine 

lumens. Additionally, the endothelialized lumens were primed with perfusion culture for a 

minimum of three days prior to implantation. As early as one week post implantation, we already 

observed dextran perfusion extensively in all of our hydrogels following a serpentine shape 

(Figure 4.3). We therefore conclude that our patterned and primed endothelialized vessels allow 

for host vascular integration. 

4.5.3 Islets exhibit high viability after casting in vascularization device 

While insulin producing pancreatic β-cells can be encapsulated in alginate for protection 

against host immune system rejection, the implants elicit fibrotic deposition which results in only 

a short duration of glycemic correction [219–221]. Therefore, our collaborators have identified a 

chemical modification to alginate, specifically triazole-thiomorpholine dioxide (TMTD), that 

resists implant fibrosis in vivo [218]. With this protection from foreign body response, we 

hypothesized that islet encapsulation in TMTD alginate within our vascularization device will 

boost viability and functionality. 

To ensure proper casting of TMTD alginate in hydrogels, we first demonstrate that we 

can introduce monolithic anchors within our hydrogels to hold cast alginate in place. We have 

developed a casting method to allow alginate crosslinking around the anchors. We confirm 

proper crosslinking by observing our hydrogel and alginate combination in cross-section with 

vibratome sectioning. We note that there is a solid TMTD alginate block that is handle-able and 

reproducible. Further, islet cells can be encapsulated within this alginate block and potentially 

sense the underlying vasculature (Figure 4.4). 
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Figure 4.4 3D printed vascularization device incorporates anchors to secure TMTD alginate 

blocks: a) 3D printed hydrogel serves as a vascularization device with perfusable underlying vasculature 

as seen by red ink throughout the patterned vascular network. The hydrogel anchors physically trap the 

cast alginate containing an encapsulation of islet cells. Scale bar 1 mm. b) A magnified view of the 

anchors and underlying vasculature showcases the monothilic vascularization device. Scale bar 1 mm. c) 

A 250 μm thick cross-section shows that block alginate (blue) is physically trapped by the anchors in 

place and the close proximity of the underlying vasculature (red). Scale bar 1mm. 

We next characterized the viability of human pancreatic islet cells cast within TMTD 

alginate. Gels were stained for Live/Dead post casting to determine percent viability. We show 

that alginate casting maintains higher viability (90%) displaying no signs of affecting fragile islet 

survival (Figure 4.5A.B). 

To evaluate glycemic control, we performed glucose challenges to determine a 

stimulation index. The vascularizing devices were perfused with high and low glucose Krebbs 

buffer to produce a stimulation index that is calculated as a ratio of insulin produced during high 

glucose to low glucose. High and low glucose supernatants were analyzed by ELISA and found 
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to have a mean stimulation index of 3.35 demonstrating insulin responsiveness to glucose 

(Figure 4.5C,D). 

 

Figure 4.5 Encapsulated islets in alginate maintain viability and responsiveness to glucose: a) 

Live/dead staining of encapsulated islets demonstrate high viability. These islets were cast in TMTD 

alginate into 3D printed vascularization devices. Scale 100 µm. b) Quantification of islet viability 

demonstrated over 90% islet cell viability. n = 5. c) Moreover, we measure insulin secretion in response to 

a glucose challenge in a glucose-stimulated insulin secretion (GSIS) assay. The increased level of insulin 

in response to high glucose demonstrates maintained functionality of encapsulated islets in cast TMTD 

alginate. N = 5. Mean +/- S.D. depicted for all plots. Work done in collaboration with Veiseh group. 

4.6   Conclusion 

This chapter introduces an application of our vascularization approach to therapeutic 

targets addressing T1D. In order to effectively deliver insulin-producing pancreatic islet cells, we 

sought to construct 3D printed hydrogel carriers with embedded perfusable vasculature that 

contain an empty chamber above to serve a cast alginate gel with encapsulated islet cells. We 

first demonstrated that pre-patterned vascularized devices promotes vascular invasion in host 

SCID/bg mice and that this invasion is connected to host circulation via perfusion of dextran 

through our patterned channels. We then show that cast islets within the vascularization device 

remain viable and display functional glucose responsiveness during in vitro perfusion. 
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4.7   Future Work 

Included work in this chapter has not yet integrated encapsulated islets with the 

vascularization device in vivo to assess curative potential for T1B. However, we believe the 

utilization of immune modulatory alginates for the immune protection of encapsulated islet cells 

will be supported by our vascularization device for long-term viability and efficacy. 

 

Figure 4.6 Proposed diabetes reversal to improve viability and curative potential of encapsulated 

pancreatic islets: Encapsulated islets alone (a, left) have resulted in variable blood glucose responses 

(b c) and exhibit poor viability after 7 weeks (d). Therefore, we believe that we can leverage our 

vascularization device to enhance these important factors toward diabetes reversal (a, right). Work done 

in collaboration with Veiseh group. 

Future studies are motivated by previous data that has shown alginate-encapsulated islets 

do not maintain viability beyond 7 weeks and result in variable glycemic control (Figure 4.6). To 

achieve insulin dependence, transplantation of islet cells or tissue must overcome this short term 

viability. Future in vivo experiments will determine if our approach can achieve diabetes reversal 

in a diabetic mouse model by recapitulating functionality with glycemic control. 

  



 130 
 

Chapter 5: Vascularized in vitro mimics for the 

study of gene-editing disease therapy 

5.1   Acknowledgements 

Much of this chapter exemplifies another great partnership between the Bao and Miller 

labs. In particular, I thank Mithil Chokshi for his passionate discussions on the therapeutic 

promise of this work and his gene-editing and CFTR assay expertise. 

5.2   Introduction 

Cystic fibrosis (CF) is among the most common genetic diseases affecting over 30,000 

Americans (according to the Cystic Fibrosis Foundation Patient Registry) [222]. This monogenic 

autosomal recessive disorder is caused by a mutation in the cystic fibrosis transmembrane 

regulator (CTFR) gene which results in the inability to effectively transport ions across the cell 

membrane resulting in mucous build-up and complications that may lead to respiratory failure 

among other symptoms [222]. While there are techniques to treat some CF symptoms like short-

term chest physiotherapy for airway clearance, there is no long-term cure to date [223,224]. 

While recent developments in site-specific DNA double stranded break (DSB) allow for 

gene modifications with CRISPR/Cas9, there are currently no CF mouse models that can 

recapitulate important CTFR mutations which are crucial for developing and evaluating gene-

edited CF therapy [225]. There is curative potential in the delivery of CRISPR/Cas9 and 

corrective donor genes to relevant cell types, particularly patient-derived induced pluripotent 

stem cells (iPSCs), in order to correct for CTFR gene mutations, but translating gene-editing 

therapy has significant challenges that an in vitro model could help address. 

Therefore, we proposed to mimic lung airways by 3D printing airway models that 

recapitulate characteristic features of human physiology in order to evaluate gene-editing 

based CF therapy. Using this in vitro approach, we enable the utilization of patient-derived, 
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disease-specific human cells, tunable control of the microenvironment and mechanics, and facile 

fabrication. While our included studies demonstrate simple models, we envision increasing in 

complexity to better resemble intricate lung topologies (Figure 5.1). This lung airway model 

allows for the assessment of gene edited CF iPSCs and human lung basal cells leading to the 

establishment of CRISPR/Cas9 based curative CF gene-therapy. 

 

Figure 5.1 Lung airway model to mimic native complexity: This schematic of lung airway architecture 

(a) will be narrowed down to simpler tubular models (b). This model will allow us to determine curative 

potential of CF gene-edited IPSCs in appropriate microenvironments. 

5.3   Objectives 

Using our established projection stereolithography-based 3D printing, we will fabricate a 

lung airway model inclusive of vascular and airway patent networks to assess the feasibility of 

curative CF gene editing approaches with CRISPR/Cas9-based strategies. This central objective 

was conducted by: 

1) Fabricating simplified 3D printed lung airway models with biocompatible hydrogels 

2) Assessing phenotype correction by gene-edited iPSCs with the 3D printed airway 

model 
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5.4   Materials and Methods 

5.4.1 Cell Culture 

All cells were cultured in standard cell culture incubators (5% CO2 atmosphere at 37 ˚C) 

A549 lung epithelial-like cells (ATCC, Manassas, VA) were cultured in F-12K media (ATCC) 

with 10% (v/v) FBS (Atlanta Biologicals) and used as our positive control cell for all conditions. 

Our collaborators differentiated lung progenitor cells from iPSCs where isolated 

CD47high CD26low cells were identified and used for this study (courtesy of Bao Lab, Rice 

University, Houston, TX). 

5.4.2 Screening formulations of hydrogels for lung cell progenitor attachment 

With the aim of fabricating complex vessel and airway structures into biocompatible 

hydrogels using projection-based stereolithography, we screened different compositions of 

photosensitive, pre-hydrogel formulations. However, before scaling up to the architectures of 

multichannel networks, we began with 2D thin hydrogels in wells of Ibidi µ-slides (Martinsried, 

Germany). Gelatin Methacryloyl (GelMA) and poly(ethylene glycol)-diacrylate (PEGDA, 3.4 

kDa) were combined as composite pre-hydrogel formulations along with LAP as a photoinitator 

(17 mM) and exposed to 405 nm light for 60 seconds at 19.5 mW/cm
2
. 

After photopolymerization, gels were washed 3 times with PBS and incubated overnight 

with cell culture media. The next day, excess media was drained from the gel and cells were 

pipetted into the microwells on top of the hydrogels at 150e3 cells/mL for days in culture where 

media exchange was performed every other day. Cell attachment was assessed by washing with 

PBS to remove any unadhered cells prior to imaging using a Nikon Eclipse Tiepifluorescence 

microscope (Andor, South Windsor, CT). 

Similar adhesion assessment was performed on hydrogels that increased subtly in 

complexity. We fabricated “half-pipes” featuring a hemi-cylinder using our custom 

stereolithography printer using the screened composites. This designed model contains flat 

regions as internal positive controls to determine if topology itself affects adhesion as well as the 

curved cylinder region. 
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5.4.3 CTFR gene correction in CF iPSCs 

The most common CF mutation type is a 3 base pair deletion, F508del that affects the 

ability of the CTFR protein to properly fold into its three-dimensional shape and appropriately 

function. Guide designs and tests of the F508del locus were screened for off-target effects, and 

candidate guides with the least number of off-target effects were selected for further studies. 

Guides were cloned into the PX330 plasmid vector according to previously established protocols 

and screened in HEK293Ts for activity [226]. Activity was then compared to CF-bronchial 

epithelial cells (CFBE). 

5.4.4 Halide efflux assay to determine CFTR restoration 

The halide efflux assay determines the activity of functional CTFR membrane protein to 

transport ions across the cell membrane. A fluorescent halide sensitive dye, SPQ (6-Methoxy-N-

(3-Sulfopropyl)Quinolinium) is hypotonically loaded into cells. The dye fluorescence is 

quenched when in halide rich buffer. After quenching and washing, CTFR is stimulated with 

cAMP-agonist, Forskolin, such that halide ions are transported out and results in increased 

fluorescence. For the duration of the assay, epifluorescence images were acquired on a Nikon 

Eclipse Ti epifluorescence microscope (Andor, South Windsor, CT). 

5.5   Results and Discussion 

5.5.1 Lung progenitor cell adhesion exhibit variable adhesion on hydrogels 

We screened composite formulations of GelMA and PEGDA to determine optimal 

surfaces that allow for progenitor cell attachment and proliferation. These cells are typically 

cultured on tissue-culture plastic and PDMS surfaces that are significantly stiffer than most soft 

tissues and do not truly recapitulate properties of native ECM [227–229]. Therefore, we sought 

to utilize softer hydrogels to support adhesion, growth, and long-term differentiation of cells 

especially if specializing in lung tissue which has stiffnesses orders of magnitude lower than 

plastic or PDMS [229]. Moreover, our hydrogels that are fabricated with photosensitive materials 

allow us to print monolithic hydrogels with patent vessel using projection stereolithography 

[115]. 
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We began by assessing adhesion of lung cell progenitors on 2D surfaces within Ibidi 

microwells. Initial composites of 3.3 wt% GelMA with 6.6 wt% PEGDA and 6.6 wt% GelMA 

with 3.3 wt% PGEDA yielded variable results of adhesion. While these composites allowed for 

some progenitor cell attachment, the growth was mostly observed in patches. Further, we added 

a layer of GelTrex (ThermoFisher, MA), a common murine Engelbreth-Holm- Swarm tumor 

extracted matrix for stem and progenitor cell growth, on top of the GelMA-PEGDA hydrogels 

which likewise was unable to improve homogeneous cell adhesion. However, with higher weight 

percent of GelMA alone (18 wt%), robust cell attachment and proliferation of Nkx2.1
+
 lung 

progenitor cells was supported (Figure 5.2). 

Because 18 wt% GelMA held the greatest promise for robust lung progenitor cell 

attachment and proliferation, we decided to fabricate half-pipe hydrogels with this formulation. 

Pure GelMA gels are challenging to print due to its softer mechanical properties and thus the 

resulting prints lacked structural integrity, so we were unable to fabricate hydrogels consistently. 

However, those that printed well exhibited strong cell attachment (Figure 5.2E). 
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Figure 5.2 Lung progenitor cell adhesion: a) On 18 wt% GelMA, lung progenitor cells exhibit a 

monolayer of coverage on the gel surface. Other gel compositions with a GelMA-PEGDA composite 

feature lower progenitor cell adhesion with (b-d) demonstrating clusters of adhered cells. Furthermore, a 

layer of GelTrex and low amounts of GelMA were not enough to increase cell adhesion on a bioinert 

PEGDA surface. However, dosing in GelMA to PEGDA provides enough cell binding sites for the cells to 

adhere. c) These adhered cells express lung progenitor marker, NKX2-1. e) The half-pipe model 

introduces curved topologies while maintaining a flat surface internal control. This half pipe was fabricated 

with 18 wt% GelMA and exhibited similar adhesion to its flat surface and earlier flat gel studies one day 

post seeding. Work done in collaboration with Mithil Chokshi. 

5.5.2 Gene modification to deliver site-specific mutations 

CRISPR/Cas9 developments allow for site-specific DNA breaks to the location of 

interest with a guide RNA (gRNA) and protospacer adjacent motif (PAM) [230]. Gene 

modification with homology-directed repair (HDR) uses a corrective donor template and allows 

for knock-in of the wild-type sequence [231]. Thus, CRISPR/Cas9 as well as the corrective 

donor can be delivered to potentially correct CTFR gene mutations. 

Candidate guide RNAs were selected for the F508del locus which accounts for the 

majority of CF carriers. Guides with the least number of off-targets were cloned into the PX330 

plasmid vector and screened in HEK293T cells for activity. Activities such as deletions, cutting, 
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and insertions were determined by comparing sequences of CRISPR/Cas9- treated DNA with 

untreated samples and CFBEs (for CF-A7 only) using Tracking Indels with DEcomposition 

(TIDE) webtool [232]. We found that gRNA CF-A8 and CF-A9 showed high HEK293T activity 

and CF-A7 also exhibited similar high activity to CFBEs (Figure 5.3). 

 

Figure 5.3 gRNA design and screen leading to CTFR gene correction in CF iPSCs: a) Multiple guide 

RNAs were designed in proxity to the CTT deletion site of the F508del locus associated with most CF 

related mutations. gRNAs CF-A1 through CF-A9 are shown in orange with blue highlighting the PAM 

sequence adjacent to the designed gRNAs. b) Using the TIDE webtool, the percent editing was 

determined for gRNAs CF-A1 to CF-A9 to screen for activity in HEK293T cells except for gRNA CF-A7 

which was sceened in CFBE cells. c) With GFP expression used as a surrogate, CF iPSC nucelofection 

resulted in efficient delivery of the donor template and the Cas9/gRNA complex for the three-base 

deletion in the CFTR gene. F508del patient-derived iPSCs were corrected to achieve about 20% HDR 

rates. Work done in collaboration with Mithil Chokshi. 

5.5.3 Restoration of the CFTR protein 

To determine the functional activity of CFTR in wild type and CFBE cells, we used the 

fluorescent halide-sensitive dye, SPQ, CFTR assay which informs us whether the CFTR protein 

is able to effectively transport ions across its membrane. For WT human bronchial epithelial 

cells (HBE), halide ions can be transported out of the cell for the dye to gain fluorescence when 

stimulated with cAMP-agonist, Forskolin. On the other hand, when the CFTR protein is not 

functioning properly, the diseased cells remain in a quenched state of fluorescence because the 

halide ions are unable to be transported out of the cell. This is demonstrated in the SPQ CFTR 

assay where after stimulation, there are divergent slopes of fluorescence intensities. Healthy cells 

are able to regain fluorescence while in diseased cells, the line is almost flat remaining in a 

quenched fluorescent state (Figure 5.4). 
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Figure 5.4 CFTR functional activity assessed with halide efflux assay: While WT HBEs are able to 

regain fluorescence after stimulation, diseased CFBEs (homozygous for F508del genotype) remain in a 

quenched fluorescent state after stimulation. 

While we have demonstrated quantification readouts that can distinguish between healthy 

and diseased states of bronchial epithelial cells, we have yet to study gene-edited CFBE and gene 

edited cells derived from CF-iPSCs. However, we have established this benchmark for a 

functional readout of CFTR protein activity. Should the gene editing be successful, we expect 

that the ability of CFTR to transport ions will be recovered and therefore recover fluorescence 

after stimulation. 

5.6   Conclusion 

This chapter demonstrates another therapeutic utility of our engineered vasculature to 

create physiological airway mimics for assessing the efficacy of gene-edited CF cells. The 

enclosed data only begins to scratch the surface of the potential to functionally determine CFTR 

activity in healthy, diseased, and gene-edited states within our airway model hydrogels. Here, we 

take important first steps in establishing material selection that allows for continued use of 

projection stereolithography and supports progenitor cell attachment and proliferation. We have 

developed appropriate gene modifications in iPSCs to target the F508del locus which affects the 
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majority of CF cases. While we have not yet determined the restoration of CFTR activity in gene 

edited iPSCs, we have established a baseline assay to differentiate between healthy and CF cells 

with a halide efflux assay. Overall, this approach to fabricate a physiologically-relevant milieu 

for elucidating gene-editing efficacy is especially crucial because currently there is no 

appropriate animal model and thus motivates us to pursue this in vitro model [225]. 

5.7   Future work 

The pathophysiology of cystic fibrosis manifests at lung tissue sites that include 

conducting airways at the air-liquid interface with distinct, ensheathing vasculature to support 

the viability and function of the tissue. Therefore, our engineering challenge remains to generate 

a relevant experimental platform that features entangled fluidic networks and provides an air-

liquid interface. While work in our lab has applied elaborate sophistication in the fabrication of 

independent, entangled fluidic networks with separate control over humidified air ventilation and 

blood perfusion within respective networks [115], we have yet to interrogate the function of WT 

and gene-edited human lung cells on this unique platform. Now that we have determined gelatin-

based hydrogel compositions that support human lung cell attachment and proliferation, we 

expect that our compliance will more closely match native lung tissue. We propose future work 

to conduct rheological studies to determine such characteristics. However, more generally, our 

proposed studies will focus on correcting the F508del mutation in CF iPSCs where these cells 

will be cultured at air-liquid interface within our 3D printed airway model thereby recapitulating 

major physiological characteristics of CF (Figure 5.5). 
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Figure 5.5 Engineering airway topology with increasing complexity: This chapter has delved into the 

fabrication of the first two simple models (a b) where (a) schematizes a 2D surface with a flat hydrogel on 

top. b) In this 2.5D half pipe, we recall from Chapter 3 that this model features increased topological 

complexity with a curved semi-cylinder surface while retaining flat surfaces as a control. c-e) We propose 

to scale up the complexity of cylindrical architectures from a single airway vessel (c) to branching vessels 

(d) to independent, entangled networks (e). Ultimately, our goal is to grow gene-edited CF-iPSCs within 

the airway network with endothelialized vasculature in close proximity in order to restore pathological 

features associated with cystic fibrosis. 
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Chapter 6: Conclusion 

6.1   Summary of results 

The objective of this thesis was to develop endothelialized vasculature within 3D tissue 

mimics toward providing critical multiscale, hierarchical vessels required to sustain the 

metabolic needs of native tissue. The studies enclosed in this thesis lay groundwork toward 

achieving robust vascularization within engineered constructs in soft hydrogels. With established 

approaches to generate bottom-up cell-mediated, capillary-scale vessels and top-down, pre-

patterned, mesoscale vessels, we unify principles of vasculogenesis and angiogenesis. We have 

demonstrated environments that support highly connected tube networks via de 

novo vasculogenesis. We have also showcased our projection stereolithography system which 

employs biocompatible, photopolymerizable materials to fabricate perfusable, predefined vessel 

topologies that allow us to realize native-like endothelium in our in vitro system that is capable 

of remodeling.  

We began in Chapter 1 by introducing the importance of vasculature in multicellular life. 

We outline native vascular formation during embryonic development and remodeling that occurs 

throughout the adult lifespan. The processes of vasculogenesis and angiogenesis are described 

with attention to how these mechanisms occur naturally, but we also highlight previous 

experimental strategies to achieve and understand these processes within in vitro and in 

vivo systems. We also discuss fundamentals of biofabrication technique in 3D printing with a 

special focus on stereolithography-based approaches as this is the dominant fabrication technique 

utilized in this thesis. 

In Chapter 2, we investigated the tubulogenic potential of iPS derived endothelial cells in 

natural and semi-synthetic materials. Notably, we found that our transduced dual-labeled iPS-

ECs recapitulated tubulogenic phenotype within natural fibrin where individual endothelial cells 

retained their innate capacity to self-assemble into a putative capillary complex. Importantly for 

our continued biofabrication approaches, we demonstrated that when these endothelial cells are 
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encapsulated in photosensitive GelMA, they have a muted tubulogenic response. However, when 

in co-culture with supporting hMSCs, the ability to form extensive tubule networks was 

recovered. These studies established promising potential for our following chapters to include 

endothelialization within 3D printed constructs. 

Our work in Chapter 3 takes an important step toward providing vascularized systems for 

tissue mimics. Here, we fabricate perfusable, fluidic networks within biocompatible hydrogel 

formulations. We demonstrate the powerful ability to form endothelialized lumens after printing 

the constructs. We find that these endothelialized vessels can be stably maintained for over a 

month in perfusion culture. Moreover, the included endothelium behaves appropriately with 

shear sensitivity (induced by perfusion culture as opposed to static culture) by way of 1) forming 

a monolayer, 2) aligning along the axis of flow, 3) expressing critical adherens junctions, and 4) 

exhibiting strong barrier function. We are encouraged to observe migratory behavior from 

endothelial cells lining the vessels into the parenchymal bulk hydrogel although our future work 

will aim to harness more consistent, robust sprouting. 

In Chapters 4 and 5, we leverage our ability to vascularize engineered tissues to serve 

therapeutic needs. One effort focuses on curative therapies for type 1 diabetes by way of 

engineered a vascularizing hydrogel carrier to hold and sustain insulin-producing islet cells. So 

far we have demonstrated host vascular integration into our vascularization devices during an 8 

week in vivo study where pre-patterned, endothelialized hydrogels were implanted in the gonadal 

fat pads of SCID/bg mice. We also have evidence that this connection to host circulation occurs 

as early as 1 week post implantation. Some of our pilot data demonstrates islet viability and 

glucose sensitivity in our system during in vitro perfusion. We are excited about future work that 

will address the potential curative nature of our vascularizing device system in T1D. In another 

axis of therapeutic utility, we investigated a physiologically relevant in vitro airway model to 

recapitulate native lung tissue such that we can better assess the corrective potential of gene 

edited CF-iPSCs as compared to their disease-free, WT phenotype. We found candidate material 

compositions that allow for progenitor cell attachment and printability with our pSLA system. 

We have also established a baseline assay to determine restoration of the CFTR protein’s 

ability to transport ions across cell membranes as an indicator of addressing CF’s most common 
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phenotypic mutation. Together, these two chapters begin to explore the broad translational utility 

of our vascularization approach to therapeutic applications. 

6.2   Future outlook 

While this thesis explores the significant potential of vascularization strategies in soft, 

hydrogel constructs, we have yet to merge varying scales of vessels within the same engineered 

tissue. Our enclosed work holds much promise in supporting vasculogenic capillaries within 3D 

printed volumes as well as endothelialized lumens that are sub-millimeter in diameter that we 

can design and fabricate. We still believe the anastomosis between these two vascular networks 

is key to achieving hierarchical, multi-scale vasculature that is so crucial to maintaining the 

functionality of metabolically demanding, thick tissues. Realizing vessels from capillaries to 

larges arteries and veins remains a field-wide challenge. However, our rapid 3D printing with 

projection stereolithography allows us the opportunity to probe simultaneous vessel formation 

processes with angiogenesis from patterned vessels and neo-vessels from encapsulated cells in 

the bulk hydrogel that might anastomose into an interconnected vessel network. As we know 

vascular architecture is heterogeneous across tissues, we have the exciting capacity to iterate 

through many architectural designs that might lend us more efficient mass transport. However, 

an underlying question lingers: what is the extent of vascularization that should be engineered? 

Toward personalized medicine, some of the approaches of this thesis seem well suited to 

address tailored needs of individual patients. For example, the utilization of patient derived cells 

holds much promise in translating disease-specific applications. Recently, induced pluripotent 

stem cells (iPSCs) have emerged as readily available cell sources in which adult cells are 

reprogrammed into pluripotent stem cells with “Yamanaka factors”. With this technology, our 

engineered models might not only replicate structural components of native tissue, but also 

include patient-specific and matched cells for an even more relevant engineered construct for a 

better understanding of respective diseases and increased chances of successful transplant 

integration without immune rejection. 
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Though the intension of creating functional organ replacements continues to be an 

underlying goal, we believe our simplified tissue mimics might enable powerful studies of 

normal and pathophysiological states across many tissues. Specifically, our 3D models already 

prove to be more relevant to native environments than 2D environments in assessing phenotypic 

observations. In regard to pharmaceutical applications, these kinds of controlled rapidly 

fabricated tissue models may enable more effective drug discoveries especially if coupled with 

the utilization of disease-specific human cells. In order to achieve the biological relevance for 

these therapeutic endeavors, incorporating vasculature at every step of the way is paramount. 
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Appendix 

0.1  Generating Lentivirus 

Lentiviral library 

Gene Supplier Description 

hEF1α-H2B-mVenus-IRES-mCherry 

PGK-Puro 

DNA 2.0 (Custom 

Plasmid) 

Constitutive expression of mVenus 

(515/528) localized in the nucleus, 

mCherry (587/610) in the cytoplasm 

and Puromycin resistance 

hEF1α -H2B-mOrange2-IRES-EGFP 

PGK-Puro 

DNA 2.0 (Custom 

Plasmid) 

Constitutive expression of mOrange2 

(549/565) localized in the nucleus, 

EGFP (488/507) in the cytoplasm and 

Puromycin resistance 

pMD2.G Addgene (12259) Envelope plasmid for third generation 

lentivirus 

pRSV-Rev Addgene(12253) Packaging plasmid for third 

generation lentivirus 

pMDLg/pRRE Addgene (12251) Packaging plasmid for third 

generation lentivirus 

 

Individual elements of plasmids 

 Element Full name Description 

P
ro

m
o
te

rs
 

hEF1α Human elongation factor 

A 

Constitutive promoter in protein 

synthesis which promotes the 

transfer of aminoacylated tRNAs to 

a ribosome 

IRES Internal Ribosome Entry 

Site 

Constitutive promoter in protein 

synthesis which initiates translation 

in the middle of an mRNA sequence 

PGK Murine Phosphoglycerate 

Kinase-1 

Constitutive promoter encoding for 

enzyme 3-phosphoglycerate kinase 
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which is involved in glycolysis. 
L

o
ca

li
ze

d
 

se
q

u
en

ce
s 

H2B Histone H2B One of the main proteins involved in 

chromatin structure in eukaryotic 

cells. The protein along with any 

proteins linked to it will be 

transported directly to the nucleus.  

 

F
lu

o
re

sc
en

t 
p

ro
te

in
s 

mVenus  Mutant of fluorescent protein, YFP, 

yellow fluorescent protein with 

Ex/Em 515/528nm 

mCherry  Fluorescent protein with Ex/Em 

587/610nm 

mOrange2  Fluorescent protein with Ex/Em 

549/565nm 

EGFP Enhanced green 

fluorescent protein 

Fluorescent protein with Ex/Em 

488/507nm 

S
el

ec
ti

o
n

 M
o
le

cu
le

s Puro Puromycin Aminonucleoside antibiotic that 

inhibits protein synthesis in 

eukaryotic cells by causing early 

chain termination during translation. 

Puromycin rapidly causes cell death. 

Resistance to this gene is useful to 

select cells which have successfully 

incorporated the transduced gene 

construct  

Puromycin. ThermoFisher. 2016 

 

Plasmid Map of two constructs 
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Excitation and Emission Spectra to demonstrate capacity of spectral separation 

 

 

 

 

 

 

 

 

 

Design for our plasmids allows for easy replacement of fluorescent reporters as 

demonstrated below. The cut sites are described in the following sequences where our construct 

benefits from essentially the same design other than the switch of the fluorescent reporters. In 

one plasmid design the localized histone complex is associated with mOrange2 whereas the other 

is mVenus. For the other design, the nucleus localized protein is mVenus. The cytoplasmic 

region following the IRES constitutive promoter is either EGFP or mCherry corresponded to the 

H2B localized mOrange2 and mVenus respectively.  

The following cut sites are demonstrated for our H2B-mOrange2-IRES-EGFP construct:  

Cut site before H2B using XbaI 
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SalI cut site between H2B and fluorescent protein reporter. 

 

Cut site after H2B localized fluorescent protein at the beginning of constitutive IRES with 

EcoRI 
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Cut site at end of constitutive promoter IRES before fluorescent protein reporter for 

cytoplasmic label with Nhel 

 

Final stop codon with cut site BamHI: 

 

Optimized lentivirus production   
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0.2  Pseudo multispectral unmixing with epifluorescence 

As demonstrated by our lentiviral library and corresponding excitation/emission spectra, 

we have the unique capacity to monitor cell morphology longitudinally with fluorescent reporters 

identified to specific cells. Also noticeable with prior figures is that we have very close 

overlapping spectra between mVenus and GFP as well as mOrange2 and mCherry. Therefore we 

sought a system in which we can separate out the spectra by subtracting out overlapping signal 

by taking images with all excitable light to capture all the fluorophores expressing. Below is an 

example of how we are able to separate out signals specific to what should be expressed. 

Empowered by morphological assessment and knowledge of how reporters should be localized, 

we can confirm that this separation is correct as the signal corresponds to the nucleus and 

cytoplasm as expected.  Alternatively, we can acquire images with confocal microscopy utilizing 
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true multispectral imaging with Nikon’s A1-Rsi 32 channel PMT spectral detector for 400 nm-

750 nm bandwith. 

 

0.3  Rheology of fibrin and pure GelMA gels used in Chapter 2 

In an effort to understand mechanical properties of GelMA to match that of natural fibrin, 

we performed rheological tests of GelMA crosslinked at different GelMA weight percent. We 

know that stiffness can be prohibitive and promoting of cell viability and functionality so this is 

an important metric to report. As compared to stiffness of fibrin, we found that 5 wt% most 

closely resembles time sweep profiles of 10mg/mL fibrin gels with max storage modulus 

reaching right under 100 Pa. 
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0.4  In vivo data applied to calculated blood flow 

Calculated blood flow and shear stress values from in vivo data[56] assuming 3.5cP 

blood viscosity 

 Reported 

Velocity 

(μm/s) 

Diameter (μm) Cross-

sectional 

area of 

vessel 

(μm
2
) 

Volumetric 

flow rate 

(μm
3
/sec) 

Volumetric 

flow rate 

(μL/min) 

Shear stress 

(dyn/cm
2
) 

Artery 2000 45 1589.62 3179250 0.190755 12.4444444 

Vein 1000 45 1589.62 1589625 0.095378 6.22222222 

Capillary 600 45 1589.62 953775 0.057227 3.73333333 
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0.5  Incorporated supplements to endothelial cell culture 

For the maintenance of our endothelial cell culture, we use an optimized medium for the 

rapid proliferation of ECs with Vasculife Basal Medium (LL-003, Lifeline cell technology). 

Included supplements are the following: 

Supplement Volume Final Concentration  

rh FGF 0.5 mL 5 ng/mL 

Ascorbic acid 0.5 mL 50 µg/mL 

Hydrocortisone hemisuccinate 0.5 mL 1 µg/mL 

FBS 10 mL 2 % 

L-Glutamine 25 mL 10 mM 

rh IGF-1 0.5 mL 15 ng/mL 

rh EGF 0.5 mL 5 ng/mL 

rh VEGF 0.5 mL 5 ng/mL 

Heparin sulfate 0.5 mL 0.75 U/mL 

Pen/strep 5 mL 1 % 
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0.6  Long-term perfusion workflow with endothelialization set-up 

 

Materials and material prep 

 Printed PLA chambers, PDMS-bonded to glass slides 

 Autoclaved – green tips (18 gauge), black caps, white male-to-male connections 

 Scored glass slides to fit and seal chambers 

 Anything not autoclaved, keep in EtOH for 15 min, then rinse 2x with PBS before use 

 

Autoclaved materials for perfusion 

1. Blue adapter attached to 0.05 inch inner diameter tubing with amber metal tip (metal tip, 15 

Gauge) 

2. From amber tip to white male-to-male to green metal tip (18 gauge) 

3. From green tip to new, opaque peristaltic tubing (2-stop silicone peristaltic tubing) to another 

green metal tip 

4. From green tip to white male-to-male to another green tip 

5. From green tip to thinner tubing (0.03 inch ID), cut to be as long as needed (i.e. about an 

arm’s length for each shelf down from perfusion pump) 

6. Finally from smaller diameter tubing, add a green metal tip and a final white male-to-male 

luer connecter (which will be end of the perfusion tubing before reaching the inlet of the 

hydrogel’s vascular network) 

7. After autoclaving, male-to-male connections often loosen, so be sure to tighten 

 

Priming gel for fluidic connection 

-GOAL- prime everything to reduce (ideally, eliminate) air bubbles within fluidic 

connection 
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1. Prepare transfer of gel into a dish (P60 is fine) from conical tube by aspirating most of media, 

leaving behind about 5mL, and gently pouring gel with media contents into the dish 

2. Use scooper or spatula to transfer gel in chamber 

a. This is a possible point of introducing bubbles between gel and bottom glass slide 

b. Reduce/eliminate by making sure gel is flush with bottom glass slide (also important 

for lining the tips for fluidic connection) 

3. Test fluidic connection 

a. Start with outlet 

i. Grab green tip by wings and slowly inserting into outlet 

b. For inlet  

i. Take 1 mL Normject syringe and fill with Quick Coating Solution with pink 

gauge needle 

ii. Hold vertical upright and push media through until droplets are coming out  

iii. Remove gauge needle and connect to green tip ensuring a full amount of fluid 

is present at the green tip inlet as well 

1. Might be necessary to pipette in fluid into the inlet green tip 

iv. Aspirate out any media that has accumulated on top of gel as this is an area 

that might see leaks, and it would be easier to spot if there is not already a 

fluid filled chamber 

v. Gently secure green tip and syringe through inlet 

vi. Gently push on syringe in a pulsatile manner 

1. Check for fluid buildup in chamber especially around channel edges 

2. Push until a few drops come out of outlet and also bubbles are flushed 

out of channels 

c. Keep everything connected until cell suspension is ready  

d. Add media to gel surface within chamber to maintain gel hydration 

 

Injecting cell suspension 

1. Add white male-to-male at outlet and push media through (while syringe is still attached at 

inlet) 

2. Fill about 1mL of desired cell suspension (here 30M cells/mL) with pink gauge needle into 1 

mL Normject syringe 

3. Hold vertical upright and push media through until cell suspension droplets are pushed 

through 

4. Remove gauge needle (for safety – cap needle with one hand) and replace with green trip, 

pushing cell suspension through so that there is a bolus formed at tip 

5. Remove syringe and green tip from inlet and replace with cell suspension syringe and green 

tip until secure 

6. Gently push on syringe in pulsatile manner until cell suspension through to male-to-male 

a. If bubbles arise here while injecting cells, position gel and chamber vertically 

downward, easing out the bubbles 

7. Add glass lid on top 

a. Fill media in gel reservoir right before glass slide is to cover the gel 

8. Cap outlet end with black cap on the white male-to-male 
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Rotational incubation  

1. Move gels with their chamber, capped end on outlet, syringe still attached on inlet to 

incubator 

2. Incubate 15 min each side, for 4 – 6 hours 

a. Either done manually or on automated flipper  

 

Perfusion culture 

1. Collect the following materials 

a. Sterile stopcock (should be sterilized in EtOH) 

b. Media bag (kept in shared shelf at 4C) 

i. Sterilization procedure – 30mL of 70% EtOH for 30 min, followed by 2 PBS 

rinses 

c. Two 0.22 μm filter tips 

d. Well plate lid for collecting leaks 

e. Autoclaved male-to-males and black caps 

f. Autoclaved materials described from autoclaving for perfusion culture 

2. Remove black tip and cell suspension syringe from gel chamber 

3. Open autoclave bag of perfusion culture connections and push back in all connection that 

may have loosened during cycle 

4. Connect blue end to media bag 

a. Wings of blue cap at 90 degrees to media bag and turn clockwise 

5. Stopcock-filter-black cap goes between amber tip with white male-to-male and green tip 

6. Connect male-to-male to female end of stopcock 

7. Connect green tip to the screw-in side of stopcock 

8. Fill in media bag with calculated amount of media for 2 days (for 5 μl/min; just under 15 mL, 

but go up +2 mL to account for dead volume) 

a. Fill 50 mL syringe with desired media with a pink gauge needle from petri dish filled 

with media or from conical tube 

b. Close stopcock on green side to fill media bag 

c. Face stopcock up and off of surface of autoclave bag 

d. Remove gauge needle and replace with filter 

e. Attach syringe and filter to stopcock and fill media bag 

9. Remove syringe and replace with male-to-male and black cap 

10. Remove media bag outside of TC hood and clip above while keeping green tip inside within 

autoclave pouch 

a. Tap to remove air bubbles 

11. Add male-to-male at the end of green tip 

12. Open stopcock to prime (allowing media to come through) 

13. Close stopcock to attach with filter tip to green tip inlet at gel 

14. Reopen stopcock to see a few drops going through the outlet of gel 

15. Close stopcock again to transfer to incubator 

16. Grab peristaltic white “clip” 

a. Orange side oriented left, white clip stretched to the right for tubing inside of club 

17. Push clip on pump until you hear 2 clicks 

18. Extend outlet with connection if needed to go to waste 
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a. Here using a P60 dish to collect waste media 

19. Watch to see media go all the way through to the outlet to make sure of no leakages 

0.7  Fluidic connection for perfusion culture 

 

0.8  GelMA:PEGDA composite mechanical properties and degradation 

profiles 

 

Tunability of GelMA:PEGDA composites 
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0.9  Workflow of permeability assay 

 

Permeability quantification workflow: Before any fluorescent macromolecular solute is introduced into 

the channels, a background image is taken where the image should appear black. Following perfusion, an 

initial time point is established at which point the full channel is perfused and an image acquisition is 

taken over the course of the next 15 minutes. The yellow box indicates the measuring window for 

quantification. And these two time points, 15 minutes apart, are used for calculating the apparent 

permeability coefficient for the given diameter, d.  

0.10 Distinct spectral fingerprint of CF633-conjugated, fixable 70 kDa 

dextran 

We identified fat pad regions inundated with dextran signal within the vasculature and 

acquired a multispectral image with 10 nm resolution between 494 and 714 nm. From this data, 

we note that there is a peak signal between 654 and 664 nm associated with the fat pad 

vasculature. The unique associated emission spectra is mapped and used to verify that the signal 

found within the serpentine matches that spectra which can be interpreted as true signal. 

Moreover, these spectra are overlayed with the vendor specific spectra of the CF633 dextran 

(Biotium) where we observed a similar waveform slightly shifted which may be due to intrinsic 

autofluorescence that is present in tissue samples. The lack of signal at 640 nm for the acquired 

multispectral data is a result of a filter blocking the excitation light at that wavelength.  
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