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Abstract 
Liver tissue engineering has made tremendous progress over the last decades, but 

continues to be limited by dedifferentiation of hepatocytes and insufficient vascularization of 

engineered constructs.1 Functional hepatocytes are the parenchymal liver cells and they are 

responsible for many of the over 500 essential liver functions. Thus, they are necessary for 

advancement toward effective liver disease treatments, predictive models for drug screening, 

and whole-organ tissue engineering.2  

Liver-specific functions of hepatocytes are known to be regulated by complex 

microenvironmental cues that are not fully understood and are difficult to recapitulate in vitro. 

These signals are known to include homotypic interactions with other hepatocytes, heterotypic 

interactions with non-parenchymal cells, biochemical cues from surrounding extracellular 

matrix, and signals and sustenance from the underlying vasculature.3 The objective of this work 

was to investigate material properties and culture conditions that are conducive to the long-

term culture of functional primary hepatocytes in order to design a platform capable of 

supporting them. We found that coculturing hepatocytes in adhesive and degradable hydrogels 

with capillary forming endothelial cells (EC) and supporting pericytes formed vascularized liver 

tissue-like constructs. Over time, we found that hepatocytes and vascular cells in these 

constructs formed close synergistic associations. While hepatocytes enhanced vascularization, 

microvascular networks supported at least 3 major hepatocyte functions for at least 2 months.  

Then we translated our platform into a bioartificial liver for acute liver failure therapy. 

Bioartificial livers, are extracorporeal life-saving treatments similar to dialysis for patients with 

acute liver failure who are awaiting a transplant. These devices often to employ hepatocytes in 
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cartridges filled with semi-porous hollow fibers to perfuse patient blood and temporarily off-

load the patient’s liver functions, reducing blood toxicity and preserving the function of other 

organs in the body while the liver repairs itself. However, they are limited in that the 

hepatocytes used are either short-lived hepatocytes or hepatocyte derivatives that have lost 

essential functions during their transformation. They are also enormously large, costly, 

challenging to maintain, and difficult to use. Since our platform is prevascularized and capable of 

supporting hepatocyte function, we examined its potential to alleviate some of these issues.  

Not only were ECs and pericytes able to form robust vascular networks in the context of a 

perfused hollow fiber-based cartridge, but they were able to anastomose to the hollow fibers 

and enhance mass transport of nutrients into the surrounding hydrogel and hepatocytes. Thus, 

we developed a module that effectively bridges macro-to-micro scale mass transport using 

hollow fibers as conduits for efficient, artery scale fluid transport and cell-assembled 

microvasculature to perfuse the engineered tissue and facilitate exchange of nutrients and 

metabolic waste with functional cells, interstitial fluids, and the bulk fluid from the hollow fiber. 

Upon the addition of hepatocytes in the bioreactor platform, we observed maintenance of liver 

synthetic and metabolic functions for at least 1 month, the length of time it takes a severely 

damaged liver to regenerate without further complications.  The findings in this work serve as a 

proof-of-concept for future studies that further optimize the bioreactor further and examine its 

potential toward viable liver disease treatments.   
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excited about all our shenanigans.  

Finally, thank you Brad. The best part of Duke was meeting you and I would do it over 

and over again for that. You’ve made the bad days good and the good days great. You are my 

rock, my inspiration, my love, and my life. This milestone is as much yours as it is mine and it is 

just the beginning for us!  
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1. Introduction  
1.1     Motivation 

The liver is a remarkably complex organ that performs over 500 essential functions.4 It 

sustains life by processing virtually everything we ingest, and it has the unique ability to 

regenerate itself after constant exposure to toxins and metabolic waste. It is a major site of 

plasma protein synthesis, energy and fat storage, metabolism, and detoxification. It synthesizes 

a vast majority of proteins like albumin that maintain oncotic pressure and blood viscosity, 

clotting factors like fibrinogen, and hormones that regulate many physiological processes. The 

liver is also the site of bile production, which aids in the digestion of lipids into fatty acids that 

are used throughout the body. The liver stores glycogen and fat-soluble compounds like 

vitamins, minerals, and cholesterol. It also buffers blood glucose levels by controlling activation 

of glycolysis and gluconeogenesis. It filters and recycles damaged red blood cells and processes 

and excreted bilirubin after hemoglobin breakdown. It removes toxic compounds, cellular 

waste, and metabolizes xenobiotics through a two-phase metabolic process where xenobiotics 

are converted into polar molecules that are subsequently coupled to another charged species to 

increase solubility and excreted in the bile or urine.   

The liver is also the largest internal organ, accounting for 2-5% of your body weight.5 It is 

made up of over 500 billion cells that consist of parenchymal hepatocytes (60-65%), liver 

sinusoidal endothelial cells (16-20%), stellate cells (5-8%), Kupffer cells (10-12%), and a mix of 

other cells including biliary, lymphatic, nerve, and inflammatory cells. While hepatocytes 

perform a majority of the liver-specific functions described above, the nonparenchymal cells 

play critical roles in supporting hepatocytes and overall organ health. Liver sinusoidal 
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endothelial cells line the elaborate hepatic microvasculature and facilitate essential protein 

exchanges between hepatocytes and blood. Stellate cells regulate circulation through the 

microvasculature and store lipids and retinol. Kupffer cells play critical roles in the innate 

immune response and phagocytose incoming pathogens before they can cross the sinusoids, 

mitigating hepatocyte damage.  

Because of the liver’s critical role in maintaining homeostasis, the onset of liver disease 

can be devastating.  Liver diseases, which typically cause or stem from a loss of hepatic function 

due to pathology or injury, currently affect over 800 million people worldwide and continues to 

steadily increase every year, accounting for over 2 million deaths annually.6-8 To this day, the 

only established and definitive treatment for end-stage liver disease (acute or chronic) is 

orthotopic organ transplantation. While transplantation is a viable treatment option for many of 

these situations, the number of available livers is only 10% of the global demand. In the United 

States alone, there are over 17,000 people on the transplant waitlist with average wait times of 

321 days.9  Organ transplantation is also expensive and comes with inherent risk of rejection and 

lifelong postoperative medications including immunosuppressants and anticoagulants.10, 11  

Liver diseases can be classified into two broad categories: acute liver failure (ALF) and 

chronic liver failure. Chronic liver failure, which includes metabolic dysfunction and injury driven 

scarring, has become a widespread pandemic and a leading source of death in the United States 

since 2010. The chronic liver diseases can stem from genetic disposition, hepatitis, or fatty liver 

disease (alcohol-induced and nonalcoholic). Regardless of the etiology, chronic liver disorders 

often lead to the development of irreversible tissue scarring, or cirrhosis, resulting in clinical 

symptoms like ascites, portal hypertension, variceal bleeding, hepatic encephalopathy, and 
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cerebral edema. Unlike chronic liver failure, ALF is the clinical manifestation of sudden and 

severe hepatic injury, leading to hepatic encephalopathy, coagulopathy and, in many cases, 

multi-organ failure. The main cause of ALF in the developing world is hepatis infection. However, 

in the western world, the main cause of ALF is analgesic drug exposure.12, 13 

The most common cause of ALF in the United States and Europe is acetaminophen 

overdose.14 Acetaminophen poisoning frequently occurs in children who are given multiple adult 

doses and patients 60 years and older. While ALF is less common than chronic liver failure (2,000 

ALF cases per year in the U.S.) it exhibits exceptionally high mortality rates and incidences are 

increasing.15 ALF mortality rates are around 85% when untreated and 30% with treatment.16 

Because of its severity and sudden onset, ALF is also the most frequent indication for emergency 

liver transplantation.17, 18 Because ALF frequently occurs in previously healthy patients without 

chronic illnesses, temporary hepatic support could enable endogenous liver recovery, alleviating 

the need for a transplant and expanding the supply of available organs for patients with chronic 

illnesses.  

 

1.2     Current liver disease therapeutics 

There have been several approaches to mitigating the clinical burden of liver disease. 

For example, N-acetylcysteine has been FDA-approved to reduce overdose-related liver damage 

in ALF cases.  However, N-acetylcysteine must be given within 24 hr of injury in order to show 

significant improvements.19 For chronic liver disease from hepatitis, there are several antiviral 

drugs on the market have demonstrated mild efficacy in slowing its progression.20 However, 

there are currently no approved drugs for fatty liver disease or cirrhosis. Instead, a combination 
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of lifestyle modifications and treatments for symptoms are used to increase patient quality of 

life. For example, patients with hepatic encephalopathy are treated with lactulose to draw 

water from the body, increase bowel movements, and effectively reduce the amount of 

ammonia in the body.21 

Exogenous detoxification has also been approached with dialysis-like extracorporeal 

support devices. Typically, these artificial devices access a patient’s blood through a large vein, 

detoxify it using membrane separations or sorbents, and then recirculate it into the patient’s 

circulatory system. Alone, artificial devices have not shown any benefit in clinical trials. To 

increase efficacy, patient plasma has been infused with artificial or donor cells, albumin, and 

coagulation factors after detoxification and before recirculation into the body 

(plasmapheresis).22, 23 The combined approach can buy a patient up to 12 hr (to find a 

transplant) before metabolic demands are too high to sustain.12 A recent iteration that focuses 

on the elimination of albumin-bound toxins (using albumin dialysis) is Molecular Adsorbent 

Recirculation System (MARS). MARS has been shown to be effectively reduce plasma bilirubin, 

bile acids and albumin-bound molecules, but is still limited in that it can only address a few liver 

functions at a time.24, 25 In order to capture and recapitulate a larger portion of liver functions, 

including enzymatic biotransformations and metabolic processes that are impossible to provide 

mechanically, cell-based therapies are now being investigated as the most promising pathway 

for treating liver disease.  

The seminal approach of cell-based liver disease therapies involves the transplantation 

of allogenic hepatocytes. Hepatocytes from dissociated livers can be injected into a patient 

through the portal vein, where they find their way into the sinusoids, create transient occlusions 
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that lead to vascular permeabilization, and travel to liver parenchyma. In theory, one dissociated 

liver (or even partial liver from a live donor) could serve multiple patients, as an estimated 10% 

of hepatocellular mass, or 30 billion  hepatocytes would need to be engrafted to compensate for 

the lost function (though this number is subject to change depending on patient needs).  

Unfortunately, 70-80% of injected hepatocytes are cleared from the liver by the immune system 

in 1 day and overall, <1% will successfully engraft and survive. That being said, there are reports 

of patients showing partial correction of a number of liver diseases after undergoing multiple 

rounds of hepatocyte engraftment.26, 27 The key advantage of hepatocyte transplantation over 

whole or partial organ replacement is that it is minimally invasive. However, in practice, because 

of the limited supply of high quality, mature human hepatocytes, progress in this treatment 

demands much higher engraftment rates. Limitations of current approaches to treating liver 

disease are summarized in table 1-2. 

Table 1-1: Summary of some current liver disease therapies and their limitations. 

 

 

 

Therapy Limitation
Organ transplantation Expensive

Operational risk
Donor shortage
Immunosuppression

Artificial devices Temporary support
Limited hepatic function
Bulky, complicated, and expensive

Hepatocyte transplantation Lack of available human hepatocytes
Poor engraftment
Immunosuppression
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1.3     Hepatic tissue engineering 

In order to develop cell-based liver disease therapies that address the challenges above, 

tissue engineering approaches have been explored. Tissue engineering approaches aim to 

restore, maintain, or improve tissue and organ function through regenerative engineering.28 

Most often, this implies the development of implantable cellular constructs to replace damaged 

tissue or organs. However, in the case of hepatic tissue engineering, the liver’s capacity for self-

renewal enables a second tissue engineering pathway that involves the development of 

external, or extracorporeal cellular constructs to temporarily replace liver function and facilitate 

endogenous regeneration (figure 1-1).  

 

Figure 1-1: Schematic depicting the 2 pathways tissue engineers can take for developing 
liver disease solutions. These pathways are the engineering of A) implantable constructs to replace 

damaged tissue or B) extracorporeal liver assist devices, or bioartificial livers to temporarily 
offload hepatic function while the liver repairs itself. 

A

B



 

7 
 

  

The classic tissue engineering paradigm involves the careful isolation and culture of cells 

in appropriate biomaterial scaffolds with controlled exposure to soluble bioactive signaling 

molecules like growth factors in the media (figure 1-2). For liver tissue engineering in particular, 

the use of a biomaterial scaffold not only helps maintain cells in vitro until transplantation, but 

also provides a conduit to immobilize them and facilitate retained engraftment into the organ.  

 

Figure 1-2: The classic tissue engineering paradigm consists of the culture of primary cells 
and biochemical signaling molecules in a suitable scaffold material. For tissue engineered liver 
constructs, this implies culturing hepatocytes in a bioactive scaffold with appropriate growth 

factors and signaling molecules.  

 

1.3.1     Implantable constructs  

Initial strategies for tissue engineering implantable hepatic constructs utilized highly 

porous polymer scaffolds like poly-l-lactic acid (PLA) sponges to house hepatocytes. The use of a 

3D biomaterial scaffold doubled engraftment and retention from 1-2%, but was not enough to 

affect the outcome.29 Hepatocytes seeded in alginate sponges that are more bioactive and 

biomimetic than PLA, further increased engraftment rates and lead to the formation of hepatic 

cells
signals

scaffold
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spheroids.30 In addition to increasing engraftment rates, the formation of spheroids promoted 

functional expression like higher protein synthesis in vitro. More recently, hepatocytes have 

been encapsulated within polymeric microbeads (providing a truly 3D microenvironment) that 

significantly improved engraftment rates in animal studies.31, 32 When rats induced with liver 

failure were treated with hepatic microbeads implanted into the peritoneum, there were 

significant improvements in bilirubin and serum ammonia levels and after 7 days, over 70% of 

the beads remained. While cell encapsulation in a scaffold greatly improved engraftment, the 

liver function improvements did not last beyond 48 hr. Furthermore, viability analysis of 

retrieved beads revealed that they necrotic cores, likely because of insufficient vascularization.  

Difficulty achieving vascularization of tissue engineered constructs, even in porous 

polymer matrices, is not an uncommon problem, as the host-tissue integration is frequently 

either too slow or insufficient, especially to support metabolically demanding cells like 

hepatocytes. In addition to appropriate nutrient transport, another challenge hampering the 

progress in hepatic tissue engineering is the lack of available functional hepatocytes and the fact 

that they are notoriously difficult to culture in vitro. Hepatocytes are known to quickly lose their 

phenotype and liver-specific functions and thus, researchers usually attempt to use fresh 

hepatocytes for these applications.  

 

1.3.2     Bioartificial livers (BAL)  

Because of the liver’s ability to regenerate, a unique and potentially high-impact 

pathway for treating liver disease (especially ALF) is through the use of bioartificial liver devices 

(BAL).33, 34 Similar to artificial detox devices, these BALs filter patient blood extracorporeally, but 
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utilize hepatocytes to provide more key biological liver functions.35 Theoretically, these devices 

allow time for the liver to either regenerate on its own and bypass the need for transplant (if the 

patient has ALF or early stage, non-metabolic liver disease) or to keep the patient alive while 

waiting for transplant (end stage liver disease). While cell-based devices can offer a much larger 

range of liver functions, they require billions of functional hepatocytes to support a patient with 

terminal liver dysfunction (also estimated to require at least 10% or 30 billion hepatocytes).  

Accordingly, because of the lack of available human hepatocytes, the majority of BALs 

use xenogeneic hepatocyte sources or transformed/immortalized human hepatocyte cell lines.36 

To circumvent immunogenic problems associated with using xenogeneic cells, these devices 

often rely on semi-porous hollow fibers to serve as a barrier between the hepatocytes and 

human fluids (whole blood, plasma, or serum depending on device). Hollow fiber (HF) based 

extracorporeal liver assist devices typically contain many HFs in a cartridge that are surrounded 

by hepatocytes in the extracapillary space. Patient blood can flow through the cartridge in HFs, 

which allow selective for metabolite transfer below a desired molecular weight cutoff. For 

example, a fiber with molecular weight cut off of 100 kDa would allow free transport of larger 

carrier proteins such as albumin (~60 kDa) while preventing transport of immunoglobulins (~150 

kDa), complement proteins (~200 kDa), and viruses.  

Current BAL devices have not yet shown clinical efficacy and are associated with high 

cost and heavy maintenance. The main reasons these devices have yet to report significant 

improvements in patient outcome is believed to be due to limitations in hepatocyte 

functionality within the device, mass transport limitations within the device, and their short 

lifespans.37, 38 Assuming no further complications arise, it takes the liver about 4 weeks to fully 
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regenerate 75% of its mass.39 Thus, an effective BAL would need hepatocytes that retain 

function for at least 4 weeks. Unfortunately, even the most successful cartridges to date can 

only provide hepatic support for up to 5 days.40 Further progress toward developing both 

implantable tissue engineered constructs and BALs depends on the availability and maintenance 

of functional hepatocytes and sufficient vascularization schemes (table 1-3). 

Table 1-2: Current limitations in tissue engineering therapies for liver disease. While both 
implantable constructs and bioartificial livers are promising pathways toward developing effective 
treatment options, both are limited by the lack of available hepatocytes sources and an inability to 

culture them in vitro while maintaining their differentiated state. 

 

1.4     Hepatocyte culture  

While hepatocytes in the body are resilient and have great regenerative potential, they 

are known to be fastidious and difficult to work with in in vitro. This is because hepatocytes are 

highly specialized cells that perform a majority of the liver’s 500+ functions. Likewise, they 

depend on a large range of microenvironmental cues that have been difficult to recapitulate in 

vitro. Without these cues, hepatocytes undergo an epithelial to mesenchymal transition (EMT) 

and dedifferentiate into non-functional, fibroblast-like cells (figure 1-3).41 

Tissue engineering pathways Current limitations
Implantable constructs Operational risk

Immunosuppression
Lack of available mature human hepatocytes
Difficulty culturing hepatocytes in vitro 
Sufficient vascularization when implanted

Bioartifical livers Temporary support
Lack of fully functional hepatocytes
Large, bulky, and expensive
Short lived due to hepatocyte dedifferentiation
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Figure 1-3: Schematic showing normal and dedifferentiating hepatocytes. Hepatocytes are 
normally highly differentiated, cuboidal cells that depend on many microenvironmental cues to 
maintain their phenotype. Without these cues, they lose their phenotype and morphology. They 
spreading on non-biomimetic surfaces. Spreading results in loss of important cell-cell confections 

and a loss of many liver-specific functions. 

 In order to circumvent issues with primary hepatocyte phenotype, function, and 

proliferation, several groups have been pursuing alternative cell sources, like 

transfected/immortalized cell lines,3, 42 or production of hepatocyte-like cells derived from stem 

cells or reprogrammed fibroblasts.43, 44  However, these alternatives have their own drawbacks. 

Transfected/immortalized cells lines from human hepatocytes or hepatomas are limited in many 

functions.  For example, CYP3A4 is not expressed in HepG2 or Hep3B cells at all, and other 

isotypes like CYP2D6 are expressed at less than 5% the level of primary human hepatocytes. 45 

With stem-cell derived hepatocyte-like cells, protocols that try to replicate liver embryogenesis 

can achieve hepatocyte-like cells of up to 80% purity. However, with the associated risk of 

tumorigenesis through the reprogramming process, hepatocyte-like cells also express immature 

hepatocyte markers (like alpha-feto protein), secrete less albumin and exhibit dramatically 

reduced CYP450 activity than primary human hepatocytes.45-48 Thus, isolated primary 

hepatocytes remain the gold-standard for use in liver disease therapeutics.  

Animal derived primary hepatocytes are much more readily available than human 

hepatocytes. Furthermore, animal-based testing is one of the foundations for translating in vitro 

polystyrene tissue culture plate

dedifferentiated cells

EMT

hepatocytes
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studies into clinical trials. While animal hepatocytes are more similar to primary human 

hepatocytes than cell-lines or hepatocyte-like cells, animal hepatocyte have slightly different 

metabolic enzyme panels than humans, are costly, and are ethically controversial. Because of 

the differences in CYP450 isoforms, animal hepatocytes may not be a great cell source for drug-

testing models, but they can provide the functionality necessary for a BAL.45 Cell sourcing for 

tissue engineered liver constructs are summarized in table 1-4. 

 

Table 1-3: Table of hepatocyte sources and characteristics. Adapted from ref 45. 

 

 

1.4.1     Hepatic microenvironment 

One of the major difficulties in developing cell-based therapies for liver disease comes 

from the scale and complexity of the liver structure and function, as depicted in figure 1-4. The 

liver is made up of repeated hexagonal structural units called lobules. Within each lobule, 

hepatocytes are arranged in rows that are sandwiched by ECM and plasma proteins in the space 

of Disse. Between the rows of hepatocytes are the sinusoids, a discontinuous and fenestrated 

microvascular network made from liver sinusoidal endothelial cells (LSEC). This microvasculature 

processes all circulating blood (25% of cardiac output).49 

Hepatocyte 
source

Fresh 
primary human

Cryopreserved 
primary human

Immortalized 
human

Animal Stem cell-derived

Viability Medium to high Medium High Medium to high High

Adhesion to ECM High Medium High High High

CYP450 activity High High Low Medium Low to medium

Longevity in culture Medium Low to medium High Medium Low

Availability Low Medium High Medium High
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Figure 1-4: Schematic depicting the anatomical structure of the liver at different levels. A) 
Liver lobules where fluid from the portal vein and hepatic artery flow toward the central vein and 
bile flows in the opposite direction. B) A more magnified section of the lobule shows the sinusoids 

and the arrangement of hepatocytes around the sinusoids, interacting with ECs, stellate cells, 
Kuppfer cells and plasma in the Space of Disse. Adapted from refs 49 and 50.  

 

The sinusoids contain a mixture of arterial blood from the hepatic artery (20% of blood 

flow) and venous flow from the portal vein (80% of blood flow). Fluids drain from the portal 

triad to the central vein and from there to the caudal vena cava. Blood entering the periportal 

area (hepatic artery and portal vein) is nutrient dense, and thus hepatocytes are well nourished 

and oxygenated in this area. Likewise, the periportal area contains hepatocytes with greater 

numbers of mitochondria that drive high energy processes such as gluconeogenesis, albumin 

synthesis and urea synthesis.50 The hepatocytes closest to the central vein are nutrient and 

oxygen deficient and carry out metabolic processes like phase 1 and 2 xenobiotic detoxification 

and glycolysis. Near the central vein, hepatocytes are also responsible for lipid production, and 

xenobiotic detoxification. Many of these zonal functions are regulated by a Wnt gradient that is 

1.5 mm

Portal Triad 
(hepatic artery, portal vein, biliary tree)

Sinusoids

Central Vein

A) B)
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repressed in the periportal area and increases near the pericentral area. b-catenin regulates the 

expression of several genes including genes for cytochrome p450 enzymes and glutamine 

synthase.50  In the other direction, hepatocyte nuclear factor alpha (HNFa) is believed to 

regulate gene expression in periportal hepatocytes.  

The other non-parenchymal liver cells, hepatic stellate cells (liver pericytes) and Kupffer 

cells (liver macrophages) play crucial roles in regulating the endothelium, secreting ECM, cellular 

signaling, and immune responses.  Hepatic stellate cells (HSC) are responsible for storage, ECM 

production, and secretion of MMPs. Kupffer cells secrete vital cytokines and aid in metabolism 

(particularly iron metabolism). This architectural arrangement and cellular heterogeneity expose 

hepatocytes to gradients of nutrients, hormones, and growth factors. Thus, it is not surprising 

that microenvironmental signals including soluble factors, ECM, and heterotypic cell-cell 

interactions have all been implicated in the regulation of hepatocyte survival and phenotypic 

stability. While it is difficult to recapitulate the entire architecture of the liver, a good place to 

start is to create an in vitro microvasculature that can support more complex 3D tissue 

engineering.    

 

1.4.2     Role of extracellular matrix (ECM) and 3D culture 

While the structural intricacies of the liver have been known for some time, it is really in 

the last couple of decades that we have started understanding the specific role of the hepatic 

microenvironment in regulating organotypic function. Each of the factors in the parenchyma like 

interactions between hepatocytes and surrounding NPCS, between cells and the surrounding 
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ECM and plasma, or even from fluid flow in the sinusoids plays a role in hepatocyte behavior 

(figure 1-5).51  

 

Figure 1-5: Summary of the types of environmental cues that have been associated with 
hepatocyte differentiation. These cues can come from surrounding cells, extracellular matrix, 

forces from fluid flow, and spatial arrangements. 

For example, hepatocytes rely heavily one on cues from the surrounding ECM, which 

consist largely of fibronectin and collagens.52 This translates in vitro, where hepatocytes that 

typically lose their phenotype within days in traditional monolayer culture, can retain 

phenotypic character for up to a week when they are seeded on ECM-like collagen gels or a 

collagen coated surface.51 The addition of a second layer of collagen, thus sandwhiching 

hepatocytes between two collagen gels, further increases the area with which hepatocytes can 

interact with the ECM, and helps retain cuboidal morphology and hepatic functions even 

longer.53 The importance of ECM was further demonstrated when decellularized liver ECM was 
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incorporated into hydrogel scaffolds and shown to increase hepatocyte viability and phenotype 

significantly more than collagen gels alone.54, 55 

Correlating with these experiments, it has been observed that culturing hepatocytes in 

3D as opposed to on 2D planar surfaces increases their function not only by increasing cell-

scaffold contact area but also by facilitating homotypic cell-cell interactions. Furthermore, it is 

nearly impossible to recapitulate key spatial, geometric and physiological characteristics of the 

cellular architectures found in the liver using 2D culture.56-58  Some current 3D culture 

mechanisms involve seeding hepatocytes on soft materials, like Matrigel, in the form of 

aggregates or spheroids.3, 59-62 Cells in these aggregates maintain their morphology and polarity, 

form functional bile ducts, and perform liver-specific functions for weeks.63 However, spheroids 

(or clusters of aggregated hepatocytes) are not found in the mature liver. Also, large aggregates 

tend to form a necrotic core.60, 64 Other 3D culture mechanisms involve embedding single or 

aggregated hepatocytes in natural or synthetic hydrogel materials. Cells can be encapsulated 

directly into these materials or spheroids can be manufactured using microwell mold-based 

techniques or spinning flask bioreactors and then encapsulated.65 The addition of a 3D matrix 

around hepatocytes individually or in spheroids have demonstrated improvements in polarity 

and organotypic structure formation. The 3D matrix also serves as a vehicle for cell delivery for 

the ultimate application of implanting a cellular construct (as described in section 1.3.1). Many 

of the common and most successful hepatocyte culture arrangements are depicted in figure 1-6.  
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Figure 1-6: Schematic depiction of the most common hepatocyte monoculture methods. 
Most hepatocyte culture methods include culture on ECM-mimetic hydrogels like collagen and 

Matrigel A) Stiff substrates lead to loss of morphology and hepatocyte spreading associated with 
dedifferentiation.  B) Soft materials retain hepatocyte morphology better. Multiple ECM contacts 

through collagen sandwiches C) retain morphology (including more defined cell walls and 
boundaries) and lead to enhanced hepatocyte functionality. Similar to functionality in collagen 
sandwiches, culture on Matrigel D) also leads to enhanced functionality, albeit a much different 

morphology. Hepatocytes on very soft Matrigel hydrogels form highly functional spheroids 
mimicking 3D culture. True 3D culture better recapitulates the hepatic microenvironment. Cells 

can be encapsulated in a hydrogel E), or induced to form spheroids on a substrate like Matrigel and 
then encapsulated into a hydrogel F). Images of cells from panels C), D), and F) are from refs 66-68. 

 

1.4.3     Role of coculture with non-parenchymal cells (NPCs) 

In addition to finding that hepatocytes depend on 3D signals from each other and the 

surrounding ECM, the most important development in hepatocyte culture was the finding that 

non-parenchymal cells (NPCs), like ECs and mesenchymal cells, play critical roles in regulating 

organotypic hepatocyte behavior.69-73 Pivotal studies in the late 1980’s showed that cocultures 

of primary hepatocytes with ECs and fibroblasts maintained differentiated liver function better 

stiff hydrogel collagen hydrogel double collagen hydrogel Matrigel
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than monocultures.74 A decade later Bhatia et al. demonstrated that heterotypic cell-cell 

interactions between hepatocytes and NPCs contributed to hepatocyte function increases more 

than secreted factors.72, 75 In this study, only hepatocytes that were in close contact to the 3T3-

J2 fibroblasts maintained albumin expression, while hepatocytes distant from the fibroblasts lost 

function. In this study, they also demonstrated that the spatial patterning of NPCs can be used 

to intentionally regulate hepatocyte behavior.72 Combining the effect of coculture with NPCs 

and ECM-mimetic scaffolding, hepatocytes cultured in collagen sandwiches with layers of NPCs 

(3T3-J2 fibroblasts) became a new “gold standard” that showed major improvements in 

hepatocyte function and longevity and supported high levels of liver-specific gene expression 

and metabolic function for several weeks in culture.76, 77 

Hepatocytes in vivo are intimately associated with the vasculature and thus, it is not 

surprising that they also exhibit enhanced functionality when they are cocultured with ECs. 

Especially important to the development of biomimetic hepatocyte cultures is the interaction of 

hepatocytes with ECs in the context of vascular networks. Toward this end, Nahmais et al. 

formed tube structures on Matrigel using liver sinusoidal ECs or human umbilical cord ECs and 

seeded hepatocytes on top.78 The hepatocytes not only retained metabolic activity (as assessed 

through cytochrome P450 expression) and synthetic activity (albumin synthesis) for around 

several weeks, but they were also observed to migrate toward and adhere to endothelial 

vascular structures. Recent work has confirmed these findings, which are particularly interesting 

since hepatocytes were traditionally thought to be non-migratory cells in vitro.79 The 

recruitment was due to hepatocyte growth factor secretion from the endothelium. In one novel 

assembly, Inamori et al. integrated primary hepatocyte spheroids coated with collagen with ECs 
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in the lumen of a hollow-fiber membrane. In this setting, cultures with ECs increased albumin 

secretion and formed structures similar to capillaries on the walls of the fiber.80 Studies on 3D 

vascular coculture within a hydrogel (not just on top of one) remain limited, even though this 

technique has the potential to greatly enhance hepatocyte function given the knowledge we 

have on the effects of 3D coculture with relevant ECM. Furthermore, an engineered vasculature 

will also be necessary for the development of implantable constructs with thicknesses greater 

than 150 microns (the diffusion limit). The most widely accepted and utilized coculture regimes 

are depicted in figure 1-7.  

 

Figure 1-7: Most common and successful culture mechanisms of hepatocytes with non-
parenchymal cells. Many of the most long-lived hepatocyte cultures involved coculture with 3T3 
fibroblasts or tubule forming endothelial cells. Interestingly, hepatocytes migrate toward tube 

forming cells in 2D, as depicted in B, where the hepatocytes are marked in green (albumin). To our 
knowledge, no one has successfully developed a truly 3D vascularized coculture platform, which 

we hypothesized would additively increase hepatocyte function and longevity. 

 

 

co-culture with NPCs coculture with vascular cells 3D vascular co culture

A) B) C)

aim of this work!
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1.5     Summary and thesis overview 

While there has been extensive work in understanding the liver microenvironment and 

cues that regulate hepatocyte function in vitro, much of this work was performed in natural 

materials that pose issues for potential implantation.  There is a need for a biocompatible 

scaffold that is able to recapitulate the liver microenvironment closely enough to support 

primary therapeutic hepatocyte function (for about 1 month). Furthermore, while many models 

show vast improvements in certain hepatocyte functions, there are few models that maintain all 

three of the most vital functions: the ability to synthesize proteins, the ability to transform toxic 

substances, and the ability to metabolize products to excretable components. In this work, we 

aim to develop a 3D biomaterial scaffold that supports both the long-term function of 

hepatocytes as well as cell-assembled vascular networks and then use this platform to design an 

improved BAL.  
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2. Biomaterials for tissue engineering 
2.1     Introduction 

Tissues are made of complex interactions between cells, ECM, and signaling molecules. 

Almost 40 years ago, the Bissell group demonstrated that each of these factors is vitally 

important to tissue-specific function through dynamic reciprocity, or the ongoing bidirectional 

interaction between cells and their microenvironment.81, 82 This work established the 

importance of ECM not only as a scaffold, but as an “integral determinant of tissue specificity 

itself.”82 Along with the ECM, other factors of the microenvironment, including adhesive and 

soluble signaling from neighboring cells, distant tissues, and systemic cues are also key factors 

guiding cell and tissue fate. Since organ structure and function are determined by the dynamic 

interaction between specific cell types, the ECM, and signaling molecules, it follows that the 

tissue engineering paradigm depends on the careful isolation of cells, appropriate cell culture 

conditions, and the suitable selection of a biomaterial scaffold for 3D cell culture. 

 Many of the early scaffolds for 3D tissue engineering consisted of biodegradable 

polymer materials like polylactic acid (PLA), polyglycolic acid (PGA) and polycaprolactone (PCL), 

which were already commonly used in medicine for products like resorbable sutures. However, 

hydrolytic biodegradation releases acids that can be toxic to cells and these types of materials 

can promote non-specific protein adsorption, leading to uncontrolled and sometimes undesired 

interaction with cells.83 Naturally occurring  ECM-materials, like collagen and hyaluronic acid, 

have also been heavily investigated as scaffolds for tissue engineering. However, natural hydrogel 

materials exhibit inherent and uncontrollable bioactivity, batch-to-batch variability, and potential for 

immune response when implanted. For example, while solubilized basement membrane, or 
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Matrigel, has been used for many tissue engineering applications, its composition is at least 2% 

unknown and varies with each lot, making it difficult to characterize cell behavior and 

hampering reproducibility.84, 85 Nevertheless, these materials are advantageous in that they 

form hydrogels, or porous polymer networks that retain large amounts of water and have 

viscoelastic properties similar to soft tissues.  

Chemically fabricated synthetic hydrogels are a viable option for developing repeatable and 

controlled scaffolds for tissue engineering while alleviating many of the biocompatibility issues above 

retaining the advantageous properties of hydrogels. Synthetic hydrogels have tunable mechanical 

properties within the range of in in vivo tissue (0.1 kPa to 1 MPa).86, 87 Typically, these 

mechanical properties are reported as either shear modulus (G) or elastic modulus (E), and can 

be controlled by manipulating the molecular weight (MW) of the polymer before crosslinking or 

by altering the polymer density.88 Furthermore, the liquid to solid transition during crosslinking 

enables the encapsulation  of cells in the material, providing a truly 3D cell culture environment that 

more accurately recapitulates the in vivo microenvironment. Encapsulation of cells in 3D hydrogels 

also permits the formation of complex geometries, 3D cell-cell interactions, and even nutrient 

gradients. Finally, many synthetic hydrogel materials are bioinert, minimizing potential inflammatory 

responses and immunogenicity and have been FDA approved for use in medical applications.89, 90 In 

order to emulate the in vivo cellular microenvironment, while maintaining the benefits of synthetic 

materials, synthetic hydrogels can be modified to mimic aspects of cell-ECM interactions such as 

integrin binding, growth factor presentation, and proteolytic degradation.  
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2.2     Hydrogel chemistry 

2.2.1     Polymers that form hydrogels 

When encapsulating cells in a hydrogel scaffold, cells are usually mixed with an aqueous 

hydrogel precursor solution so that they are homogenously dispersed throughout the hydrogel 

scaffold following gelation, as depicted in figure 2-1.  

 

Figure 2-1: Cell encapsulation within hydrogels. Polymer precursors are dissolved in a cell-
compatible aqueous buffer (or media). Then, the appropriate crosslinker and cells are mixed with 

the precursor. The cellular prepolymer mixture can be shaped as desired by pip pipetting into a 
hydrophobic or non-adhesive mold. In this example, simple shapes can also be formed by 

sandwiching a droplet of cellular polymer precursor between two glass slides or coverslips. In 
order to facilitate easy handing, one of the glass coverslips can be modified with reactive groups so 
that the polymer adheres to the coverslip during crosslinking.  Once the cellular precursor is in the 

desired architecture, crosslinking can be initiated to create solid 3D structures with cells 
homogenously entrapped inside. 

Since cells are mixed into the hydrogel precursor, it is imperative that the hydrogel 

precursor and gelation process are cytocompatible. For this reason, polymeric precursors are 

generally employed rather than monomers. The most commonly used polymers in 3D tissue 

cells

crosslinker

polymer

solid 3D 
cellular hydrogel 

liquid hydrogel precursor with cells 
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crosslinking
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engineering scaffolds are poly(ethylene glycol) (PEG), poly (vinyl alcohol) (PVA), and poly(2-

hydroxyethyl methacrylate) (PHEMA) (table 2-1). PEG, sometimes referred to as poly(ethylene 

oxide) (PEO), is arguably the most widely used synthetic polymer for tissue engineering. PEG has 

hydroxyl groups at each terminus that can be converted into other functional groups like 

methyloxyl, carboxyl, amine, thiol, azide, vinyl sulfone, acetylene, and acrylate groups.91 

Frequently, PEG is modified into PEG diacrylate (PEGDA) or PEG dimethacrylate (PEGDMA), so 

that the reactive groups on both ends can participate in radical initiated polymerization 

reactions to generate crosslinked hydrogels.92 Branched (multi-arm or star) PEG can also be used 

to form networks. 92, 93  
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Table 2-1: Chemical structures of hydrogel forming polymers. PEG, PVA, and PHEMA are 
biocompatible and can be used for tissue engineering applications. Derivatives of these polymers 

are often used to form hydrogels. For example, they may be modified with reactive acrylate 
groups for polymerization or copolymerized with other polymers to achieve certain material. 

 

PVA and PHEMA are also protein-resistant and offer flexibility in terms of precursor 

design.94 PVA hydrogels can be crosslinked simply using glutaraldehyde or PVA can be modified 

with acryloyl chloride or glycidyl methacrylate to generate reactive acrylate groups through the 

pendant hydroxyl groups.95  Compared to PEG, PVA is known to be stronger and more elastic.96 

Similarly, PHEMA hydrogels are easily tunable and have been used widely in biomedical 

applications, like contact lenses, neural engineering scaffolds, and stimuli responsive hydrogels. 

Compared to PEG and PVA, PHEMA hydrogels are relatively weak and have been seen to 

undergo long-term calcification when implanted.97 PHEMA is also frequently co-polymerized 

with other materials.98-103  For instance, when PHEMA is copolymerized with the glassy 

poly(methyl methacrylate) (MAA), it results in the copolymer hydroxyethyl methacrylate-methyl 
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methacrylate (HEMA-MMA), which has been used for microencapsulation of mammalian 

cells.104-106 

 

2.2.2     Hydrogel crosslinking 

The liquid to solid transition of hydrogel precursors can proceed via physical 

(noncovalent) or chemical (covalent) crosslinking.107 Physical crosslinks can include chain 

entanglement and non-covalent interactions like ionic interactions, hydrogen bonding, 

hydrophobic association, and van der Waals attractions. For example, polymer amphiphiles with 

both hydrophilic (i.e. PEG) and hydrophobic domains (i.e. polyester) can self-assemble into gels 

through hydrophobic interactions.108 Since non-covalent hydrogels are formed from bonds that 

are easily broken and reformed, they can be considered dynamic. This dynamic nature gives 

them with both shear-thinning and self-healing properties that makes them attractive as 

injectable biomaterials.109 However, their weak bonds also lead to gels that are extremely soft 

and often cannot support long-term tissue formation.  

Covalent chemical crosslinks form more mechanically robust hydrogels. Because of this, 

a majority of synthetic hydrogels used in tissue engineering are chemically crosslinked. Chemical 

crosslinks can form via a variety of mechanisms including small molecule crosslinkers, addition 

polymerization, and enzymatic ligation. In order for any of these mechanisms to occur, polymers 

must have functional groups that can react under the appropriate conditions. In small-molecule-

mediated crosslinking, a functionalized polymer bonds with a much smaller molecule with two 

or more reactive ends. For example, PVA hydrogels can be formed by crosslinking PVA with 

glyoxal (a dialdehyde crosslinker), where the hydroxyl groups of PVA react with the aldehydes 
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on glyoxal to form acetal bonds and a connected network.110 This type of crosslinking can take 

hours to fully react and can be highly toxic.111 Thus, it is better suited for forming hydrogel 

substrates rather than cell encapsulation. 

In order to crosslink hydrogels in the presence of cells, faster and more biocompatible 

reactions are necessary. Maximizing reaction speed  or minimizing reaction time not only 

reduces cell exposure to toxic reagents but also avoids cell sedimentation in the hydrogel 

precursor, which can create unintended cell density gradients.112 Since cell viability and function 

is the ultimate goal in tissue engineering, it is also important that crosslinking occurs at 

biocompatible temperature and buffer pH. Due to its rapid progression (minutes), 

biocompatibility, and high efficiency, one popular class of hydrogel crosslinking is thiol-ene 

reactions (figure 2-2). These reactions occur between compounds with thiols and compounds 

with alkenes (‘enes’) and proceed as either catalyzed thiol-Michael-type reactions or radical-

mediated addition reactions.113-115 Michael-type reactions proceed at room temperature in 

aqueous solutions. However, they proceed more rapidly with a base catalyst. In this reaction 

mechanism, a base (B) abstracts a proton from a thiol, forming a thiolate anion nucleophile. The 

thiolate anion then attacks the electrophilic β-carbon of an alkene to form a carbon-centered 

anion intermediate, which in turn abstracts a proton from a conjugate acid (BH+) to generate the 

thiol-Michael addition product and regenerate the original base.114 In radical-mediated thiol–

ene chemistry, the reaction also proceeds under mild, aqueous conditions but is initiated via a 

radical species. Polymerization can be initiated using redox initiators (like ammonium persulfate 

and tetramethylethylenediamine) or using a photoinitiator and light.116  After initiation, the 

generated radical attacks a thiol to form an electrophilic thiyl radical. Subsequently, the thiyl 
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radical attacks the C=C double bond of the alkene, forming a thiol–ene addition product and 

generating a new thiyl radical.114  

Addition polymerization, or chain-growth polymerization, of telechelic polymers with 

vinyl groups has also been used extensively to generate hydrogels for tissue engineering (figure 

2-2). These reactions proceed rapidly and with high efficiency. Photoinitiation (using light to 

generate the radical) is the most common mode of initiation of addition reactions for tissue 

engineering because it permits spatiotemporal control over the network formation. To initiate 

photopolymerization, a light-sensitive compound, or photoinitiator, is mixed with the polymer 

precursors and exposed to the appropriate wavelength of light for the chosen initiator.  
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Figure 2-2: Examples of commonly used covalent crosslinking techniques to form 
hydrogels for tissue engineering. In these examples, the biopolymer depicted is labelled PEG. 

However, it could be any functionalized hydrophilic polymer. a) Thiol-ene reactions between a 
thiol and functional “ene” groups can also be used to sequentially link polymers at their reactive 

sites. This reaction can either be base catalyzed (Michael-type addition) or radical mediated. 
b)Radical-mediated chain polymerization. Before crosslinking, hydrophilic polymers with 

hydrophobic end acrylate end groups self-assemble through hydrophobic interactions into micelle-
like structures. Then, after initiation via light or redox reaction, a radical propagates through the 

vinyl groups until it couples with another radical for termination or ends via disproportionation.  c) 
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Enzyme-mediated ligations can also be used to modulate crosslinking. In this reaction, the enzyme 
SA recognizes the sequence LPXTG and GGG on the polymers to crosslink and ligate them. 

There are a wide variety of photoinitiators with reasonable cytocompatibiltiy including 

aromatic ketones (such as 2,2-dimethoxy-2-phenylacetophenone, known as DMPA, 

acetophenone, or Irgacure) and xanthene dyes (such as eosin Y). Type I photoinitiators undergo 

unimolecular photocleavage when exposed to the appropriate wavelength of light to generate a 

free radical (figure 2-3).117 Type II initiators, undergo a bimolecular reaction, where, after 

absorption of light, the photoinitator reacts with a co-initiator to generate the free radical 

(figure 2-3). For example, after exposure to green light (514 nm), eosin Y absorbs photons and 

then produces a triplet state. Then, in the presence of an electron-rich molecule, like 

triethanolamine (TEOA), the triplet state is reduced and two charged radicals are generated. The 

anion radical (on the eosin Y) then abstracts a proton from one of the methyl groups on the 

TEOA and after proton rearrangement, creates a neutral radical that can participate in 

crosslinking. The reduced eosin Y then becomes a colorless bi-product, allowing further 

penetration into the reaction system.   
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Figure 2-3: Examples of common type 1 and type 2 photoinitiators and their radical 
formation mechanisms. a) Type 1 photoinitiator 2,2-dimethoxy-2-phenylacetophenone (DMPA) is 

excited by UV light. Then, the carbonyl group absorbs a photon and the excited α-carbon bond 
yields a benzoyl radical and a methoxybenzyl radical. The benzoyl radical (red) initiates free radical 

polymerization and the methoxybenzyl radical decomposes to give a more stable methyl radical 
and methyl benzoate. b) The methyl radical (red) also participates in crosslinking, however it is less 

effective than the benzoyl radical. In the type 2 photoninitator system (below) with eosin Y and 
triethanolamine (TEOA), eosin Y is excited to its triplet state, where it abstracts an electron from 

the electrophile TEOA, forming two charged radical species. The anion radical on the eosin Y 
molecule abstracts a proton from the cation radical TEOA to yield the more stable TEOA radical 

(red) that participates in polymerization. 

Finally, hydrogels can be formed via enzymatic ligations, which can have good kinetics 

(minutes) and are highly specific. For example, horseradish peroxidase (HRP) catalyzes the 

oxidative coupling of phenols in the presence of hydrogen peroxide (H2O2). HRP has been used 

to crosslink polymers with hydroxyl-phenol groups in the presence of cells, as long as H2O2 

concentrations are kept below 0.25 wt%.118 Recently, Nguyen et al. found that HRP can also 

generate the thyl radicals needed for initiating thiol-ene hydrogelation, which has, until now, 

only been demonstrated by photoinitiators during photopolymerization.119 Phenols in 

compounds like 4-dihydroxyphenylalanine (DOPA)-modified PEG like can also be crosslinked 

using tyrosinase without H2O2.120  

Transglutaminases (TG), have been used to catalyze the formation of isopeptide bonds 

between lysine and glutamine side groups (~2 min crosslinking time). For example, TG can be 

a) Type 1 photoinitiator: DMPA

b) Type 2 photoinitiator: Eosin Y and TEOA
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used to crosslink a PEGylated lysine containing peptide and a PEGylated glutamine containing 

peptide.121 Specially, factor XIIIa, an activated TG that plays a role in the coagulation cascade, 

has been used to encapsulate primary dorsal root ganglion cells in PEG hydrogels (n-PEG-MMP-

Lys and n-PEG-Gln) with high cell viability and function (neurite outgrowth).122, 123  

Recently, sortase A (SA) has been used to from hydrogels for tissue engineering because 

it offers a specific, biorthogonal reactions with good kinetics, and reversible ligation mechanism. 

SA is a bacterial enzyme that ligates an N-terminal glycine-bearing molecule to the peptide 

sequence LPXTG, where “X” is any amino acid except proline. It does this by cleaving the amide 

bond between Thr and Gly and covalently attaching an oligoglycine. Since the formed product 

maintains the LPXTG motif, a second SA-mediated reaction in the presence of soluble N-terminal 

oligoglycine nucleophile (e.g. GGG) allows cleavage of the conjugated polymer, making this 

reaction reversible under cell-compatible conditions.124 One drawback of SA use is that it 

requires a large molar excess (20:1) of label (oligoglycine bearing molecule) to substrate, which 

could lead to potential solubility issues or even cytotoxicity.125 Furthermore, where LPXTG 

substrate can be anywhere, the oligoglycine must be terminal for SA recognition.  

New systems that function like self-contained ligations are also being explored for 

crosslinking hydrogels. For example, SpyTag and SpyCatcher is a system of engineered reactive 

protein partners that catalyze isopeptide bond formation and can be used to crosslink hydrogels 

or conjugate macromolecules to polymers extremely rapidly and at very low concentrations.99, 

126 These systems have recently been optimized to be almost instantaneous, limited only by 

diffusion.126 While there are many crosslinking mechanisms, it is important to acknowledge that 
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different methods yield hydrogels with differing network architectures, which can impact 

properties like nutrient diffusion, degradation, and cell behavior.117, 127  

 

2.2.3     Biochemical conjugations 

Due to the bioinert nature of most synthetic hydrogels, cell-scaffold interactions are 

usually facilitated through immobilization of specific bioactive peptides and proteins. Similar to 

crosslinking schemes, desired peptides and proteins can be immobilized within the hydrogel 

network using a variety of chemical conjugation chemistries that occur through reactive groups 

like amine, sulfhydrl, alkyne, or aldehyde groups. For example, polymers functionalized with 

amine reactive N-hydroxysuccinimide (NHS) esters can easily be conjugated to any molecule 

containing a primary amine, forming a stable amide bond. A common application of NHS ester 

chemistry is the reaction of acrylate PEG-succinimidyl valerate (SVA, an NHS ester group) with 

an amine-containing peptide.106  In this reaction mechanism, any primary amine group (N-

terminus or lysine side chain of a peptide, for example) substitutes in place of the SVA via a 

nucleophilic SN2 reaction to create acrylate-PEG-peptide. Buffer choice and pH are particularly 

important during these reactions because ester hydrolysis competes with them and the rate of 

hydrolysis increases with extreme pH.128 PEG-maleimide reacts in a similar fashion with any 

macromolecule containing a thiol group by forming a stable thioether linkage.114 These reactions 

occur on the scale of hours in aqueous or organic conditions and are highly efficient, with over 

90% yields.129 The above described acrylate-PEG-peptide can be dialyzed to remove impurities 

and unreacted molecules, lyophilized, and stored for long periods of time. To form a hydrogel 

with biofunctional modification, a peptide or protein modified PEG-monoacrylate derivative can 
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be mixed with the PEG-diacrylate derivative that is the hydrogel precursor. During the 

crosslinking reaction, the PEG-monoacrylate derivative is grafted into the hydrogel network.   

Click-strategies can also be used for bioconjugation. One of the main advantages of 

click-chemistries is that they generally occur between unnatural groups and thus can occur in 

the presence of cells without the potential for cell-surface protein-modification. Click-functional 

docking sites can be engineered into the polymer structure and bioactive ligands with 

complementary functional groups can be clicked into the hydrogel at a user-defined times post 

cell-encapsulation.84 These chemistries rely mainly on the formation of carbon-heteroatom 

bonds using spring-loaded reactants.130 One of the most common click-reactions is copper(I)-

catalyzed azide-alkyne cycloaddition (CuAAC), which fuses azides and alkynes in the presence of 

Cu(I) and Ru(II) catalysts in aqueous conditions. Because Cu(I) and Ru(II) can by cytotoxic and 

mildly reactive with common groups like thiols and amines, CuAAC is better used to modify 

hydrogel precursors before exposure to cells. Strain-promoted azide-alkyne cycloaddition 

(SPAAC) is a metal-free alternative to the CuAAC reactions. In SPAAC reactions, alkynes react 

with a strained cyclooctyne to form triazole products. A commonly used SPAAC reagent is 

dibenzocyclooctone (DBCO), which is very reactive but its strong hydrophobicity can limit 

biomolecule compatibility and can necessitate organic solvents or chemical modification before 

using it for biomolecule conjugation.131 While SPAAC has improved biocompatibility compared 

to CuAAC, its reaction rate is slower, so electron-withdrawing fluorine atoms have been 

incorporated in reagents to increase kinetics (i.e. difluorinated cyclooctyne reagent (DIFO3)).132 

Recently, studies have also suggested that a Ru(II) compound, 

chloro(pentamethylcyclopentadienyl) (cycloocta-diene) ruthenium(II), Cp*Ru(cod)Cl, may be 
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able to provide aqueous catalysis while being both noncytotoxic and unreactive toward 

common biological functional groups.131, 133  

In order to further increase reaction kinetics, catalyst-free strain-promoted 

cycloaddition of dienes (e.g., tetrazines) with dienophiles (e.g., alkenes, alkynes) have emerged. 

These reactions, known as inverse-electron-demand Diels–Alder (IEDDA) reactions, have been 

shown to outperform most of the other bio-orthogonal click-reactions due to their rapid and 

tunable kinetics, catalyst-free nature, and superior chemoselectivity.134 Norbornenes and 

transcyclooctene are commonly used reagents for IEDDA with reaction rates between 102 and 

106 M−1 s−1, even with minimal concentrations of coupling reagents.135 

While conjugation chemistries continue to develop, combinations of multiple existing 

crosslinking and conjugation mechanisms can be used to generate versatility and complexity. 

One current example of a crosslinker that is modular and enables post-encapsulation 

modification with azide-modified bioactive moieties (hydrophobic or hydrophilic peptides or 

large glycosaminoglycans) was developed by Guo et al.136 The crosslinker is essentially a PEG 

chain with sulfhydryl termini for hydrogel crosslinking, polyester segments for hydrolytic 

degradation, and alkyne moieties for post-crosslinking addition of bioactive macromolecules via 

click-reactions. Schematics of the conjugation chemistry reaction schemes are shown in figure 2-

4. 
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Figure 2-4: Chemistries of commonly used conjugation schemes depicting the conjugation 
of one reactive group to another. These functional groups (and complementary reactive group) can 
be used to link two polymers with complementary terminal functional groups or a polymer with a 
bioactive ligand with complementary terminal functional groups. For example, amine groups (on 

peptides or polymers) react with NHS esters (as depicted) imidoesters and hydroxymethyl 
phosphines. Thiol groups (on peptides and polymers) react with maleimide (as depicted) or 

haloacetyle groups (bromo or iodo), pyridyldisulfide, thiosulfonate, and vinylsulfone. The click 
reactions copper(I)-catalyzed azide-alkyne cycloaddition (CuAAC) or strain-promoted azide-alkyne 

cycloaddition (SPAAC) can be used for biorthogonal conjugation of non-native azide and alkyne 
groups with or without metal catalysts. Ligations between oximes and aldehydes are also 

depicted. Finally, the mechanism of inverse-electron-demand Diels-Alder (IEDDA) reactions 
between dienophiles (alkenes or alkynes) and dienes (tetrazines) is depicted. 
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2.3     Modulating cellular interactions in synthetic hydrogels 

The types of bioactive peptides and proteins immobilized in the hydrogel profoundly 

affect cell behavior. In vivo, endogenous ECM function contains adhesion sites for cells to bind 

to, sequesters growth factors and is constantly remodeled by surrounding cells (figure 2-5).137 By 

leveraging bioconjugation, synthetic hydrogels can be engineered to contain ECM mimetic 

signals and direct cell behavior. In vitro, these parameters can include type and density of 

available adhesion ligands, growth factor availability and scaffold degradation.138, 139 

 

Figure 2-5: Schematic visualizing some important hydrogel modifications to render 
synthetic polymer scaffolds bioactive. a) Cells interact with available adhesive ligands (green) and 

growth factors. In order to facilitate cell migration and space for proliferation, degradable 
segments must be incorporated into the hydrogel backbone (blue). b) Example of integrin binding 
to a tethered adhesive peptide using the example of the peptide RGD with the ⍺5β3 integrin pairs. 

Upon binding RGD, the integrins undergo conformational changes affecting the intracellular 
cytoskeleton and related signaling. c) On the bottom, an example of hydrogel degradation 

modulated by the cell-secreted matrix metalloprotease (MMP)-9, which is cleaving its substrate, 
the, PQ peptide. 
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2.3.1     Cell adhesion  

In bioinert hydrogels, cell adhesion is one of the first considerations because it is usually 

necessary for cell survival. Almost all normal tissue-derived cells are anchorage-dependent, 

meaning they require a solid support for normal function and proliferation. Without a solid 

support and anchoring mechanism, they undergo growth arrest and anoikis.140 This concept has 

been demonstrated in synthetic hydrogels with and without adhesive domains.141, 142 In one 

example, biopotential mouse embryonic liver cells were encapsulated in PEG-DA hydrogels with 

and without incorporation of an integrin-adhesion ligand.143  The viability of hepatic cells in 

hydrogels without adhesion ligands went from 75.5% post-encapsulation to 0% in one day. 

However, cells retained viability and had significantly higher hepatic function (albumin secretion 

and urea production) in hydrogels containing a grafted adhesive peptide (RGDS).143   

Cell adhesion to the ECM occurs through cell adhesion receptors, like integrins, which 

bind to both ECM and the intracellular actin cytoskeleton. Integrin binding often confers 

cytoskeletal conformational changes, activating or regulating one or more intracellular signaling 

pathways (figure 2-5).144, 145  These pathways typically involve phosphorylation of focal adhesion 

kinase, recruitment of adaptor proteins, activation of small GTPases and subsequent activation 

of downstream effector molecules.146 Thus, integrin binding signals cascades of events that have 

profound influences on cell behavior. Integrin binding not only initiates pro-survival signaling to 

prevent apoptosis but also regulates cell spreading, migration, proliferation and 

differentiation.147  
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In synthetic matrices, cell adhesion can be modulated by conjugating cell-adhesive 

peptides derived from native ECM proteins, like fibronectin, vitronectin, and laminin with 

polymers that form hydrogels.148  Since these signaling domains are short peptide fragments, 

they do not elicit immune responses.149 Other benefits of the short-peptide sequences, as 

opposed to full proteins, are that they are more stable to solvent and temperature conditions 

and there are no concerns about protein denaturation.  The most commonly used peptide for 

cellular attachment is RGDS.150 Although RGDS is derived from fibronectin, the active portion, 

RGD, is a highly conserved sequence found in multiple ECM proteins. Thus, RGD can bind to 

multiple types of integrins on most types of cells. However, there are many biomimetic 

adhesion peptides to choose from depending on the cell type and target goal (table 2-6). The 

types of adhesion ligands immobilized into a synthetic hydrogel should be optimized for each 

cell type. For example, while the incorporation of the laminin-based peptide YIGSR reduced 

pancreatic b-cell apoptosis, other laminin-based peptide sequences IKLII and IKVAV were more 

effective. Furthermore, the combination of ILKII and YIGSR not only reduced apoptosis but 

increased insulin secretion.151 In addition to the type of ligand, the density of adhesive ligands 

should be tailored for the specific cell type. For example, Kyburz et al. showed that human 

mesenchymal stem cells (MSCs) respond to immobilized RGDS from 0.001 – 1 mM through 

changes in morphology, the actin cytoskeleton, and B1 integrin arrangements (figure 2-6) as well 

as changes in cell motility and polarization.152 The manner in which adhesive peptides are 

presented to cells also affects behavior. For example, materials containing cyclic RGD were seen 

to maintain cell adhesion longer and exhibit integrin binding at 100-fold lower concentrations 

than those containing linear RGD.153 Clusters of peptide ligands in hydrogels can simulate 
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integrin clustering found in vivo and increase cell adhesion, motility, and formation of stress 

fibers compared to materials with the same peptide concentration distributed 

homogenously.154, 155 Clustering arrangements can also affect proliferation, migration, and cell 

function.156 For example, on PEG-based hydrogels, cell migration speed increased as RGD cluster 

size increased from 1-9 RGDs/cluster.154, 157 Similarly, increasing cluster size from 1.7 to 5.4 

RGD/cluster increased adhesion strength, demonstrating that cells sense and respond not only 

to overall macroscopic surface ligand density but also local geometric features in the 

presentation of those ligands.157, 158 

 Synthetic hydrogels can be functionalized with peptides like RGD through standard 

conjugation chemistries, click-chemistries, or enzymatic ligations, as described previously. For 

example, using NHS-ester chemistry, acrylate-PEG-RGDS (PEG-RGDS) can be conjugated and co-

polymerized with PEGDA to make adhesive hydrogels. This way, PEG-RGDS molecules 

participate in crosslinking by grafting into the hydrogel backbone, leaving the RGDS free to 

interact with cells. Adhesive PEG hydrogels have demonstrated increases in cell survival, 

spreading, migration and specialized cell function.143, 159, 160  
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Table 2-2: Examples of cell-adhesive, ECM-mimetic peptides that can be conjugated to 
synthetic hydrogel-macromers in order to render bioactivity. 

 

 

A

B

C

D

Original 
Protein

Peptide Receptor Binding

Fibronectin RGD α5β3, αvβ5, 
α5β1, α8β1, 
αvβ5, αvβ6, αvβ8, 
αIIbβ3, α2β1, 
α3β1, α4β1, α7β1

PHSRN α5β1

KQAGDV αIIbβ3, α5β1

LDV α4β1, α4β7, α4βP 

REDV α4β1

Laminin YIGSR α4b1, 67 kDa, 
38 kDa, 36 kDa

IKVAV α3b1, 110 kDa, 67 
kDa, 45 kDa, 32 
kDa protein

PDGSR β1 chain

IKLLI α1 chain

RKRLQVQLSIRT α1 chain

Collagen I DGEA α2β1

GFOGER α1β1, α2β1 
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Figure 2-6: A-D) Images of encapsulated hMSCs cultured in synthetic gels of varying RGDS 
concentrations. These images show how concentration of immobilized adhesive ligands affect cell 
morphology. Cells were immunostained for actin (red), β1 integrin (green), and DAPI (blue). A) In 

gels with 0.001 mM RGDS, cells remain rounded and show little if any β1 integrin, even on the 
rounded edges of the cell. (B) In gels with 0.01 mM RGDS, actin protrusions are present but 

limited, with little β1 integrin staining on actin fibers. (C) For 0.1 mM gels, cells are spread, with 
large, protrusive actin fiber formation, with β1 integrin staining on the protrusions. (D) For 1.0 mM 

gels, cells are similar to the 0.1 mM cells, with protrusive actin fibers; however, the β1 integrin 
staining seems more localized to the ends of actin fibers. The scale bar represents 50 μm. Table 

adapted from tables in references 91, 92, and 160. Panels A-D) adapted from ref 151. 
 

 

2.3.2     Hydrogel degradation 

In tissue engineering applications, scaffolds are usually designed to be biodegradable so 

that the ultimate application does not face chronic foreign body response. Depending on the 

target tissue and cell type, seeding density, and individual variability, optimal rates of 

degradation vary. It is important to try to match the rate of polymer degradation to the rate of 

tissue formation in order to maintain mechanical integrity. The products of material degradation 

should also be non-toxic and small enough for renal clearance (<20 kDa).161 Inherently non-
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biodegradable hydrogels can be engineered to degrade via hydrolysis, enzyme cleavage, or a 

combination of these mechanisms with varying degrees of control.162  

Hydrolysis can be employed as a mechanism for biodegradation of biomaterials. 

Hydrolytically-labile oligomers, like poly(lactic acid), PLA, poly (glycolic acid), PGA and 

poly(caprolactone), PCL (table 2-2) can be incorporated with a hydrogel forming polymer as 

block copolymers.163, 164 In PEGDA-based hydrogels, degradation rate can be tuned from 1 day to 

over 4 months by tuning the amount and block size of PLA/PGA/PCL incorporated (AB, ABA, 

ABBA).165 Alternately, degradable segments can also be incorporated into the hydrogel 

crosslinker. For example, Bryant et al. used polyester crosslinks within PHEMA hydrogels to 

enable hydrolytic degradation.166 However, degradation products of polyesters can raise local 

pH and potentially damage surrounding cells. Additionally, polyester hydrolysis is acid catalyzed, 

so local pH change can inappropriately accelerate degradation. Furthermore, the addition of 

hydrophobic blocks within an inert, hydrophilic polymer can change the bioactive properties of 

the hydrogel and must be carefully balanced. Too many hydrophobic portions can lead to 

unintended protein adsorption or even a loss of protein bioactivity.167 Polyesters, like PGA, are 

also highly crystalline, stiff polymers that can influence the bulk modulus of the hydrogel.  
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Table 2-3: Table depicting commonly used hydrolytically degradable polymers that can be 
copolymerized with hydrogel forming polymers to render controlled biodegradation. The 

degradation rate decreases with increasing hydrophobicity. While PGA can take 6-12 months to 
degrade, PCL can take over 2 years. The combinations and amounts of hydrolytic polymer 

incorporated within the hydrogel can be tuned to achieve a target degradation rate. 

 

 

Hydrogels have also been engineered to degrade in response to cell-secreted enzymes, 

which can emulate in vivo matrix remodeling. In vivo, cells secrete proteolytic enzymes to 

degrade ECM localized near them, under conditions such as wound healing and development.168 

The process is tightly controlled so that ECM is sufficiently degraded (i.e. to facilitate cell 

passage) but also maintains mechanical integrity for support and cell traction.146 Matrix 

metalloproteases (MMPs) and other proteolytic enzymes, like plasmin and cathepsins, each 

recognize specific peptide sequences that can be engineered into hydrogels (table 2-3). Small 

changes in the precise amino acid sequences can enable tighter control over site specificity and 

degradation kinetics.169   
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These cleavable segments can be incorporated into the hydrogel backbone or into the 

crosslinker to generate cell-responsive, degradable backbones.168 Because each cell secretes 

different panels of proteolytic enzymes and certain cell processes upregulate or downregulate 

these secretions, choosing the enzyme substrate appropriately is key. For example, hydrogels 

sensitive to MMP-13, which is secreted by mesenchymal stem cells (MSCs) and up-regulated 

during bone injury, support osteogenic differentiation of MSCs.170-172 Similarly, MMP-7 is 

upregulated during chondrogenesis and has been used to trigger degradation linked to 

chondrogenesis.173  
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Table 2-4: Table depicting examples of proteolytically degradable peptide sequences that 
can be incorporated into a hydrogel structure to facilitate site-specific degradation.  Peptides 

should be selected such that the degradation rate is dictated by encapsulated cells and the specific 
enzymes they secrete. Adapted from references 91 and 92.   

 

One of the most commonly utilized peptides for this type of biodegradation is the 

(MMP)-2/9 degradable sequence PQGIWGQG (PQ), which is derived from type I collagen and 

degraded between the G and I amino acids. MMP-2 and MMP-9 are secreted by many cell types 

including fibroblasts, smooth muscle cells, pericytes and endothelial cells (ECs).174 Degradable 

PEG-based hydrogels can be created by conjugating the acrylate-PEG-SVA to the PQ on both 

Enzymatic Degradation
Peptide Protease
APG↓L
GPQG↓IAGQ 
VPMS↓MRGG

MMP-1 (collagenase)

SGESPAY↓YTA 
DIPV↓SLRS

MMP-2 (gelatinase A)

NKPF↓SMMM MMP-3 (stromelysin-1)

VPLS↓LTMG
CRDPLE↓LRADRC
PLE↓LRA

MMP-7

GPLG↓LAG MMP-9 (gelatinase B)

DENPDIE MMP-12

PEN↓FF
GPLG↓LWAR 
GPQGLA

MMP-13

RDVPMS↓MRGGDR
FIPX↓SLRM
SGRSENIRTA

MMP-14

GPQGIWGQ MMP-1/12

PQG↓IWGQ
VPLS↓LYSG

MMP-2/9

GGVPMS↓MRGGK MMP-1/2/9

IPES↓LRAG MMP-1/2/3/7/9/14

GPS↓G
GEAGKPG↓KAG
HPGGPQ↓EDD

cathepsin-K

YK↓NR
VR↓N

plasmin

GLVPR↓G thrombin

AAPV↓RGGG
AAAAAAA

elastase
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sides to create acrylate-PEG-PQ-PEG-acrylate (PEG-PQ-PEG). PQ’s base sequence is normally 

modified to include glycine spacer residues at each end to minimize polymer impacts on 

enzyme-peptide interactions and a lysine residue is often added to the C-terminus of the 

peptide to provide a second primary amine group in addition to the N-terminus so that PEG can 

be conjugated to both ends of the peptide. Similar to in vivo processes, degradation in these 

hydrogels localizes around cells or cell clusters, where higher cell density leads to more 

proteolytic secretion and more cell migration. 3D proteolytic degradation in PEG-PQ-PEG 

hydrogels was visualized by Lee et al. using a collagenase-sensitive fluorogenic substrate 

demonstrating that proteolytic degradation of the hydrogel material was localized to cell surface 

(figure 2-7).175 PEG-PQ-PEG hydrogels can be also co-polymerized with PEGylated bioactive 

peptides and have shown to increase neovasculogenesis when implanted in vivo.176 

 

Figure 2-7: Images of fibroblasts encapsulated in an MMP-2/9 degradable PEG-based 
hydrogel with a collagenase-sensitive fluorogenic substrate (CS-FS) in the hydrogel backbone. The 
CS-FS-hydrogel warrants visualization of cell-secreted collagenase and thus cell migration. C, E, G) 

DIC images of single or clustered fibroblasts at day 0, 5, and 7, respectively. D, F, H) Fluorescent 
images acquired from CS-FS-PEG, where autofluorescence is shown in dim green and red (cells) 

and the bright green fluorescence indicates collagenase secretion causing localized substrate and 
hydrogel degradation. Adapted from ref 175. 
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2.3.3     Combinations of bioactive factors 

Since many bioactive parameters like adhesivity, degradation, and stiffness can be 

controlled independently in synthetic hydrogels, they are valuable tools for investigating their 

effect on cells both individually and in combinations. In order to use synthetic hydrogels to their 

full potential, the combinations of these factors need to be controlled and optimized. For 

example, since many cell processes require both degradation and adhesion to occur, most tissue 

engineering hydrogels are designed to be both cell-adhesive and biodegradable. In early work, 

Lutolf et al. used PEG hydrogels containing either adhesion sites (RGD peptide), protease-

sensitive crosslinkers (PQ peptide), or both to demonstrate that cell elongation and migration 

was dependent on both adhesion and degradation.177 Since then, cell adhesive and degradable 

hydrogels have been used in numerous other tissue engineering applications. For example, 

vascularized hydrogels can be formed by encapsulating ECs and pericytes in hydrogels formed 

from PEG-PQ-PEG and PEG-RGDS. In this setting, the ECs secrete enzymes allowing them to 

migrate and interact to form vascular assemblies supported by pericytes.178 The capillary-like 

structures formed are lumenized and secrete relevant extracellular matrix to form a basal 

lamina composed of collagen IV, laminin, and fibronectin.179 Because the base material is 

bioinert, the effects of different adhesive ligands and combinations thereof can be explored in 

the scaffolds. For example, cardiovascular endothelial cells exhibit different adhesion 

capabilities and proliferation on PEG-based hydrogels with either RGDS-adhesive ligands, RKR-

ligands, or both RGDS and RKR adhesive ligands (figure 2-8).180 
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Figure 2-8: Cells assume different morphology based on the adhesion ligands presented.  
Aortic endothelial cells (AEC), valve endothelial cells (VEC), and valve interstitial cells (VIC) cultured 

on degradable PEG-based scaffolds immobilized with either RGDS, RKR, or RKR and RGDS. 
Brightfield images show that cell adhesion and proliferation are affected by adhesive ligands and 

combinations. Scale bars are 100 μm long. Adapted from ref 179. 

Endothelial cell function is also affected by the presence of varying combinations of 

adhesive ligands. For example, when vasculogenesis by encapsulated ECs and pericytes was 

examined in MMP-2 degradable hydrogel with tethered RGDS, IKVAV, YIGSR and various 

combinations of these (2-9), the combination of PEG-YIGSR and PEG-RGDS resulted in the 

highest endothelial tubule length, greatest tubule diameter, and overall highest density of 

capillary-like tubes compared to any individual ligand.181  
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Figure 2-9: Example of cellular response to the incorporation of differing adhesive 
peptides and combinations thereof into a PEG-based hydrogel.B) EC’s and pericytes encapsulated 

in degradable PEG-based hydrogels exhibit different behavior and form capillaries to varying 
degrees and with varying vascular morphologies. C) Quantification of vascular network formation 

with different bioactive ligand presence.  Adapted from ref 180. 

 

2.4     Summary and scope of thesis 

As outlined above, the inherent biocompatibility and versatility of PEG hydrogels make 

them a great candidate for achieving our broad goal of developing a biomaterial scaffold to 

support primary hepatocyte function. Thus, the hepatic tissue model described in this 

dissertation consists of a bioactive PEG-based hydrogel platform. The simplicity of the system 

will allow us to probe specific biomaterial interactions and cell-cell interactions within the 

scaffold without confounding factors found in natural materials. The following chapter will 

describe the development and optimization of the PEG-based biomaterial scaffold for culture 

with primary hepatocytes within the bounds of hydrogels previously determined to support 
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microvascular network formation. Then, in chapter 4, we will characterize the coculture of 

hepatocytes in the context of vascular coculture and evaluate long-term hepatocyte 

functionality within the developed constructs. Chapter 5 will take this platform one step further 

by demonstrating the formation of supportive microvasculature with organ specific primary 

sinusoidal endothelial cells and stellate cells. Finally, chapter 6 will introduce a novel method to 

translate our archetypal cell-assembled microvasculature into a perfused bioreactor where it is 

possible to bridge microvasculature with larger scale flow. In the final chapter, we demonstrate 

the integration of vascular hepatic constructs within our perfusion-based platform and show 

that hepatocytes retain multiple liver-specific functions within this context for at least 1 month, 

thus validating the proof-of-concept that such a platform could serve as a therapeutic BAL for 

the treatment of end-stage liver disease.   

 

Figure 2-10: Summary of the broad scientific goal of this thesis. Using a modified PEG-
based hydrogel, we will investigate the effects of material properties, like adhesivity and stiffness, 
and biological properties, like homotypic and heterotypic cell culture within a 3D vascular context 
to find a suitable platform that supports the long-term function of primary hepatocytes in vitro. 
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3. Hydrogel scaffold synthesis and characterization 
3.1     Introduction 

As outlined in chapter 2, over the past decades, several tissue engineering approaches 

have been explored as high-potential routes to emulating the liver microenvironment and 

supporting hepatic function in vitro. Many of these approaches have relied on the use of natural 

materials like collagen and Matrigel to mimic ECM. There have been fewer efforts in synthetic 

hydrogels, despite their advantageous properties. Herein, we develop a bioactive PEG-based 

hydrogel that is suitable for 3D co-culture of hepatocytes and NPCs. 

There have been some previous studies using PEG as a biomaterial for hepatic 

constructs. In one study, immortalized hepatocytes (SV-40 cells) were encapsulated in non-

degradable PEGDA hydrogels of increasing stiffness (10, 20, and 30% w/v hydrogels). While the 

embedded cells displayed reasonable viability, their albumin synthesis was only modest and 

decreased with increasing hydrogel stiffness.182 In this study, the MW of PEG polymer used was 

only 575 kDa, which has been shown to be insufficient for any cell culture, as it creates too tight 

of a network around the cells and hampers diffusion of important nutrients through the 

hydrogel mesh. Improving on the material parameters, in another study embedded hepatocyte 

precursor cells were into PEGDA hydrogels of MW 6,000 - 20,000 kDa (a range determined to be 

appropriate for mammalian cell culture).183, 184 This time, the hepatocyte-like cells were much 

healthier. Again, they tended to do better in the softer hydrogels. More importantly, this study 

looked at the effect of adding an adhesive component, RGDS, in the hydrogel matrix. The 

additional RGDS ligands facilitated ß1 integrin binding, conferring survival and inhibiting 

apoptosis. The cells in adhesive hydrogels also secreted more albumin than the cells in PEG 
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hydrogels alone or PEG hydrogels with the non-sense sequence RGES. While we can certainly 

learn about the liver using hepatocyte progenitors and hepatocyte-like cells, they cannot yet 

replace mature primary hepatocytes and immortalization strategies, like viral oncogene use or 

human telomerase reverse transcriptase use, leads to cells with limited organ specific function 

on atypical behavior (i.e. proliferating rapidly).45 One of the few studies that looks at the use of 

PEG hydrogels for primary hepatocyte culture embedded pre-aggregated hepatocyte “pucks” 

into an adhesive PEGDA hydrogel.68 In co-culture with J2-3T3 fibroblasts in the 3D matrix, the 

hepatocytes were able to retain multiple liver specific functions for several weeks.  

Other PEG-based hydrogel constructs involving primary hepatocytes that have been 

described in vitro have coupled the synthetic hydrogel with natural elements like hyaluronic 

acid, heparin, gelatin, and even decellularized tissue to enhance functionality.65, 184-187 While the 

incorporation of natural materials can offer certain advantages compared to synthetic materials 

alone, hybrid materials circle back to the same challenges present in natural materials including 

batch variations and immune concerns for implantation. However, from these prior studies, we 

can observe trends that are likely generic. For example, from experiments in hybrid hydrogels, 

we can learn that stiffness is a regulator of hepatocyte differentiation.185 When comparing 

hepatocyte function in gels from 0.6 – 4.6 kPa in stiffness, the highest stiffness initially led to 

higher albumin secretion, but over time it was the mid stiffness that supported hepatocytes the 

best. 

Despite the many advantages of PEG hydrogels as 3D scaffolds for tissue engineering, 

there are limited studies dedicated to optimizing PEG hydrogels for hepatocyte culture. Even the 

studies described above that encapsulate primary hepatocytes in PEG matrices fail to explore 
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the effect of critical parameters, like stiffness, which is associated with pathology in the liver 

within this biomaterial. Many of these studies use hydrogels of 10% w/v and higher, which are 

known to correlate to stiffnesses >40 kPa, well above the range of healthy livers (2.3-5.9 kPa).188 

Furthermore, while it is evident that heterotypic cell-cell interactions are one of the most 

important cues to retain hepatocyte differentiation, there have been few studies that 

investigate the use and optimization of a degradable PEG hydrogel that would allow the culture 

of multiple cell types in the scaffold. Toward this end, we could only identify one study that used 

degradable and adhesive PEG-based hydrogels for the 3D culture of primary hepatocytes and 

found that hepatocytes in these hydrogels displayed high functionality for over 3 weeks in 

culture. However, there was little exploration of hydrogel properties and it remains unclear of 

which these are optimal conditions.  

In this chapter, we describe the synthesis of each component of our bioactive PEG 

hydrogel matrix that will be used throughout this work and layout a protocol for encapsulation 

of cells for 3D culture. Specifically, we investigate the effects of matrix stiffness and adhesivity in 

order to develop a synthetic hydrogel that supports both hepatocytes and NPC types. Building 

on previous work in our group, we base our investigations on hydrogels known to support the 

long-term vascular culture of ECs and pericytes and, within those bounds, optimize them for 

hepatocyte function. We also investigate the effects of cell-culture conditions like media and 

seeding density within our scaffold. 
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3.2     Materials and methods 

3.2.1     PEGDA Synthesis  

Fundamentally, our hydrogels are based on PEGDA, as described in chapter 2. In order 

to use PEG polymers for hydrogel formation, reactive groups must be incorporated to facilitate 

crosslinking. In the case of PEGDA, acrylate groups that can participate in radical-initiated 

addition crosslinking reactions are incorporated onto both termini of a PEG polymer with 

terminal hydroxyl groups by reacting it with acryloyl chloride (figure 3-1). 6 kDa PEGDA was 

prepared by combining 0.1 M 6kDa PEG (Sigma-Aldrich, St. Louis, MO) with 0.4 M acryloyl 

chloride and 0.2M triethylamine (TEA) in anhydrous dichloromethane (DCM) and mixing under 

argon overnight.  The resulting solution was then washed with 1.5 M K2CO3 and separated into 

aqueous and organic phases to remove formed HCl. The organic phase was then dried with 

MgSO4 and PEGDA was precipitated in cold diethyl ether. The precipitated PEGDA product was 

then lyophilized under vacuum and stored until use. Efficiency of PEG acrylation was verified by 

dissolving a sample in deuterated chloroform with 0.03% tetramethylsilane and performing 

proton nuclear magnetic resonance spectroscopy (1H-NMR, Bruker, Billerica, MA).   

 

Figure 3-1: Chemical formula described the synthesis of PEGDA.Terminal hydroxyl groups 
on PEG chains react with carbonyl groups on acryloyl chloride to form PEGDA. 
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3.2.2     Synthesis of bioactive PEG macromers 

As described in chapter 2, PEG can be modified with bioactive peptides to confer 

desired functionality while the rest of the hydrogel remains bioinert.179 For this work, we chose 

to covalently immobilize the enzymatically degradable peptide, PQ, into our hydrogel backbone 

to render  the hydrogel degradable by matrix metalloproteinase 2 and 9. We also incorporated 

the cell-adhesive peptide RGDS into the hydrogel as a grafted but unincorporated ligand. NHS 

ester chemistry was used to immobilize PQ and RGDS onto PEG polymers containing a reactive 

succinimide valerate group (figure 3-2).  

 

Figure 3-2: Chemical synthesis of bioactive PEG macromers. A) Formation of cell-adhesive 
PEG-RGDS. B) Formation of proteolytically degradable PEG-PQ-PEG. 
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3.2.2.1     PEG-PQ-PEG synthesis 

To generate degradable hydrogel scaffolds, a modified version of PEGDA was 

synthesized by PEGylating the MMP-2/9 degradable peptide PQ on both ends. PQ was 

synthesized via solid-phase peptide Fmoc chemistry on an Apex 296 synthesizer (Aapptec). The 

successful synthesis and correct molecular weight (MW) was confirmed by dissolving the 

peptide in a-cyano-4-hydroxycinnamicacid matrix (HCCA; 1:5 dilution of peptide to matrix) and 

performing MALDI-ToF mass spectrometry (Applied Biosystems, figure 3-3).  

After confirmation of the correct MW, acryl-PEG-succinimdyl valerate (3,400 kDa PEG-

SVA, Laysan Bio Inc.) was conjugated to the PQ peptide’s N-terminal amine and C-terminal 

lysine. Briefly, PQ was mixed with acryl-PEG-SVA at a 1:2 ratio in N-(2-hydroxyethyl)piperazine-

Nʹ-(4-butanesulfonic acid)) (HEPBS) buffer (20 mM HEPBS, 100mM NaCl, 2 mM CaCl2, 2 mM 

MgCl2, pH 8.5). The pH was titrated to 8.0 and the reaction mixed overnight at 4°C. The 

conjugated polymers were dialyzed (6,000-8,000 molecular weight cut off, MWCO regenerated 

cellulose membranes, Spectrum Laboratories) and lyophilized. PEG conjugation to the peptides 

was verified using gel permeation chromatography (GPC; with an evaporative light scattering 

detector, Polymer Laboratories, figure 3-4). All batches used exhibited >85% conjugation and 

were stored at -80°C, under argon until use. 

To access proteolytic cleavage of the PQ peptide and degradability of the PEG-PQ-PEG 

hydrogels, acellular hydrogels were made from  5% PEG-PQ-PEG or PEGDA (gel formation 

described in section 3.2.3) and then exposed to collagenase (20 µg/mL; Sigma) to observe 

targeted degradation. Hydrogels were incubated with collagenase in 0.36 mM calcium chloride 

and degradation was monitored until the hydrogel was completely degraded. Absorbance at 280 
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nm was also recorded to evaluate tryptophan in solution, indicating cleavage of the PQ peptide 

(Varian Inc).  

 

3.2.2.2     PEG-RGDS synthesis 

Similarly, the cell-adhesive component, PEG-RGDS, was prepared by conjugating the N-

terminal amine of the integrin binding peptide, RGDS (Genscript), to acryl-PEG-SVA at a 1.2:1 

molar ratio to create acryl-PEG-RGDS.  Since the RGDS was conjugated to a single PEG derivate, 

the formed macromer could graft into the PEG-PQ-PEG hydrogel during gelation while leaving a 

free RGDS to interact with cells. The reaction was performed at pH 8.0 and mixed overnight as 

described for PEG-PQ-PEG. The conjugated polymers were dialyzed (3.5 kDa MWCO regenerated 

cellulose, Spectrum Laboratories) and lyophilized. The products were verified using GPC and 

only used when batches exhibited >85% conjugation.  

To assess cell adhesion, 5% PEGDA hydrogels were formed (as described in the next 

section) with the addition of 3.5 mM PEG-RGDS in the hydrogel precursor. After the hydrogels 

were allowed to swell overnight, human umbilical vein endothelial cells (HUVEC, Lonza) were 

seeded on top of the PEGDA/PEG-RGDS hydrogels to verify PEG-RGDS adhesive properties. To 

compare extent of adhesion, cells were also seeded on of non-adhesive PEGDA hydrogels. Phase 

contrast images were taken the next day to observe cell attachment and spreading on the 

hydrogels.  
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3.2.3     Hydrogel formation and cell encapsulation for 3D studies 

Hydrogels were formed using either PEGDA or PEG-PQ-PEG as the bulk hydrogel 

material. All hydrogels in this thesis were formed using a prepolymer mixture containing a 

certain percentage (2.5%, 5%, or 10% w/v) of PEGDA or PEG-PQ-PEG, a photoinitiator (10 µM 

eosin Y and 1.5% v/v triethanolamine, TEOA, Sigma) and a co-monomer (0.35% v/v N-

vinylpyrrolidone, NVP, Sigma) all dissolved in HEPES-buffered saline (HBS; 10mM HEPES, 100 

mM NaCl, pH 7.4). When cells were incorporated, PEG-RGDS was also mixed into the 

prepolymer solution at a final concentration of 1.75 mM, 3.5 mM or 5.25 mM. In order to 

incorporate cells, pelleted cells were resuspended at varying concentrations (additional details 

in relevant sections of subsequent chapters) in the prepolymer solution. The cell-laden 

prepolymer solution was then pipetted onto a sterilized Sigmacote-modified glass slide in 

between two PDMS spacers (appendix A) and sandwiched by a methacrylate-modified coverslip 

(appendix A) on the other side. Since the Sigmacote-modified glass slide is hydrophobic, the 

hydrogel mixture does not adhere to it. In contrast, since the methacrylate-modified coverslip 

bears groups that can covalently bond with the acrylate groups in the polymer during 

crosslinking, the methacrylate modified coverslip adheres to the hydrogel after gelation. 

Between the coverslip and slide, PDMS spacers were used to define the initial thickness of the 

hydrogel construct (380 µm) and essentially form hydrogel disks. Gelation was induced by 

exposure to white light for 35 sec at 200 mW/cm2 (Thor Labs). After gelation, the non-adherent 

Sigmacote-modified slide was removed and the hydrogel attached to the methacrylate modified 

coverslip was placed into a low-binding, 24-well plate (Corning) and submerged in media and 

cultured at 37°C.  
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Figure 3-3: Process of forming cell-laden hydrogels on a solid support (adhesive coverslip) 
for 3D culture. A given volume of cell-laden polymer precursor is pipetted onto a hydrophobic, 

non-adhesive slide between two PDMS spaces of defined height. Then, a gel-binding coverslip (i.e. 
a coverslip that has been chemically modified with reactive groups) is placed on top of the spacers 
to form a cylindrical gel. The mixture is then crosslinked under light to form a solid hydrogel with 

cells encapsulated inside. 

When acelluar hydrogels were made for mechanical testing the polymer precursor was 

sandwiched without cells between two Sigmacote modified slides so that it did not adhere to 

either slide and generated a floating hydrogel. This was done to remove any influence of the 

underlying solid support on determination of mechanical properties. After gelation, the free 

acellular hydrogel disk was scooped into a 24-well plate (Corning), filled with 1 mL PBS, and 

allowed to swell before it was used for mechanical testing. Mechanical properties were 

investigated by subjecting acellular hydrogels to compression testing where uniaxial 

compressive strain was applied at 0.01 mm/second (RSAIII, TA Instruments). Stress versus strain 

curves were plotted and the modulus was determined from the linear region of the curve.  

Throughout this thesis, cryopreserved primary rat hepatocytes from female rats 

(ThermoFisher) were used directly from freeze (never passaged). The hepatocytes were thawed 

and immediately submerged in 30 mL of Williams Medium E supplemented with the Hepatocyte 

Thawing and Plating Kit (ThermoFisher). To form pellets, they were centrifuged at 100 RCF for 2 

min. For studies in this chapter, specifically, they were then resuspended in the bioactive PEG 

polymer precursor at varying densities of 10, 20, or 30 million cells/mL. In order to form cell-
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laden gels, 5 µL droplet was sandwiched between Sigmacote-modified slide and a methacrylate-

modified coverslip and exposed to white light as described above. The resultant hydrogel was 

then submerged in an equal part blend of William’s Medium E supplemented + the Hepatocyte 

Thawing and Plating Kit and Endothelial Cell Medium + Endothelial Growth Supplement 2 (EGM, 

Lonza) for 4-6 hr, after which the media was changed to a blended medium with equal parts 

William’s Medium E supplemented + the Hepatocyte Maintenance Kit (ThermoFisher) and EGM. 

This blend will hereon be referred to as mixed medium, or MM.   

 

Figure 3-4: A detailed depiction of the components of the cellular hydrogel prepolymer 
mix used for encapsulation of hepatocytes in bioactive PEG hydrogels.  

 

3.2.4     Hydrogel substrate formation and seeding for 2D studies 

Cell culture wells were made out of hole-punched PDMS (appendix A) adhered to a 

methacrylate-modified coverslip at the bottom. Within the wells, acellular hydrogels made from 

PEGDA with 1.75, 3.5, or 5.25 mM RGDS were polymerized at the bottom of the well so that 

they adhered to the methacrylate modified slide. Hydrogels were allowed to swell in media 

overnight before the media was removed and primary hepatocytes were seeded on the 
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hydrogels in the well at varying densities (160,000, 200,000, or 240,000 cells/cm2) in a blend of 

EGM-2 and William’s Medium E supplemented with the Hepatocyte Thawing and Plating Kit 

(ThermoFisher). After 4-6 hr, media was changed to MM and replaced every 24 hr.  

 

3.2.5     Culture on collagen coated plates as baseline controls 

 For each lot of hepatocytes and each recorded experiment, a subset of cells was plated 

on collagen coated plates (type 1 collagen, ThermoFisher) at 200,000 cells/cm2, as 

recommended by the manufacturer. To maintain consistency with our experiments using PEG, 

media used was either a blend of EGM-2 and William’s Medium E supplemented with the 

Hepatocyte Thawing and Plating Kit or MM. Media was changed daily and conditioned media 

samples from early time points (day 2 and 4) were assayed for albumin as a measure of 

synthetic activity of the hepatocytes to ensure quality of the lot and compare results from PEG 

hydrogels to. We chose to compare our results to results from hepatocytes on collagen coated 

plates at early times, before dedifferentiation, as this is a known industry gold-standard and 

because there can be variability in hepatocyte functionality from lot-to-lot. As stated previously, 

hepatocytes are known to retain their function on collagen at early time points, representing 

the highest functional capacity.  

 

3.2.6     Evaluation of hepatocyte synthetic function in vitro 

While the liver serves many hundreds of essential functions, those functions can be 

classified into three broad groups: synthesis of proteins and lipids, detoxification conversion of 
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toxins in the blood like ammonia and bilirubin to excretable components, and metabolism of 

foreign substances, like drugs and pharmaceuticals. The ability to synthesize proteins, 

particularly, is one of the first functions that the mature liver gains during development and also 

one of the first functions that it loses when injured. For this reason, we used albumin synthesis 

as a primary marker of hepatocyte function. Albumin synthesis is commonly used to evaluate 

hepatocyte function in vitro and on collagen-coated gels it is secreted at maximal levels for the 

first 12-36 hr, after which it quickly deteriorates.   

To evaluate the functionality of hepatocytes on or in our constructs, we assayed for 

albumin from conditioned media samples collected at time points, 24 hours after the previous 

media change. Then, we normalized the results of each assay to the number of hepatocytes we 

counted in images from hydrogels fixed at the same time point (or number of cells seeded when 

the time point was <4 days). Finally, we compared the results of each assay to hepatocytes 

seeded on collagen coated plates, at day 1, before they start to lose function and a well-

established gold-standard for hepatocyte culture.189 

Albumin was assayed using an enzyme-linked immunosorbent assay (ELISA) per 

manufacturer’s instructions (Bethyl). Briefly, a 96-well plate was coated with a sheep anti-rat 

albumin antibody in carbonate-bicarbonate buffer. After washing, the plate was blocked with 

1% BSA in 50 mM Tris buffer with 0.14 M NaCl and then rinsed again. Conditioned media diluted 

as appropriate (1:2 at early time points and up to 1:20 at later time points or for hepatocytes in 

coculture) in 50 mM Tris buffer with 0.14 M NaCl, and 0.05% Tween-20, then added to the plate. 

The plate was then incubated with a horseradish peroxidase (HRP) conjugated sheep anti-rat 

albumin antibody (diluted 1:30,000) followed by detection using a 3,3’,5,5’-
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tetramethylbenzidine (TMB) HRP substrate and addition of 0.18 M H2SO4 stop solution, then 

measurement of absorbance at 450 nm. Assay data is shown as mean ± standard deviation. 

Statistical significance (*p<0.05) was determined using a 1-way ANOVA followed by Tukey’s HSD 

post hoc test. 

 

3.3     Results 

3.3.1     Synthesis of PEGDA and bioactive PEG-macromers 

The synthesis of PEGDA and degree of acrylation was evaluated from H NMR spectrum 

as previously described.190-192  The degree of acrylation, or conversion of terminal OH groups to 

acrylate groups, was determined by finding the ratio of area under the acrylate peaks (~5.8-6.4 

ppm) to that of the integrated PEG backbone peaks PEG (~3.7 ppm) (equation 1). All PEGDA 

samples used for experiments in this thesis had acrylation above 95%. 
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Figure 3-5: PEGDA NMR spectrum validating the acrylation of PEG.Non-labelled peaks 
represent solvent (chloroform, ether, and acetone from left to right).  

 

Equation 3-1: Equation describing % acrylation calculation for PEGDA validation. The 
acrylate and PEG repeat unit integrals are normalized to the number of protons they contain. 

MWPEG is the average molecular weight of PEG prior to conducting the acrylation reaction (6 kDa), 
and MWPEG is normalized to the mass of the PEG repeat unit. Equation from Dust et al.192 

 

3.3.2     Synthesis of bioactive PEG macromers 

In order to render our scaffold cell-adhesive and degradable, modified PEG macromers 

were synthesized and verified.  
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3.3.2.1     PEG-PQ-PEG synthesis and functional validation 

To make degradable hydrogels, the PQ peptide was conjugated to acrylate-PEG-SVA on 

both sides. Prior to conjugation, the PQ peptide was synthesized and verified using MALDI-ToF 

mass spectrometry. A dominant peak was observed at 1141 Da, the theoretical MW of the PQ 

sequence.  

 

Figure 3-6:MALDI-ToF spectrum of the PQ peptide validating successful synthesis of the PQ 
peptide. A peak is observed at 1141 kDa, the theoretical mass of the PQ peptide. 

 

After purification and lyophilization, the peptide was conjugated to acrylate-PEG-SVA at 

a 1:2 ratio to generate PEG-PQ-PEG with acrylate groups on both ends. GPC was used to validate 

the successful conjugation of peptide to polymer by comparing it to unconjugated PEG-SVA. 
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Conjugation efficiency was calculated as the area under the curve of the conjugated peak (left) 

over the sum of the area under both the PEG-PQ-PEG and PEG-SVA curves. The conjugation 

efficiency was greater than 85% for all samples. 

 

Figure 3-7: GPC of PEG-PQ-PEG (red) compared to unconjugated PEG-SVA (black). 
Conjugated PEG-PQ-PEG is larger and thus, elutes faster than the unconjugated PEG-SVA. 

Then, the degradable polymer was crosslinked into solid hydrogels and tested for 

enzymatic degradation using collagenase in an accelerated degradation assay. After 4 hr of 

treatment with exogenous collagenase, complete degradation of the hydrogel scaffolds was 

observed. PEGDA was also treated with collagenase as a control and did not degrade in the 

given time frame.  

PEG-SVA

In
te

ns
ity

 (a
.u

.)

Time (minutes)

PEG-PQ-PEG



 

68 
 

 

Figure 3-8: Hydrogel degradation curve from collagenase assay. PEG-PQ-PEG hydrogel 
(blue line) degraded within 4 hr. PEGDA, the control gel (orange line) did not degrade in the same 

time frame.  In this assay, we measured absorbance at 280 nm of the solution surrounding the 
hydrogel to evaluate tryptophan-containing degradation fragments in the hydrogel as a measure 
of PQ cleavage. The initial measurement at time 0 and final measurement, after the plateau, was 

used to normalize absorption values from 0%-100% degraded. From these values, points are 
plotted as % hydrogel remaining, as described by Schweller et al.193  

 

3.3.2.2     PEG-RGDS synthesis and functional validation 

Similarly, cell-adhesive RGDS was conjugated to acrylate-PEG-SVA and confirmed using 

GPC (figure 3-8). All batches used exhibited >90% conjugation efficiency.  
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Figure 3-9: GPC of PEG-RGDS (red) compared to unconjugated PEG-SVA (black). 
Conjugated PEG-RGDS is slightly larger and thus, elutes faster than the unconjugated PEG-SVA. 

PEG-RGDS functionality in PEG-based hydrogels was confirmed by seeding HUVEC on 

PEGDA hydrogels containing 3.5 mM PEG-RGDS. As displayed in figure 3-10, HUVEC were able to 

adhere to and spread on substrates containing RGDS while there was minimal adhesion and no 

spreading on PEGDA surfaces alone.  

 

 

 

Figure 3-10: HUVEC seeded on PEGDA hydrogels (A) with and (B) without 3.5 mM PEG-
RGDS demonstrates bioactivity of modified hydrogel. Cells can adhere and spread on PEG 
hydrogels containing PEG-RGDS. However, the cells could not adhere or spread on PEGDA 

hydrogels alone. Scale bar is 100 µm long. 
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3.3.3     Mechanical testing of PEG-based hydrogels  

The compressive moduli of PEG-PQ-PEG hydrogels were measured by calculating the 

slope of the linear region of the stress-strain curves generated from compression testing.  The 

average elastic modulus of 10% PEG hydrogels (w/v) was found to be 41.0 ± 3.7 kPa, while the 

average modulus of 5% PEG hydrogels was 15.6 ± 3.7 kPa and the modulus of 2.5% PEG 

hydrogels was 4.5 ± 0.6 kPa, which lies within the range of liver stiffness in vivo. Healthy human 

livers are generally found to be around 2.3 - 5.9 kPa in stiffness and considered to start 

becoming pathological at 7.2 kPa.188 Cirrhotic liver stiffnesses range from 12.5 - 75.5 kPa.194  

Due to the critical polymer density required for gelation (in the case of PEGDA, critical 

micellar concentration), it is difficult to reliably form hydrogels softer than ~4 kPa (2.5% 

polymer).195, 196  Additionally, compressive testing of acellular and cellular hydrogels have 

previously been performed and have shown no significant differences, indicating that the bulk 

mechanical properties of the hydrogel remain the same with and without cells encapsulated 

inside.  
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Figure 3-11: Compressive modulus of hydrogels at 2.5, 5, and 10% (w/v) compared to 
reported stiffnesses of a healthy liver and cirrhotic liver. 188, 194 

 

3.3.4     Hepatocyte function in 3D PEG hydrogels of varying adhesivity 

To evaluate the use of PEG as a 3D scaffold for hepatocyte culture, primary hepatocytes 

were encapsulated in PEG hydrogels. First, hepatocytes were encapsulated in PEG-PQ-PEG 

hydrogels with varying RGDS concentrations from 1.75-5.25 mM RGDS while keeping the 

stiffness (15.6 kPa) and cell density (20 million cells/mL) constant. Hepatocyte functionality was 

determined by assaying for albumin from conditioned media at day 3 and results were 

normalized to the number of hepatocytes seeded, as hepatocytes are not known to proliferate 

in vitro in monoculture. Results were then compared to albumin secretion from hepatocytes 

seeded on collagen coated plates on day 1, when they are maximally functional and before they 

start dedifferentiating. Albumin secretion was highest from hepatocytes embedded in 

constructs with intermediate adhesivity.  

  

Figure 3-12: Hepatocytes embedded in bioactive PEG hydrogels with varying densities of 
adhesivity ligand RGDS at day 3. Albumin secretion per hepatocyte in the hydrogel was compared 
to albumin secretion from hepatocytes (of the same lot) seeded on collagen coated plates on day 
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1, when it is maximal for hepatocytes seeded on collagen. * indicates statistical significance 
between groups, *p<0.05. 

 

3.3.5     Hepatocyte function in 3D PEG hydrogels of varying stiffnesses 

In order to find an appropriate scaffold stiffness for hepatocyte culture, hepatocytes 

were encapsulated in hydrogels of varying weight percent correlating to stiffnesses of 4.6 – 41 

kPa while keeping the adhesivity constant at 3.5 mM RGDS and cell density at 20 million 

cells/mL.  Hepatocytes had the highest function in the softest hydrogels (~4.6 kPa).  

 

Figure 3-13: Albumin secretion of hepatocytes embedded in bioactive PEG hydrogels of 
varying stiffnesses. Albumin secretion per hepatocyte in the hydrogel was compared to albumin 

secretion from hepatocytes (of the same lot) seeded on collagen coated plates on day 1, when it is 
maximal for hepatocytes seeded on collagen. * indicates statistical significance between groups, 

*p<0.05. 

 

3.3.6     Hepatocyte function in 3D PEG hydrogels of varying cell density 

Finally, to get a sense of a suitable cell density for 3D hepatocyte culture, hepatocytes 

were encapsulated at different cell densities from 10-30 million cells per mL (a 5 µL droplet of 

cell-laden precursor ~ 50,000-150,000 cells per construct) while the stiffness and adhesivity 

0

5

10

15

20

25

4.5 15.6 41.0 CollagenAl
bu

m
in

 se
cr

et
io

n 
(p

g/
ce

ll/
da

y)

*

Hydrogel stiffness (kPa)



 

73 
 

were kept constant (3.5 mM RGDS, 5% hydrogel). At the highest cell density, the hydrogel 

scaffold was almost completely populated with hepatocytes (figure 3-14).  

 

Figure 3-14: Images of hepatocytes embedded in bioactive PEG hydrogels at varying cell 
densities. The green stain indicates foxA2/HNF (hepatic nuclear factor) positive cells (hepatocytes). 

Scale bar is 100 µm. 

Interestingly, hepatocyte function was observed to increase with lower cell densities, 

indicating that in 3D culture, hepatocyte function (per cell) may not depend on homotypic cues 

as much as previously believed.  

 

Figure 3-15: Albumin secretion of hepatocytes encapsulated at different cell densities. 
Albumin secretion per hepatocyte in the hydrogel was compared to albumin secretion from 

hepatocytes (of the same lot) seeded on collagen coated plates on day 1, when it is maximal for 
hepatocytes seeded on collagen. * indicates statistical significance between groups, *p<0.05. 
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3.3.7     Hepatocytes cultured in 2D on PEG-based hydrogels elicit different 
behavior compared to hepatocytes cultured in 3D 

To comprehensively evaluate the use of PEG as a biomaterial for hepatocyte culture, 

primary hepatocytes were also seeded onto the surface of modified PEGDA hydrogels and 

evaluated at the same time points. While the seeding density was held constant (200,000 

cell/cm2), the hepatocytes adhere much more strongly to high RGDS substrates by day 3, but 

they also exhibited more spreading, which has been associated with dedifferentiation and loss 

of function.  

 

Figure 3-16: Hepatocyte adhesion on PEGDA substrates with varying RGDS concentration at day 3. 
 A) 1.75, B) 3.5 and C) 5.25 mM RGDS. Scale bar is 100 µm. 

 

Unlike hepatocytes in 3D, only the high RGDS substrates led to albumin secretion levels 

comparable to that of hepatocytes on collagen coated plates.  
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Figure 3-17: Albumin secretion from 2D hepatocytes on the surface of PEG-based 
hydrogels at day 3 compared to hepatocytes on collagen coated plates at day 1. * indicates 

statistical significance between groups, *p<0.05. 
 

3.4     Discussion and conclusions 

In this chapter, we explored the use of bioactive PEG hydrogels for primary hepatocyte 

culture.  The first parameter we considered in modulating the hydrogel bioactivity was the 

incorporation of cell adhesive ligands. We chose RGDS since it is one of the most ubiquitous cell-

adhesive peptides and facilitates adhesion for primary hepatocytes as well as NPCs for future 

co-cultures. Additionally, compared to PEG hydrogels with GFOGER and YIGSR, hydrogels with 

RGDS ligands supported maximal hepatocyte integrin ligation better.197 We were particularly 

interested in examining the effect of concentration of adhesive ligand on hepatocytes because it 

is known to play a role in their phenotype and morphology. For example, on low density 

fibronectin or collagen, hepatocytes do not spread and their rounded morphology is associated 

with a differentiated phenotype, as measured by the secretion of liver specific proteins like 

albumin and fibrinogen. On the other hand, on high matrix density with same proteins, 

hepatocytes assume more highly spread morphologies associated with growth and 
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dedifferentiation. Interestingly, whereas hepatocytes spread on high density fibronectin, they 

stay round and exhibit enhanced differentiation on a similarly high density of short RGD 

peptides. 198-200 NPCs, like ECs, have also been found to be significantly more likely to form 

phenotypic structures like chords on substrates with an intermediate RGDS concentration (20 

µg/cm2) than at more extreme concentrations in either direction.159  

One of the many advantages of using a PEG hydrogel system is that it is amenable to 3D 

cell encapsulation and 3D cell culture, providing a more realistic microenvironment for cells 

inside. In 3D culture, an intermediate adhesivity of 3.5 mM was found to support function 

significantly better than the low or high adhesivity conditions, as has been seen before for other 

cell types.201 Increasing adhesivity beyond this point in 3D could lead to such strong adhesions 

that cells may assume non-inherent phenotypes. 

Interestingly, this result differed from what we observed for cells in 2D on hydrogels 

with the same adhesivity, where at least 5.25 mM RGDS was required to both retain gels on the 

hydrogel surface and elicit relevant levels of albumin secretion. This result is meaningful in that 

it demonstrates how 2D culture can alter cell behaviors in atypical ways. Phenotypic differences 

in cell behavior in 2D versus 3D cultures have frequently been observed, as the dimensionality 

of the cell culture platform effects the way that cells receive cues. For example, in 3D, cells are 

exposed to adhesions in all dimensions but in 2D, they only form adhesions on one side (where 

the substrate is). This can abnormally polarize the cells and potentially change their phenotypic 

characteristics.125  

As they do on other soft surfaces, like Matrigel, hepatocytes seeded on PEG hydrogels 

formed aggregates which became spheroid-like structures over time. In weakly adhesive gels, 
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these aggregates were difficult to maintain, and easily lost while performing media changes. 

Even though these primary hepatocytes were cultured in degradable PEG hydrogels, we did not 

observe clustering/migration like we did in 2D. This is not surprising, as mature and healthy 

hepatocytes are not typically thought of as migratory cell types.202  Furthermore, they are 

known to secrete limited amounts of MMP 2 and 9. However, it is worth noting that during 

hepatocyte injury or partial hepatectomy, they are capable of migrating and proliferating rapidly 

as well as secreting significant levels of matrix metalloproteinases and angiogenic growth 

factors.202  

Since liver stiffness is frequently associated with its pathology, hydrogel mechanical 

properties were the next scaffold parameter we chose to investigate. Stiffness is an important 

factor in the prognosis of many liver diseases, including cirrhosis, hepatitis, and hepatocellular 

carcinoma. In vivo, matrix stiffness affects many hepatocyte behaviors, including cell 

attachment, viability, function, growth factor utilization, motility and cytoskeletal 

organization.203 During a fibrotic state, hepatic stellate cells (pericytes of the liver) undergo 

uncontrolled activation and deposit excess amounts of laminin and collagen (especially collagen 

IV), which can lead to a loss of hepatocyte phenotype and cell death.204 This excess ECM 

deposition leads to a stiffening of the organ from 2.6-6.2 kPa up to 75 kPa.205  As expected, the 

hepatocytes in the low and mid stiffnesses conditions had the highest synthetic activity per cell. 

Hepatocytes in hydrogels at the highest stiffness, which matched that of cirrhotic livers, 

secreted less than half of the albumin compared with the lowest stiffness condition.  

Finally, based on previous studies showing that homotypic cell-cell interactions stabilize 

hepatocytes and prevent dedifferentiation, we expected that higher seeding density would help 
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promote hepatocyte function.206, 64 In fact, recommended seeding densities for hepatocytes in 

collagen coated plates are quite high, around 200,000 cells/cm2, to maximize cell-cell 

interactions and create a confluent monolayer. However, in 3D, hepatocytes seemed to have 

higher synthetic activity when cultured at lower cell densities. We chose initial densities based 

on previous studies using ECs and pericytes, where densities of 30 million cells/mL have been 

reported to be encapsulated within 3D constructs to form microvascular networks. However, 

hepatocytes are large, cuboidal cells, and thus, 30 million cell/mL was clearly too high for 

optimal function. While many reports indicate the opposite, especially in 2D, there are some 

studies reporting similar results for 3D hepatocyte culture, where lower seeding densities were 

found to preserve liver specific functions better than higher seeding densities.207 Lower seeding 

densities also tended to be more optimal in the presence of serum in the medium.207  

As mentioned in chapter 2, the combination of different cues in different settings can 

affect cell behavior. For example, it has been seen that hepatocytes responded to stiffness 

differently depending on whether or not liver ECM components were included in a hyaluronic 

acid hydrogel scaffold, indicating that it is possible that bioactive components like adhesion or 

ECM ligands or even soluble components could be a reason that cells in 3D hydrogels do not 

need as many homotypic interactions as in other arrangements.185 Furthermore, as they are 

highly metabolic cells, hepatocytes are very sensitive to their medium. For example, even 0.1% 

dextran in media can reduce spheroid size by 60% and can increase albumin production.208 The 

studies presented in this chapter were all performed in a blend of EGM and hepatocyte 

maintenance medium, MM. The presence of serum or growth factors from the EGM could also 

have altered hepatocyte functionality compared to previously described studies. 
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Hepatocyte function is thought to be maximized when cultured in serum-free medium 

containing dexamethasone, insulin, transferrin, selenium, and oncostatin M (factors that are 

included in the hepatocyte maintenance supplement used for these studies). Dong et al. used 

the C3A hepatoma line to show that growth factor supplements including HGF and fibroblasts 

growth factor 4 also significantly increase hepatocyte function.209 Despite the fact that 

hepatocytes in the body have robust responses to growth factors like EGF and VEGF, especially 

during liver regeneration or partial hepatectomy, in vitro, these growth factors have been 

detrimental to hepatocyte function.210 Additionally, the effect of serum supplementation is a 

highly debated component. Hepatocytes require serum-containing medium to adhere to 

substrates, but serum-free medium compositions result in their highest function. However, this 

maximal function can only be sustained for 72 hr, and long-term cultures have included at least 

1% serum in media.211 Many reports also suggest that when hepatocytes are cultured in media 

containing serum, they require 7-10 days to adjust to it. During that initial adjustment period, 

hepatocytes perform much more poorly than they do in serum-free media.212 After 10 days, 

however, hepatocytes can recover function in serum-supplemented media and retain it much 

longer than 72 hr.   

Because of our intention to move into a 3D co-culture with NPCs that require growth 

factors present in EGM that induce vasculogenesis, we decided to use MM in these studies to 

maintain consistency between experiments (which ends up having 1% serum). Before making 

that decision, we performed preliminary studies using hepatocytes on collagen coated plates to 

investigate how hepatocytes responded to EGM, MM, and hepatocyte maintenance medium 

(HM). Consistent with findings in the literature, EGM did not support hepatocyte function and 
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HM did in the short term. However, even though hepatocytes secreted more albumin in HM 

than in other media formulations at early time points, by day 14, all of the hepatocytes had 

dedifferentiated. Furthermore, the blend of HM and EGM, or MM, was able to perform as well 

as HM by day 7.  

 

 
Figure 3-18:  Hepatocyte response to media composition in 2D on collagen coated plates. 

Phase images depicted hepatocyte morphology on collagen coated plates when cultured with A) 
MM, B) EGM and C) HM where MM is a 1:1 blend of EGM and hepatocyte maintenance medium 
(HM). Hepatocytes cultured with EGM start spreading and losing their defined cell boundaries by 

day 7. Hepatocytes in MM have also started to change morphology, but to a lesser extent and have 
clear cell membrane boundaries. Hepatocytes in HM remain the most cuboidal and densely 

packed.  

The notion that certain substrates or media formulations have differing effects on 

hepatocytes in the short-term and long-term is not new. For example, Deegan et. al observed 

that at earlier time points, hepatocytes in stiffer hydrogels have higher functional output, but 

after about 7 days, levels normalized between stiff and soft hydrogels.185 The authors postulated 

that cells may require time to establish themselves on a specific substrate and modify gene 

expression levels and functional output. Because of this, and the fact that for therapeutic use, 
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hepatocytes need to be functional in the long-term, experiments in the next chapters will 

investigate both short and long-term hepatocyte functionality. The findings in this chapter, that 

hepatocyte assumed the most functional phenotypes in 2.5% PEG hydrogels with 3.5 mM RGDS 

will be carried over as starting points toward developing a multi-cellular liver-tissue construct 

using our PEG hydrogel scaffold. Furthermore, the cell encapsulation technique and materials 

synthesis described in this chapter will be used in all future studies developing our liver tissue 

engineering scaffold.  
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4. 3D vascularized hydrogel scaffolds 3D liver tissue 
engineering  
4.1     Introduction 

After determining baseline parameters for hepatocyte culture in bioactive PEG hydrogel 

scaffolds, we sought to enhance construct functionality by incorporating NPCs. As mentioned 

previously, coculture with NPCs dramatically improves hepatocyte function in vitro through both 

cell-cell interactions and secreted factors. Most of the hepatocyte-NPC coculture systems 

reported in the literature rely on 3T3 fibroblasts72, 75, 213-215 or endothelial cells (ECs).216, 217 In 

these combinations, hepatocytes cultured with NPCs can maintain liver-specific function for 

several weeks.72, 218-221 Furthermore, in patterned cocultures, the hepatocytes that were in direct 

contact with the NPCs maintained stronger and more long-lived liver-specific functions than 

cells that were distant from the NPCs.72 Interestingly, while there are many reports of hepatic 

coculture with multiple cell types, there are relatively few approaches that investigate coculture 

in the context of vascular networks. After all, the hepatic parenchyma is the one of the most 

richly perfused tissues in the body and contains an intricate vascular plexus.49  

In lieu of vascular networks, many groups have investigated the effects of perfusion and 

flow on hepatocytes through microfluidic devices or perfusion bioreactors.222-225 While flow is 

and of itself, a relevant factor that can enhance hepatocyte function in vitro (presumably 

through greater nutrient exchange), 226 it cannot provide the same key signaling cues that cell-

lined vasculature can.51, 58, 71, 72 The cells in the vasculature secrete protective signals, like 

hepatocyte growth factor (HGF), that help maintain hepatocyte differentiation, while the 

mechanobiological cues from sinusoidal flow regulate homeostasis in healthy livers and induce 
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hepatocyte proliferation in regeneration. For example, after liver damage, Kupffer cells initiate 

wound healing by releasing inflammatory cytokines like TGF-β and IL-1 and reactive oxygen 

species (ROS) that activate the ECs lining the endothelium. Activated ECs secrete TNFα initiating 

hepatocyte proliferation. Meanwhile, activated stellate cells secrete protective EGF and HGF, 

and deposit large amounts of ECM. Furthermore, stellate cells, or liver pericytes, directly 

interact with both the endothelium and hepatocytes to regulate flow and hepatic behavior in 

contact-dependent ways that cannot be accounted for by paracrine secreted factors alone.225 

Thus, there is an immense potential benefit to developing a vascular coculture platform for 

long-term hepatocyte culture.  

 

Figure 4-1: Schematic depiction of A) normal and B) inflammatory interactions with 
hepatocytes and NPCs in vivo.In the healthy liver, NPCs provide stabilizing biochemical cues like 
HGF and EGF that help maintain hepatocyte function. After liver damage, Kupffer cells initiate 

wound healing by releasing inflammatory cytokines like TGF-β, IL-1, and reactive oxygen species 
(ROS) that activate the ECs lining the endothelium. Activated ECs secrete TNFα, initiating 

hepatocyte proliferation. Meanwhile, activated stellate cells secrete protective EGF and HGF, and 
deposit large amounts of ECM. In the short term, these feedback loops serve to repopulate 

damaged liver cells with new, healthy hepatocytes. However, in the long-term, it can lead to 
capillarization of the sinusoids and pathology. Figure adapted from ref 5. 
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One of the of the previous studies that is noteworthy in this regard is work done by 

Nahmias et al. investing the effects of hepatocytes in vascular co-culture. They showed that ECs 

micropatterned into capillaries on top of Matrigel substrates were able to support hepatocytes 

for several weeks in culture and also recruited hepatocytes to form sinusoid-like structures 

through HGF-directed chemotaxis.220, 221,78 Similar studies have confirmed these findings and 

have further demonstrated the development of bile ducts and enhanced in vivo survival of 

implanted constructs compared to constructs without the vascular cells.67 79 This work 

addressed the fact that even though various aspects of liver function are preserved in previously 

described culture platforms, the actual 3D organization of the liver sinusoid (endothelial vessels 

coated with hepatic tissue) has never been recreated. Interestingly, while HUVEC in these 

studies formed robust tubules on Matrigel substrates, LSEC did not and despite being a more 

physiologically relevant EC, they also did not increase hepatocyte function compared the 

HUVEC. Furthermore, while this system incorporates proangiogenic conditions, it lacks the 

complexity that a 3D system offers, where cells and encapsulated by matrix.  Despite being 

implicated in reperfusion after injury, drug-induced toxicity, fibrosis, and cirrhosis, the 

organization and function of the sinusoids in 3D has yet to be accomplished.   

 

4.2     Tissue-engineered microvasculature 

Developing a 3D, functional microvasculature is vital for creating biomimetic liver-tissue 

constructs and for engineering any large or solid organ, in general. Because cells can only survive 

from diffusion of oxygen and essential nutrients over short distances (150-200 μm), the 

microvasculature needs to be capable of supporting mass transport beyond diffusion.227 There 
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have been numerous studies that use microfabrication-based techniques, like replica molding 

and soft-lithography, to create networks of channels through a material that mimic native 

vasculature and microvasculature through materials like poly(dimethylsiloxane) (PDMS).228 

These methods have proven success in vitro, but they are difficult to translate or implant in vivo. 

Furthermore, these methods cannot completely recapitulate key signaling that occurs between 

the capillaries and functional cells. In fact, on average, functional cells lie at most 30 μm from a 

capillary, where cell-cell interactions, paracrine signaling, and diffusive transport can occur.229  

The formation of capillaries occurs through two major processes: vasculogenesis and 

angiogenesis. Vasculogenesis refers to the de novo formation of capillaries, often beginning with 

endothelial progenitor cells (EPCs) during early development. Angiogenesis refers to the 

sprouting of new vessels from existing capillaries and is particularly important to the branching 

of new capillary networks during healing processes. Generally, microvasculature development 

during vasculogenesis and angiogenesis is driven by cues from growth factors. Gradients in 

vascular endothelial growth factor (VEGF, VEGF-A) concentration drives EC migration, 

proliferation, and differentiation.230 Fibroblast growth factor (FGF) gradients also drive EC 

proliferation, migration, and associated expression of matrix metalloproteinases and 

integrins.231 The expression of these angiogenic growth factors are mediated by hypoxia and 

hypoxia-inducible growth factors (HIF-1 and HIF-2).232 In response to these signals, EC 

monolayers form capillary lumens. ECs then secrete platelet-derived growth factor (PDGF), 

which drives the later phase of vasculogenesis and angiogenesis. PDGF signaling recruits 

pericytes to line the capillaries and stabilize the microvessels. PDGF has also been implicated in 

the formation of anastomoses between new and existing vessels.233 Pericytes then take active 
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roles in controlling vessel diameter, controlling blood flow, and regulating permeability through 

angiopoietin 1 (ANG1) and TIE2 signaling. Finally, transforming growth factor β (TGFβ) is 

activated through the interaction of ECs and pericytes, which induces mural cell differentiation 

and inhibits further EC proliferation.234 Networked cells (mostly pericytes) secrete ECM like 

laminin, collagen, and fibronectin to make up the basement membrane, which is generally 

found between the endothelium and pericytes.235 A schematic depicting vasculogenesis and 

angiogenesis is shown in figure 4-2. 

 

Figure 4-2: Formation of new capillaries in vivo. (A) During vasculogenesis, endothelial 
progenitor cells and mesoderm derived endothelial cells (ECs) migrate to form lumens in response 
to the vascular endothelial growth factor (VEGF) signaling. Platelet-derived growth factor (PDGF) 
secretion by ECs recruits nearby mural supporting cells, which in turn release ANG1 (angiopoietin 

1). ANG1 then stimulates mural coverage and basement membrane deposition. Transforming 
growth factor β (TGFβ) is activated through the interaction of ECs and MSCs, which induces mural 
cell differentiation (if not already differentiated) and inhibits further EC proliferation. Finally, the 

vessel is covered with perivascular cells, which regulate flow. (B) Angiogenesis occurs when a 
quiescent vessel of the existing vasculature undergoes sprouting, elongation and lumen formation 

to create new vessels. Pro-angiogenic factors, such as basic fibroblast growth factor (bFGF) and 
VEGF, stimulate initial EC sprouting before perivascular cells stabilize the nascent vessel to 

establish a perusable de novo blood vessel. Figure from Park et al.234 
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Hepatocyte growth factor (HGF) is another important growth factor that influences 

microvasculature development, especially in the liver. HGF is primarily secreted by 

mesenchymal cells in the liver but is also produced by LSEC and hepatocytes at lower levels.236, 

237 During liver regeneration after injury, HGF increases up to 20-fold to increase liver mass and 

controls morphology, migration, and tissue organization.237 

As engineers, we can use this basic understanding of vasculogenesis and angiogenesis 

and the roles of their associated growth factors to form cellular microvascular networks in 

engineered tissue. For example, human umbilical vein endothelial cells (HUVEC) are a common 

source of ECs and are known to form ephemeral tubular structures when cultured in pro-

angiogenic media in/on soft/degradable materials.238 Alone, these tubules are not functional 

and tend to regress. But, when ECs are co-cultured with supporting mural cells (pericytes), these 

tubules can develop into lumenized microvascular networks lasting upward of 30 days.179, 201 

These tubules have also been seen to anastomose with the host vasculature when implanted in 

vivo, enhancing tissue survival and differentiation in implanted constructs.239  

Previous research in our lab has shown that ECs and pericytes co-cultured in cell-

adhesive and proteolytically degradable (PEG) hydrogels self-assemble into stable and 

perfusable microvascular networks.193, 201, 240, 241 ECs and pericytes in these microvascular 

networks secrete physiologically relevant ECM components like fibronectin and collagen IV that 

are deposited around the vascular networks to form a basal lamina that can we believed would 

further provide a matrix for 3D culture of hepatocytes.  

In this chapter, we encapsulated hepatocytes with ECs and pericytes in degradable 2.5% 

PEG-based hydrogels with 3.5 mM RGDS to create vascularized hydrogels and investigated their 
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ability to support hepatocyte function. Encapsulating hepatocytes, ECs, and pericytes together 

simultaneously creates self-assembled 3D vascularized constructs, and also allows important 

heterotypic cell-cell interactions to develop organically, as they do during regeneration.  

 

 

Figure 4-3: Schematic depiction of the scientific goal of chapter 4. Based on findings in 
chapter 3 and previous findings that ECs and pericytes can form microvasculature networks in 3D 
PEG hydrogels, chapter 4 will investigate the 3D hepatocyte culture in the context of vascular co-

culture as a platform to support long-term hepatocyte function.  

 

4.3     Materials and Methods 

4.3.1     Cell culture 

Human umbilical vein endothelial cells (HUVEC, Lonza) were cultured in Endothelial 

Basal Medium-2 (Lonza) supplemented with L-glutamine (2 mM), penicillin (100 U/mL), 

streptomycin (100 µg/mL) and the associated Endothelial Growth Medium-2 SingleQuot kit 

(EGM-2). HUVEC were used at passage 2-4.  Human vascular pericytes (HP) (Sciencell) were 

cultured in Pericyte Medium (Sciencell) and used between passage 2 and 5. Primary female 
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Sprague-Dawley rat cryopreserved hepatocytes (RTCP20, ThermoFisher) were used immediately 

upon thawing in William’s Medium E supplemented with the Hepatocyte Supplement Pack 

(ThermoFisher). All cells were maintained at 37˚C in a 5% CO2 environment. 

 

4.3.2     Multicellular hydrogel encapsulation  

 To create cellular hydrogels, the hydrogel precursor solution containing 2.5% PEG-PQ-

PEG and 3.5 mM PEG-RGDS was prepared and used to re-suspend counted and pelleted cells. 

Hydrogel formation proceeded as described in chapter 3. Vascularized hydrogels without 

hepatocytes were created by encapsulating 22 x 106 HUVEC/mL and 5.6 x 106 HP/mL and are 

referred to as UP. Co-encapsulations with primary hepatocytes, ECs, and pericytes were made at 

the same concentration, but included 3.0 x 106 hepatocytes/mL or 15,000 hepatocytes per 

hydrogel (UPH3). Hepatocytes were also encapsulated in monoculture at 3.0 x 106 

hepatocytes/mL or 15,000 hepatocytes per hydrogel (H3) as a control. After gelation, hydrogels 

were placed in 24-well plates filled with 1 mL of a 50/50 blend of Hepatocyte Thaw Medium 

(ThermoFisher) and EGM-2. After 6 hr, media was replaced with 800 µL of MM.  The cell-laden 

hydrogels were cultured at 37˚C in 5% CO2 and media was changed every 24 hr. In each case, 

N=3 gels were maintained throughout the experiment and conditioned media was assayed from 

these gels. At predetermined time points, gels were fixed and stained as described below.  
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Table 4-1: Table summarizing cell densities used in encapsulations for chapter 4. 

Primary hepatocytes from the same lot as the encapsulations were also plated on a 96-

well collagen coated plate (ThermoFisher) at 200,000 cell/mL as described in chapter 3. For 

experiments testing the effects of secreted factors from vascularized hydrogels (UP) on 

hepatocytes in 2D and 3D, conditioned media from UP gels were used to feed hepatocytes 

seeded in 96-well collagen coated plates and 3H gels (N=3 for both groups). 

Finally, we investigated the effects of hepatocyte and non-parenchymal cell ratios. 

Hydrogels with lower numbers of hepatocytes were formed by encapsulating the same number 

of ECs and pericytes with 1.0 x 106 hepatocytes/mL (UPH1). Hydrogels with more NPCs were 

formed by encapsulating 1.0 x 106 hepatocytes/mL with 24 x 106 HUVEC/mL and 6 x 106 HP/mL 

(^UPH1). Vascularized hydrogels without hepatocytes were also formed at these concentrations 

of EC and pericytes (^UP). 

EC/mL Pericyte/mL Hep /mL
UP 22 x 106 5.6 x 106 0
^UP 24 x 106 6.0 x 106 0
UPH1 22 x 106 5.6 x 106 1.0 x 106 

^UPH1 24 x 106 6.0 x 106 1.0 x 106 

UPH3 22 x 106 5.6 x 106 3.0 x 106 

H3 0 0 3.0 x 106 
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Figure 4-4: Encapsulation schemes focused on in in this chapter. Due to cell-cell interaction 
and cell-secreted signals, like VEGF, the inclusion of hepatocytes can support vasculogenesis in 

hydrogels where VC density is usually too low for it. Similarly, formed vascular networks support 
hepatocyte growth and long-term function. 

 

4.3.3     Imaging and image quantification 

4.3.3.1     Immunocytochemistry  

Hydrogels were fixed with 4% paraformaldehyde (Electron Microscopy Services) at days 

7, 14, 21, and 28. All staining was done in phosphate-buffered saline (PBS, Corning). Cells were 

permeabilized with 0.25-0.5% Triton-X-100 (Sigma), rinsed, and blocked in 5% donkey serum 

(Sigma). After blocking, gels were rinsed in PBS 3 times. Then, one set of gels (N=3) was 

incubated with donkey anti-rabbit foxA2/HNF3β (1:400, Cell Signaling) and donkey anti-mouse 
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CD31 (1:200, Cell Signaling) while another set of gels was incubated with donkey anti-mouse 

CD31 (1:200, Cell Signaling), sheep anti-rat Albumin (1:200, Bethyl), and donkey anti-rabbit Ki67 

(1:200, Abcam). Primary antibodies were incubated at 4˚C for 2-3 days. Secondary antibodies 

(Life Technologies), donkey anti-mouse Fluor 555 (1:200), donkey anti-rabbit Fluor 488 (1:200), 

and donkey anti-sheep Fluor 647 (1:200) were incubated at 4˚C for 2-3 days. The gels that were 

stained with foxA2/HNF3β were counterstained with Alexa Fluor 647 phalloidin (ThermoFisher) 

and all gels were stained with 2 x 10−6 M 4ʹ,6-diamidino-2-phenylindole (DAPI; Sigma). Gels were 

imaged using a 20x plan-apochromat objective (NA = 0.80) on a Zeiss 510 inverted confocal 

microscope. 3 stacks of 60 μm each were taken (2 μm thick slices) from random locations in 

each hydrogel.  

 

4.3.3.2     Image analysis for tubule characterization 

Each 60 µm stack (N=3 gels, 9 stacks per group) was imported into IMARIS and analyzed 

for total vessel volume. Vessel volume in IMARIS (Bitplane) was defined as CD31+ structures of 

volume >6000 µm3, as single cell structures and multicellular unincorporated structures were 

found to be <6000 µm3. The same images used for vessel volume analysis were also imported 

into the Angiogenesis Tube Formation Application Module in MetaMorph (Molecular Devices) to 

estimate total tubule length and vessel diameter. The images were pre-processed using FIJI 

(NIH) by applying a maximum intensity projection to the z-stack of the CD31 channel. Then the 

CD31 channel was thresholded to preserve tubule elements while decreasing background signal. 

The thresholded image was then used to measure tubular elements. Data is shown as mean ± 



 

93 
 

standard deviation.  Statistical significance (*p<0.05) was determined using ANOVA followed by 

Tukey’s post hoc test. 

 

4.3.3.3     Image analysis for hepatocyte-tubule localization 

Localization of hepatocytes to vascular cell networks was evaluated with a macro 

developed using FIJI. Each imaged stack (60 µm) was broken down into 3 separate 20 µm stacks. 

We analyzed smaller stacks to ensure that localization results were not due to effects of 

projecting all 60 µm into one 2D image. The location of hepatocytes was identified by 

thresholding the foxA2/HNF channel of the projected image to create a binary image, which was 

then processed with the “watershed” plugin to break up clumped particle. The projected red 

channel was also thresholded to yield a binary image. Threshold values for the green and red 

channels were held constant for all projected stacks. The number and circularity of hepatocytes 

were measured for each projection using the “Analyze Particles” macro. The cell outlines were 

converted to a mask and overlaid on the binary image of the red channel. Using the line tool, 

the edge-edge distance between hepatocytes and vascular cell networks was measured. Data is 

shown as mean ± standard deviation.  Statistical significance (*p<0.05) was determined using a 

1-way ANOVA followed by Tukey’s HSD post hoc test. 

 

4.3.3.4     Image analysis for Ki-67 and albumin staining  

Ki-67+ cells were determined using a macro in FIJI that thresholded the DAPI and Ki-67 

channels, to create ROI’s of each, and calculated the overlapping region. Using the analyze 



 

94 
 

particle macro, particles were considered Ki-67+ if the mask created by overlapping the DAPI and 

Ki-67 channels had a circularity of 0.5-1 and had areas between 30-90 µm2. Using the DAPI ROI 

and the analyze particles macro, the total number of DAPI+ nuclei within an albumin cluster was 

counted, the total number of DAPI+/Ki-67+ nuclei within an albumin cluster were counted and 

total number of albumin clusters were counted and summarized for average area and 

perimeter. A mask was created of hepatocytes containing Ki-67+/DAPI+ nuclei, then the distance 

of the albumin cluster to CD31+ tubules were measured (as described above) and the area and 

perimeter of the albumin positive clusters were measured. These sizes were compared to Ki-67- 

albumin cluster sizes. Data is shown as mean ± standard deviation. Statistical significance 

(*p<0.05) was determined using ANOVA followed by Tukey’s post hoc test. 

 

4.3.4     Assays for liver function and secreted factors  

Conditioned media was collected from each group before changing media. Conditioned 

media was also collected from hepatocytes seeded on 2D collagen and analyzed for comparison. 

Absorbance and luminescence was measured using a multi-mode microplate reader (Tecan).  

Albumin was assayed using an enzyme-linked immunosorbent assay (ELISA) per 

manufacturer’s instructions (Bethyl) as described in chapter 3. Urea secretion was assayed using 

a standard blood urea nitrogen kit (Stanbio, BUN Kit). 15 μL of undiluted conditioned media 

samples were added to a 96-well plate. 150 μL of a mix containing 1/3 BUN color reagent and 

2/3 BUN acid reagent was added to each well. The plate was sealed and incubated at 60˚C for 90 

minutes. After color developed, the plates were placed on ice for 5-15 minutes to cool, then 

absorbance was read at 540 nm.  
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Cytochrome P450 activity and ability to respond to drug induction were tested using a 

p450-Glo Assay for CYP3A4 (Promega). The CYP3A4 isozyme was assayed because it accounts for 

over 50% of all oxidative drug reactions occurring through the CYP450 family.242 Encapsulated 

cells were induced with 25 μM rifampicin in media for 24 hr prior to testing in order to verify 

hepatocyte ability to recognize a xenobiotic and respond appropriately by increasing enzyme 

transcription and expression. In this assay, a proluciferin-conjugated cytochrome P450 substrate 

was added to the media and incubated at 37˚C for 5 hr. The proluciferin-conjugated substrate 

was converted to luminogenic D-luciferin products by any CYP450 enzymes present (figure 4-5). 

D-luciferin was then detected in a second reaction with the luciferin detection reagent. The light 

produced in the second reaction is proportional to the CYP450 activity. Luminescence from 

luciferin was quantified using a standard curve made from beetle luciferin (Promega).  

 

Figure 4-5: CYP450 assay mechanism. From Promega Inc. 

Hepatocyte growth factor (HGF) was assayed from conditioned media that was collected 

on day 3 using the human HGF quantikine ELISA assay kit (R&D, 50% cross-reactivity with rat 

HGF) according to manufacturer instructions. Briefly, 50 μL of undiluted conditioned media was 

added to a microplate pre-coated with monoclonal antibody specific for human HGF and 

incubated at room temperature for 2 hr. Each well wash washed with the provided wash buffer, 
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and then 200 μL of human HGF conjugate (polyclonal antibody specific for human HGF 

conjugated to horseradish peroxidase with preservatives) was added to each well and incubated 

for 2 hr. After washing again, 200 μL of substrate solution (equal volumes of hydrogen peroxide 

and chromogen tetramethylbenzidine) was added and incubated for 30 min. Finally, 50 μL of 

stop solution (2N sulfuric acid) was added and mixed. Optical density of each well was measured 

at 450 nm with a wavelength correction set to 540 nm.  

The results of each assay were normalized to the number of hepatocyte counted from 

images of hydrogels fixed at the same time points using the foxA2/HNF nuclear channel in 

IMARIS. Functional assay data is shown as mean ± standard deviation. Statistical significance 

(*p<0.05) was determined using a 1-way ANOVA followed by Tukey’s HSD post hoc test. 

 

4.4     Results 

4.4.1     Formation of vascularized hydrogels  

Previous work in our lab has established a protocol for fabricating vascularized 

hydrogels at the densities described for ^UP gels.128 During angiogenesis, ECs sense and respond 

to each other to organize into vascular networks. These networks then undergo remodeling, 

where the tubules that are stabilized by pericytes remain intact and any nonfunctional tubules 

regress.179, 181, 193, 201, 240, 241 Thus, in vitro angiogenesis occurs in a density-dependent manner, 

and requires a cell density high enough to facilitate cell-cell interaction and paracrine signaling, 

but low enough to provide space for cell spreading and migration. The angiogenic VC cell density 

established in previous research was 30 million vascular cells (VCs)/mL. However, this was in a 

4% hydrogel polymer density, which may provide more mechanical support than a 2.5% 
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hydrogel through increased chain entanglement and crosslinking and associated slower 

degradation rate. In figure 4-6, we show the formation of capillary-like tubes from VCs in a 2.5% 

hydrogel at day 7 in ^UP and spread but unconnected cells in UP hydrogels.  

 

Figure 4-6: Vascularized hydrogels (^UP, left) without hepatocytes at day 7 and non-
vascularized NPC’s in 3D coculture (UP, right). Red depicts CD31+ endothelial cells and blue shows 

DAPI nuclei. Scale bar is 150 µm. 

 

4.4.2     Determination of hepatocyte to VC ratios in the construct 

In vivo, hepatocytes greatly outnumber all other NPCs. From our work in chapter 3, we 

knew that a good starting density for hepatocyte culture was 10 million cell/mL and we 

wondered how to incorporate VCs within this construct without disrupting vasculogenesis. We 

initially tried combining the VCs and hepatocytes at densities known to form tubules (30 million 

VC/mL with 10 million hepatocyte/mL). However, in combination with VCs this cell density was 

too high for our hydrogel to support. While it appeared that hydrogels with 10 million 

hepatocyte/mL and 30 million VC/mL were able to form at first, they collapsed within days of 

culture, indicating that the hydrogel had not fully gelled or was degrading too quickly compared 

to the rate of ECM deposition. Thus, we performed preliminary experiments investigating the 

maximum number of cells the hydrogel could hold. We found that the hydrogel could support a 
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total of 31 million cells/mL when VCs made up 30 million cells/mL and hepatocytes made up 1 

million cell/mL (noting that hepatocytes are significantly larger than VCs). Given this maximum 

cell density of ~30 million cells/mL, in subsequent studies, we kept the cell density constant 

while varying the ratios of VCs to hepatocytes.  

We started by encapsulating 10 million hepatocytes with a total of 20 million VCs 

(always at a 4:1 EC:pericyte ratio). At this ratio, there was minimal formation of vascular 

structures. We then reduced the number of hepatocytes to 6 million cells/mL with 24 million 

VCs/mL we saw more spreading, but not a connected vascular network. Interestingly, we saw 

more spreading in hydrogels with hepatocytes than hydrogels with only the VCs. Finally, we 

lowered the number of hepatocytes to 3 million cells/mL. Combined with 27 million VCs/mL 

(combination referred to as UPH3), robust vascular networks were formed in the hepatic 

constructs. Again, in hydrogels with only 27 million VC’s/mL (UP) tubules did not form to the 

same extent. Images shown in figure 4-7. 
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Figure 4-7: Hepatocytes co-encapsulated with VCs at day 7. The total cell density is 
constant at 30 million cell/mL but ratios of VC to hepatocytes are varied. Even though hepatocytes 

in vivo outnumber VCs and hepatocytes are known to secrete angiogenic factors, VC’s could not 
assemble into vascular structures without a minimum of 27 million VC/mL in combination with 

hepatocytes. At the same cell density without hepatocytes, VC’s did not form a connected 
network.  In these images, green denotes foxA2/HNF stained hepatocyte nuclei and red denotes 

CD31+ vascular structures. Scale bar is 250 μm. 

In order to probe the effect of coculture in the context of microvascular networks as 

opposed to coculture with unincorporated VCs, albumin assays were performed at day 7 and 14 

from conditioned media from groups with either 3 or 10 million hepatocytes/mL with and 

without VCs (figure 4-8). In either case, the addition of VCs led to enhanced albumin secretion 

per cell and helped retain hepatocyte synthetic function for at least 2 weeks. At day 14, it was 

evident that the vascular coculture resulted in higher albumin synthesis per cell than the non-
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vascular coculture despite the fact that there were more NPCs for hepatocytes to interact with 

in the later group.  

 

Figure 4-8: Albumin assays hepatocytes cocultured with VCs at two different ratios. When 
3 million hepatocytes/mL were included, 27 million VC/mL formed vascularized constructs. When 
10 million hepatocytes/mL were included, 20 million VC/mL exhibited spreading but did not form 
connected networks. Interestingly, in monoculture, hepatocytes seemed to secrete more albumin 

at 10 million Hep/mL than hepatocytes at 3 million Hep/mL initially. However, by day 14, 
hepatocytes cultured at both densities started secreted minimal levels of albumin. Coculture with 

VCs increased albumin secretion in both groups. However, by day 14, while coculture with VCs 
alone remained the same while coculture with VCs in vascular assemblies increased.  

 

4.4.3     Formation of vascularized liver organoids 

When we encapsulated primary hepatocytes with ECs and pericytes (UPH3), we saw 

rapid formation of robust microvascular networks (figure 4-9). Co-encapsulation of hepatocytes 

with ECs and pericytes increased the rate of EC spreading and tubule formation compared to UP 

hydrogels alone. In vivo, hepatocytes interact heavily with the vasculature.51, 243 Hepatocytes in 

our vascularized hydrogels also appeared to associate closely with CD31+ microvascular 

structures. Quantification of these interactions revealed that 78% of the hepatocytes in our 

constructs were within 10 µm of a CD31+ tubule, suggesting that the cells self-assembled such 

that hepatocytes and vascular cells were close enough for cell-cell interaction and paracrine 
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signaling. The average distance of the hepatocytes to a CD31+ capillary was found to be 7.2 ± 

11.8 µm. The average radius of a hepatocyte was 8.5 ± 0.2 µm. Given that our measurements 

were made from the nuclear marker, foxA2/HNF to a CD31+ vascular structure, this implies that 

the hepatocytes were contacting vascular structures. Finally, the average distance between 

CD31+ vascular structures was manually measured to be 96.0 ± 41.6 µm, suggesting that 

hepatocyte location was not due to random distribution within the hydrogel.  

 

Figure 4-9: Higher magnification image shows encapsulated hepatocytes, ECs, and 
pericytes (UPH) at day 7 form vascularized hepatic constructs. Green indicates foxA2/HNF positive 

hepatocytes and red indicates CD31 positive HUVEC. Scale bar is 100 µm long.  

 

4.4.4     3D vascular coculture supports 3 major liver-specific functions 

Microvascular networks in the hydrogels appear to support hepatocyte phenotype and 

function over time. The many functions of the liver can be categories into 3 main groups: 

synthesis, detoxification, and metabolism. As surrogate measures for these groups, we 

evaluated liver-specific function in our constructs by assaying for albumin secretion, urea 

production, and cytochrome P450 (CYP450) activity from conditioned media samples collected 

at several time points, 24 hr after the previous media change. Results were normalized to the 
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number of hepatocytes we counted in images fixed at the same time point. The results of each 

assay were compared to results from hepatocytes seeded on collagen coated plates, at day 1, 24 

hr after the initial media change ,when they are maximally functional.189, 244-247  

Hepatocytes plated in 2D on collagen coated tissue culture dishes produced 10.3 ± 4.9 

pg of albumin per hepatocyte at day 1 (figure 4-10). In comparison, the same lot of hepatocytes 

cocultured in hydrogels (UPH3) secreted 6.3 ± 1.1 pg albumin per hepatocyte at day 7. At day 

28, however, hepatocytes from vascularized hydrogels synthesized 22.6 ± 1.5 pg 

albumin/hepatocyte/day, over a 3-fold increase from day 7 and over 2 times the albumin 

produced by hepatocytes on collagen coated plates at day 1. These results were further 

confirmed by albumin staining, where we saw strongly expressed intracellular albumin at day 28 

(figure 4-9). Total albumin secretion per construct is discussed in later, in figure 4-18. Albumin 

secretion from hepatocytes in PEG hydrogels without VCs (H3) was much lower, at only 5.4 ± 1.8 

pg albumin at day 7 (figure 4-14). By day 14, albumin synthesis from hepatocytes monocultured 

in PEG hydrogels was marginal.  

    

Figure 4-10: Hepatocyte functional assays. (Left) Albumin synthesis of hepatocytes in 
UPH3 constructs at day 7 and day 28. Albumin secretion from UPH constructs was compared to the 

primary hepatocytes from the same lot seeded in a confluent monolayer on a collagen coated 
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plate at day 1, when they are maximally function. * indicates statistical significance between 
groups, *p<0.05. 

The ability of our organoids to synthesize urea was also maintained over time. Urea 

synthesis was found to be 163.9 ± 12.1 pg urea per hepatocyte at day 7 and 228.9 ± 50.5 pg urea 

at day 28 (figure 4-11), demonstrating that the hepatocytes in vascular co-cultures are able to 

efficiently modify ammonia into urea at comparable rates to hepatocytes on collagen surfaces, 

which produced 204.0 ± 24.4 pg urea per hepatocyte at day 1.  

 

Figure 4-11: Urea synthesis of UPH3 constructs at day 7 and day 28. Urea production from 
UPH constructs was compared to the primary hepatocytes from the same lot seeded in a confluent 

monolayer on a collagen coated plate at day 1, when they are maximally function. 

Induced CYP450 metabolic activity also remained relatively constant throughout the 

time points for hepatocytes these constructs (figure 4-12). At both day 7 and day 28, CYP450 

activity was higher than activity in hepatocytes seeded on 2D collagen plates. At day 7, CYP3A4 

produced 13.5 ± 2.4 pg luciferin at day 7 and 13.9 ± 2.4 pg luciferin at day 28. Hepatocytes on 2D 

collagen at day 1 produced 5.6 ± 1.1 pg luciferin.  
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Figure 4-12: CYP450 metabolism of hepatocytes in construct. (Left) CYP3A4 activity is 
inducible by treatment with Rifampicin for 24 hr. (Right) Induced hepatocytes in 3D vascularized 
constructs metabolize more of the CYP substrate than induced hepatocytes on collagen coated 

plates on day 1. * indicates statistical significance between groups, *p<0.05. 

 

4.4.5     Enhanced hepatocyte function is likely due to cell-cell interaction 

In order to understand if hepatocyte functions were better maintained due to cell-cell 

interactions from co-culture, secreted factors from the NPCs or from the combination of these 

in 3D coculture, we performed a series of control experiments. First, we cocultured hepatocytes, 

ECs and pericytes together in 2D on collagen coated plates at the same ratios that we cultured 

them in 3D to assess the effect of coculture alone (figure 4-13). Interestingly, we saw no 

appreciable difference between 2D monoculture and 2D coculture at the densities used for this 

study in order to incorporate NPCs.   
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Figure 4-13: Albumin synthesis from hepatocytes on a collagen coated plate fed with 
conditioned media from UP gels, or cocultured with VCs. Secreted factors from conditioned media 

had a minimal effect on increasing albumin production as opposed to feeding hepatocytes with 
MM. Scale Bar is 150 µm long. 

Then, we treated primary hepatocytes on collagen coated plates with conditioned 

media (CM) from 3D UP hydrogels, which theoretically contains any secreted factors from the EC 

and pericyte coculture that could affect hepatocyte behavior. UP CM had a minimal effect on 

hepatocyte function in 2D initially but did not last over time (figure 4-13). Interestingly, CM did 

have a significant impact on albumin synthesis from hepatocytes in 3D hydrogels (4-14). While 

the effect of secreted factors was significant initially, soluble factors in CM were not sufficient to 

retain enhanced function over time, and by day 14, both groups had decreased albumin 

synthesis.  
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Figure 4-14: Albumin secretion from hepatocytes in monoculture encapsulated in PEG 
secreted significantly higher levels of albumin when treated with CM rather than MM alone. Even 

with CM, without coculture with vascularized VCs, albumin secretion decreased by day 14.  
*p<0.05 from a t-test at each time point. 

 

Together, these observations suggest that heterotypic cell-cell interactions, secreted 

factors, and 3D culture are important factors in maintaining long-term hepatocyte function and 

the increase in hepatocyte function in vascularized constructs are likely due to the combination 

of these parameters. 

 

4.4.6     Albumin and Ki-67 staining indicate some hepatocyte aggregates 
are proliferating 

We noticed that the number of hepatocytes in our images seemed to be increasing over 

time. To investigate potential hepatocyte proliferation in our vascularized constructs, we 

analyzed images from UPH3 constructs fixed and stained with albumin, Ki-67, and DAPI. VC’s did 

not produce high enough albumin levels to detect through this staining procedure. 

From day 7 images, we analyzed 11,826 cells (DAPI+ count) and found 5,425 (45%) of 

them to be Ki-67+. Out of the DAPI+ particles, 1,729 (31%) were double positive for DAPI and 
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albumin (DAPI+/albumin+). It is important to note that hepatocytes can be binucleated, 

accounting for higher ratio of hepatic nuclei than actual seeded hepatocytes. From the 

DAPI+/albumin+ hepatocyte nuclei, 282 (16%) were triple positive for Ki-67, DAPI, and albumin 

(Ki67+/DAPI+/albumin+), suggesting at that 16% of the hepatocytes in our construct expressed Ki-

67 and were actively proliferating (figure 4-16).   

At day 28, we analyzed 11,508 DAPI+ cells and found that 2,140 (18%) were Ki-67 +, 

signifying an overall reduction in proliferative activity in the hydrogels from all cells. However, at 

day 28, 3,000 (25%) DAPI+/albumin+ cells were identified, and 552 of them were Ki-

67+/DAPI+/albumin+, indicating that approximately 18% of the hepatocytes were still Ki-67+. Due 

to proliferation, the DAPI+/albumin+ nuclei count nearly doubled over this 3-week period.  

 

Figure 4-15: Hepatocytes cocultured with ECs and pericytes. Images from A) day 7 and B) 
day 28. Both sets were stained for Ki-67 (green), albumin (pink), CD31 (red), and DAPI (blue).  

Arrows point to some Ki-67+/DAPI+/albumin+ hepatocytes. Scale bar is 100 µm. 

 

To confirm these results, we also analyzed the size of hepatocyte clusters observed in 

the images. If hepatocytes are proliferating, the size of the cluster they are in (or the number of 

clusters per unit volume) should grow over time. The average area of the hepatocyte clusters 
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(albumin+) remained relatively constant over time. At day 7, the average albumin cluster was 

225.0 ± 16.1 µm2 and at day 28 the average albumin cluster was 200.9 ± 51.7 µm2, indicating 

most hepatocytes were single cells. However, quantification of the area of the average Ki-

67+/DAPI+/albumin+ aggregates shows that Ki-67+ albumin clusters grew significantly from day 7 

to day 28. Ki-67+/DAPI+/albumin+ clusters were measured to be about 255.4 ± 222.7 µm2 at day 7 

and increased to an average of 724.4 ± 476.6 µm2 at day 28. Furthermore, these Ki-

67+/DAPI+/albumin+ hepatocyte clusters were manually measured to be near CD31+ tubules. At 

day 7, Ki-67+/DAPI+/albumin+ clusters were on average 6.6 ± 9.3 µm away from the nearest 

capillary. However, at day 28 Ki-67+/DAPI+/albumin+ were only 1.6 ± 5.6 µm away from the 

nearest capillary, suggesting that maintained proliferation depends on proximity to non-

parenchymal cells. 

 

4.4.7     Modulating hepatocyte and VC densities influences hepatocyte 
functionality and organoid morphology 

Albumin and urea secretion were assayed from three conditions with varying 

hepatocyte and VC densities to gain an understanding of how hepatocyte functionality was 

influenced by cell-cell interactions (figure 4-17). In all cases, vascular networks formed. ^UPH1 

hydrogels and UPH3 hydrogels were able to retain their liver-specific functions over time better 

than UPH1 hydrogels (figure 4-18). ^UPH1 hydrogels produced more albumin per hepatocyte at 

day 28 than the other conditions, suggesting that increasing hepatocyte to NPC interactions 

helps retain hepatocyte function in vitro. However, as expected, UPH3 constructs secreted the 
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most albumin and urea per hydrogel overall (figure 4-18). The differences seen in functionality 

may be correlated to differences observed in organoid morphology. 

 

Figure 4-16: Encapsulated hepatocytes, ECs, and pericytes form vascularized constructs. 
Vascular phenotypes vary based on the number of hepatocytes present. Green indicates 

foxA2/HNF positive hepatocytes and red indicates CD31 positive HUVEC. Scale bar is 100 µm long.  
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Figure 4-17: Overall albumin and urea secretion from the whole hydrogel construct 
increases over the first 28 days and maintains for at least 56 days. Initial hepatocyte densities were 

1 million hepatocytes/mL in the ^UPH1 and UPH3 groups and 3 million hepatocytes/mL in the 
UPH3 group. * indicates statistical significance between groups, *p<0.05. 

 

The number of hepatocytes as well as the number of VCs influenced microvascular 

network formation (figure 4-19). At early time points, the density of the microvascular networks, 

measured through 3D quantification of CD31 staining, was the highest in UPH1 gels. As tubules 

started to regress, vessel volume decreased from 26.4 x 105 ± 7.1 x 105 µm3 at day 7 to 4.8 x 105 ± 

1.0 x 105 µm3 at day 28 (figure 4-19). Vessel volume also decreased over time in the UPH3 group 
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from 21.0 x 105 ± 2.4 x 105 µm3 at day 7 to 7.9 x 105 ± 1.1 x 105 µm3 at day 28, but seemed to be 

due to pruning rather than regression. ^UPH1 hydrogels had the most stable microvasculature 

throughout the experiment. The vessel volume in hydrogels with ^UPH1 was 1.2 x 105 ± 0.2 x 105 

µm3 at day 7 and remained at 1.1 x 105 ± 0.1 x 105 µm3 at day 28. UPH3 hydrogels and ^UPH1 

hydrogels retained their vascular networks through day 56 while UPH1 did not. 

The microvasculature that formed in each group was also different morphologically (4-

19). In both ^UPH1 and UPH1 groups, tubules were thicker and shorter while the group with 

UPH3 had thinner and longer tubules. These differences in thickness account for the differences 

in vessel volume in the UPH3 condition as opposed to ^UPH1. The thickness in the ^UPH1 group 

was 15.5 ± 1.0 µm at day 7 and 16.7 ± 0.6 µm at day 28. The UPH1 group initially had thick 

tubules at 18.4 ± 1.2 µm at day 7 but then the tubules started to regress. Detectable tube-like 

structures at day 28 from this group were on average 13.3 ± 1.0 µm. The UPH3 group had 

tubules that were only 13.4 ± 0.4 µm thick at day 7 and still 12.8 ± 0.3 µm thick by day 28. While 

these tubules were the thinnest, they also had the longest total tubule length (figure 4-19).  
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Figure 4-18: Vascular phenotype quantification. (Left) Vessel volume measured using the 
CD31 channel in IMARIS from a 60 µm thick stack. Vessel volume is initially the highest in UPH1 

constructs but decreases dramatically over time. Vessel volume also decreases in UPH3 constructs 
but remains over 5x105 µm2 throughout 28 days. Vessel volume remains constant over time for 

^UPH1 constructs. (Middle) Tube thickness measured using the CD31 channel in MetaMorph. 
Thickness is maintained over time for ^UPH1 hydrogels and UPH3 hydrogels. However, hydrogels 

with UPH1 lose thickness with volume. The thinner tubules in the UPH3 condition accounts for the 
lower vessel volume in this condition. (Right) In the UPH1 hydrogels total tubule length decreased 

severely from 6.3 ± 0.1 mm at day 7 to 1.4 ± 0.3 mm at day 28. In the UPH3 case, total tubule 
length only decreased from 6.8 ± 0.3 mm at day 7 to 3.4 ± 0.6 mm at day 28. In ^UPH1 hydrogels, 

the total tubule length remained essentially constant, starting at 5.0 ± 0.7 mm at day 7 and ending 
at 4.8 ± 0.9 µm on day 28. Bars that do not share a common letter are statistically significant, 

*p<0.05. 
 

To understand these results mechanistically, we assayed for a variety of angiogeneic 

growth factors including VEGF, FGF, and HGF at day 3, during critical initial stages of vessel 

formation. We did not observe manifested differences in VEGF or FGF secretion between 

groups. However, there were small differences in detected HGF (figure 4-20). Although not 

statistically significant, hydrogels containing hepatocytes produced elevated and biologically 

relevant levels of HGF compared to UP hydrogels alone. UP gels without hepatocytes secreted 

249.0 ± 38.4 pg of HGF while ^UPH1 hydrogels secreted 349.9 ± 27.4 pg of HGF. Similarly, 

increasing hepatocytes from UPH1 to UPH3 further increased HGF from 340.9 ± 41.2 pg/gel to 

389.9 ± 43.9 pg HGF/gel.  

0.E+00

1.E+06

2.E+06

3.E+06

4.E+06

7 28
0

5

10

15

20

25

7 28

AB

0

2000

4000

6000

8000

7 28

Ve
ss

el
 v

ol
um

e 
(µ

m
3 )

Tu
bu

le
 t

hi
ck

ne
ss

 (µ
m

) 8

6

4

2

0

To
ta

l t
ub

ul
e 

le
ng

th
 (m

m
)

C

AC

B

B
B

B
A

C

B

C C
ABC

AB A

AB

C

BC

^UPH1

UPH1
UPH3

Day Day Day



 

113 
 

 

Figure 4-19: HGF assay shows higher HGF secretion in vascularized gels with hepatocytes 
than in vascularized hydrogels alone. Slightly elevated HGF is seen in the UPH3 condition that has 

the most hepatocytes. 
  

 

4.5     Discussion and conclusions 

We were primarily interested in investigating the ability of our constructs to perform 

liver-specific functions in vitro. We quantified hepatocyte functionality by assaying for surrogate 

measures indicative of the major essential liver functions. First, we tested our constructs for 

their ability to synthesize albumin and saw that albumin secretion per hepatocyte increased 

over time from day 7 to day 28. Albumin, which regulates osmotic pressure of blood vessels and 

transports hydrophobic molecules in the bloodstream, is produced endogenously by 

hepatocytes at a rate of 9 to 12 grams per day.248 Given the estimated 300 billion hepatocytes in 

the liver, this translates to 35 pg albumin per hepatocyte per day.249  Hepatocytes in our 

organoids produced comparable amounts of albumin, signifying that they were functioning at 

near in vivo levels. It is worth noting that not all hepatocytes in the body secrete albumin at 

homeostasis and in vivo healthy hepatocytes have the ability to increase albumin synthesis by 3-
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fold in response to protein-turnover.250 While we did not observe the same magnitude of 

improvements in urea synthesis, we did see a maintenance over time. Urea synthesis in our 

constructs was similar to urea synthesis from hepatocytes plated on collagen surfaces at day 1, 

before significant loss of function. There was an increasing trend in urea synthesis and levels 

found in the conditioned media were maintained for at least 28 days.  

To evaluate the ability of our constructs to metabolize xenobiotics, we assayed for 

CYP450 activity in the UPH3 group. CYP450 monooxygenases catalyze the oxidation of a large 

number of endogenous compounds (like hormones, cholesterols and vitamins) and the majority 

of ingested chemicals (80% of clinically used drugs).251 They are the most important enzymes in 

phase 1 metabolism and are responsible for the metabolism of drugs into more polar 

metabolites.252 CYP450 enzymes are always be active at a basal rate but become induced when 

foreign substances are introduced. A CYP450 enzyme becomes induced when ligand activation 

of key transcription factors increases changes so that more of the enzyme is transcribed and 

expressed in order to clear out the xenobiotic quickly.253   

CYP3A3 is the most abundant for of human CYP450 and is responsible for the 

metabolism of over 50% of clinical pharmaceuticals.254 So, we confirmed that CYP is inducible in 

our constructs and then assayed for CYP3A4 after a 24 hr incubation with the antibiotic 

rifampicin. We saw that induced CYP450 activity was maintained for at least 28 days, and was 

significantly higher at both time points than hepatocytes on collagen coated plates at day 1. 

These results are promising for creating functional tissue engineering constructs and even 

toward potentially developing viable drug testing models. Finally, based on imaging of 

hydrogels, foxA2/HNF was retained for at least 56 days. Since foxA2/HNF is a transcriptional 
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activator for a number of liver genes, including albumin, in addition to being a biomarker for 

hepatocytes, it is also an indicator of the differentiated and functional state of hepatocytes.255  

We focused our functional investigations on the UPH3 group because higher numbers of 

hepatocytes more closely resemble physiological conditions. Furthermore, to be useful in 

translating research to therapeutic applications and relevant models, larger numbers of 

hepatocytes would need to be utilized. We assayed for albumin and urea to understand how VC 

and hepatocyte density affected liver-specific function. Comparing the functional output of 

UPH1 to ^UPH1 shows that the extra VC’s helped retain function in the long term. In fact, the 

^UPH1 condition was the most stable condition of all 3 tested groups. This is probably due to 

increased vascularization and hepatocyte-NPC interactions in the hydrogels. While ^UPH1 had 

the best functionality per hepatocyte, there was significantly more total albumin and urea 

produced per gel in the UPH3 hydrogels due to the larger cell numbers and cells in this condition 

also maintained function over time. We did not see the same enhancements in albumin 

synthesis from hepatocytes fed with conditioned media in 2D or 3D, suggesting that secreted 

factors alone do not account for the increase in liver-specific function. When we cocultured 

hepatocytes, HUVEC, and pericytes on collagen coated plates in 2D, we saw even less of an 

increase than 2D culture with conditioned media, indicating that that heterotypic cell-cell 

interactions in the context of our 3D vascularized networks were likely responsible for these 

increases.  

The increase in functionality observed in 3D cocultured constructs is could also be 

related to interactions with VCs and overall organoid spatial arrangement. When we varied 

numbers of hepatocytes and VCs in our constructs, we saw different vascular morphologies, 
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which may have effected hepatocytes function. Interestingly, in all cases (^UPH1, UPH1, and 

UPH3), hepatocytes supported vasculogenesis better than UP or ^UP alone. Furthermore, in 

UPH3 gels, the additional hepatocytes were able to maintain tubulogenesis for over 28 days, 

while UPH1 and UP had substantial tubule regression.  

We attributed the ability of hepatocytes to induce vasculogenesis and effectively change 

vascular phenotypes to increased secretion of HGF. HGF is a pleiotropic growth factor that 

usually affects angiogenesis by acting on ECs.256, 257 But, it can also stimulate angiogenesis 

indirectly by inducing other EC mitogens, like vascular endothelial growth factor (VEGF). HGF can 

synergistically enhance VEGF effects and in some cases, can stimulate angiogenesis even more 

efficiently than VEGF.258-265 Because HGF is a large protein (83 kDa), it is possible some of it was 

caught within the hydrogel mesh and did not diffuse out of the hydrogel within 24 hr, thus could 

not be accounted for by our conditioned media assay. Furthermore, while HGF is believed to be 

a mesenchyme-derived factor that acts on epithelial and endothelial cells, there is evidence that 

several cell types, including HUVEC, human vascular pericytes and hepatocytes, are capable of 

producing and consuming HGF.266-268 Because of the mix of consumers of producers of HGF in 

our constructs, there is some ambiguity of where the HGF is coming from and which cells it is 

influencing the most. 

 While not statistically significant, we observed biologically relevant differences in HGF 

secretion between groups, where the largest amount of HGF tended to be secreted by groups 

with more hepatocytes. Previous reports indicate that as little as 1 ng/mL of HGF is enough to 

stimulate tubulogenesis in cultures that otherwise do not form tubules and that in vitro cell can 

sense HGF on the order of 10 pM.268-271 These prior findings suggest that the levels of HGF we 
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saw in our assays, were likely sufficient to promote branching, proliferation, and connections in 

our ECs and account for phenotypic differences we observed in the vasculature in each 

condition. With the addition of just 5,000 hepatocytes (number of hepatocytes 5 µL UPH1 

hydrogel) we saw an increase of about 100 pg of HGF from UP to ^UPH1 gels. With the addition 

of 10,000 hepatocytes, from UPH1 to UPH3, we saw an increase of almost 50 pg HGF.   

HGF secretion was also likely responsible for recruitment of hepatocytes to EC and 

pericyte tubules. Leung et al. recently found that HUVEC can supply sufficient HGF to generate a 

chemotactic gradient driving cell mobility.269 Even up to 400 μm away from a blood vessel, cells 

could sense and respond to HGF concentrations as low as 23.5 pM. Nahmias et al. also showed 

that hepatocytes were recruited to endothelial vascular structures in an HGF dependent 

manner. Contrary to traditional belief, they found that hepatocytes migrate toward endothelial 

vascular structures rather than endothelial vascularization of hepatic aggregates.243 

Furthermore, even though hepatocytes generally secrete small amounts of MMPs and are not 

known to migrate, during liver injury response, they can produce significant levels of several 

MMPs  and migrate to areas needing repopulation.272   

One particularly interesting finding in this study was that hepatocytes appeared to be 

proliferating in 3D vascular coculture. Mature hepatocytes are normally quiescent and it is 

difficult expand them in vitro.273 These difficulties limit the number of primary hepatocytes 

available for models and treatment devices. There have been some reports demonstrating 

minimal hepatocyte proliferation when co-cultured with growth arrested 3T3 fibroblasts and 

that hepatocyte proliferation was likely induced by heterotypic interactions.274 However, during 



 

118 
 

liver regeneration, HGF, among other growth factors, stimulates hepatocyte DNA synthesis, and 

might have been able to stimulate more proliferation in our constrcuts.275 

 Because there are some conflicting studies linking the upregulation of proliferative 

markers, like Ki-67, to dedifferentiating hepatocytes, we coupled Ki-67 and DAPI expression to 

albumin expression in our analysis.276 And, in addition to Ki-67 staining, we stained hepatocytes 

with albumin and recorded the overall sizes of albumin+ aggregates. Most hepatocytes organized 

into clusters containing 1-2 nuclei (single cells), but there were some larger, multicellular 

clusters. In our work, we saw that about 16% of hepatocyte were Ki-67+ at day 7 and about 18% 

of them were Ki-67+ at day 28.  While the percentage of hepatocytes that were Ki-

67+/DAPI+/albumin+ did not change over time, the average size of hepatocyte clusters that 

contained Ki-67+ nuclei grew significantly, confirming the idea that some hepatocytes were 

proliferating. To understand why some clusters were proliferating and others were not, we 

quantified the distance of Ki-67+ hepatocytes to vascular structures containing non-parenchymal 

cells. We found that Ki-67+/DAPI+/albumin+ hepatocytes were 6.7 ± 9.3 µm away from VCs at day 

7. They were only 1.6 ± 5.6 µm from VCs by day 28. This suggests that the hepatocytes that were 

able to retain proliferative markers for 28 days were also the ones that were closest to VCs and 

that hepatocyte proliferation depends on signals from non-parenchymal cells.  

In conclusion, in this chapter, we encapsulated hepatocytes, ECs, and pericytes in a 

degradable and cell adhesive PEG hydrogel to form liver tissue-like constructs. Our overall goal 

was to create a sustainable microenvironment that retains the liver-specific functions of primary 

hepatocytes. Our work was motivated by literature demonstrating that heterotypic interactions 

of hepatocytes with NPCs are largely responsible for maintaining optimal hepatic function.51, 75-
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77, 218, 274, 277  We tried to emulate some of these types of interactions by encapsulating cells at the 

same time and allowing cells to self-assemble into physiologically relevant structures. 

Encapsulating hepatocytes, ECs, and pericytes created vascularized organoids that were able to 

perform multiple liver-specific functions for over 8 weeks in vitro. Furthermore, hepatocytes 

within these constructs associated with tubules, simulating localization of hepatocytes to 

sinusoids in vivo. These results are promising for use as a platform for culturing hepatocytes for 

long enough time periods to use them in therapeutic devices, like bioartificial livers.  
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5. Engineering 3D vascularized scaffolds with liver 
specific cells for enhanced functionality   
5.1     Introduction 

In the last chapter, we demonstrated the value of 3D vascular co-culture for maintaining 

hepatocyte differentiation and developing biomimetic tissue-engineered constructs. The 

described self-assembled microvascular networks have previously been shown to be mimetic of 

in vivo capillaries.178 However, the hepatic microvasculature is unique in that it is made up of 

discontinuous capillaries (sinusoids) that aid in the many detoxification roles of the liver. The 

sinusoids are made up of multiple cell types that form a complex plexus not only irrigating the 

liver parenchyma, but intimately interacting with hepatocytes.278 The sinusoids are lined with 

LSEC and Kupffer cells on the luminal side and contain HSCs in the Space of Disse on the 

abluminal side. HSC’s interact with both hepatocytes and LSEC, control circulation, and store 

vitamin A (HSCs store 80% of all vitamin A in the body) in lipid droplets. While the overall 

number of HSCs in the liver is much lower than other NPCs, they can exert profound regulatory 

effects. For example, during portal  hypertension, a single HSC can wrap up to 4 sinusoids to 

regulate vascular tone and blood flow.279   
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Table 5-1: List of cell types found in the liver and their functions. Adapted from and 
Beckwitt et al. and Ehrlich et al. 

 

Within the sinusoids, resident LSEC and Kupffer cells provide the first line of defense 

against incoming toxins. Compared to other ECs, LSEC have an enormous endocytic capacity and 

together with Kupffer cells, they make the largest scavenger system in the body.280 Homeostasis 

is maintained in the sinusoids through continual cross-talk between cell types. For example, 

paracrine secretion of VEGF by hepatocytes and HSC during both times of health and injury play 

a large role in regulating LSEC phenotype.279 In the healthy liver, VEGF-A/VEGF2 signaling 

maintains LSEC differentiation. During fibrogenesis, this pathway is upregulated through CD147, 

a transmembrane glycoprotein linked to liver fibrosis that enhances the expression and 

Cell type Location Cell fraction Function
Hepatocyte Parenchyma 60-65% Protein secretion

Bile secretion
Cholesterol metabolism
Detoxification
Urea metabolism
Glucose/glycogen metabolism
Acute phase response
Blood clotting

Liver sinusoidal 
endothelial cell 
(LSEC)

Sinusoids 16-20% Form sinusoidal plexus to facilitate blood circulation
Highly specialized
Allow transfer of molecules and proteins between serum and hepatocytes
Scavenger of macromolecular waste
Cytokine secretion
Blood clotting

Hepatic stellate cell 
(HSC)

Space of 
Disse

4-8% Maintenance of extracellular matrix, Vitamin A, and retinoid storage
Controls microvascular tone
Activated to become myofibroblast
Contributes toward regenerative response to injury
Secretion of cytokines

Kupffer cell Sinusoids 12-15% Scavengers of foreign material
Secrete cytokines and proteases etc.

Cholangiocyte Duct 
epithelium

3% Form bile ducts to transport bile
Control rate of bile flow
Secrete water and bicarbonate
Control pH of bile

Pit cells Liver natural 
killer cells

Rare Cytotoxic activity 
Not well characterized but similar other large granular lymphocytes

ECs in arteries 
and veins

Vasculature N/A Form veins, arteries, venuoles, and arterioles
Control blood flow
Contribute toward parenchymal zonation
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secretion of VEGF-A (via PI3K/Akt signaling) in hepatocytes and upregulates VEGFR2 expression 

in LSEC, augmenting both cell types’ proliferation and migration.279  

Kupffer cells (which make up 80-90% of all macrophages in the body) are also potent 

mediators involved in inflammation through the secretion of cytokines (IL-6, TNFα, endothelins, 

prostanoids, and nitric oxide).49 A summary of the most abundant liver cell types and their 

functions is listed in table 5-1. A zoomed in schematic depicting the arrangement of cells within 

the sinusoids can be found in figure 5-1 and fluorescently stained images of actual liver sections 

can be found in figure 5-2 for reference.  

 

Figure 5-1: Zoomed in schematic depicting the microenvironment of the liver. Hepatocytes 
interact closely with each other, and they interact with surrounding NPCs like endothelial cells and 

stellate cells. They also interact with plasma and soft extracellular matrix components, like 
collagen, in the Space of Disse. All these interactions are the cues that signal hepatocyte function. 
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Figure 5-2: Immunohistochemistry of liver sections showing actual liver architecture. A)	
Histologic image showing the lobular microarchitecture of the liver. Hepatocytes (blue nuclei) are 

in close contact with sinusoidal endothelial cells (red; Lyve-1 staining). Larger liver vessels 
including the central vein of liver lobes as well as portal arteries and veins express the 

differentiation marker CD31 (green). B) Albumin and DAPI stained liver section depicting location 
of hepatocytes between the sinusoids. C) Histology of liver section showing locations of the central 
and portal veins within the sinusoid. D) Lectin stained vasculature in the sinusoid. Panel A from the 

German Cancer Research Center. Panel B from Genetex.com. Panel C and D from Barrata et al.278  

Unlike the capillaries found in other parts of the body, which rely mainly on pressure 

and osmotic gradients in order to facilitate exchange from blood to interstitial fluids and tissue, 

the sinusoids act as a porous sieve through which macromolecules can be exchanged. Their 

discontinuous nature, marked by minimal basement membrane, paucity of junctional proteins, 

and fenestrae (EC pores, LSEC have fenestrae 50-150 nm in diameter) facilitates transport of 

large molecules and even small transmigratory cells between blood and tissue.281 

A B

C D
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Figure 5-3: Capillaries vs sinusoids. Sinusoids have increased permeability, allowing larger 
molecules (e.g. plasma proteins) to enter and leave the bloodstream. The increased permeability 
come from the fact that sinusoids have an incomplete or discontinuous basement membrane and 

the EC layer contains larger intercellular gaps, fenestrae, and fewer tight junctions. Figure from 
bioninja.com. 

Because of the discontinuous nature of sinusoids, they have very low resistances 

compared to normal capillary beds (venous pressure ≤ 4 mmHg) and blood pressure equalizes as 

it is drained into the hepatic vein and inferior vena cava. Intrahepatic shear stress is recognized 

as the main driver of blood flow regulation, though it has not been directly measured in vivo due 

to technical difficulty of performing the measurements in small diameter vessels and ambiguity 

in parameters like viscosity in this area. Like most ECs, LSEC respond to shear stress and 

increased blood pressure by secreting vasodilators like nitric oxide. Vessel perfusion activates ß1 

integrins and VEGFR3 in LSEC that results in HGF and Wnt2 upregulation and liver growth.282 

When this occurs, normally quiescent HSCs become activated and induce sinusoid contraction 

and basement membrane deposition to protect the liver from further damage. Sustained ECM 

deposition can lead to capillarization (loss of fenestrae) of the sinusoids and fibrosis.283-285  
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The cells that make up the sinusoids play important roles in regulating hepatocyte 

differentiation as early as development. During development, studies suggest that early 

networks of capillaries emanating from the umbilical and vitelline veins promote migration of 

hepatoblasts (the proliferating endodermal cells of the liver bud) toward them, where they form 

chords enveloping the capillaries and maturation of both differentiated sinusoids and the 

parenchymal plate occurs.48 During this process, LSEC gradually adopt the functional and 

structural characteristics of mature sinusoids which correlates with changes in expression of 

ECM components that may influence hepatocyte maturation.286 For example, as LSEC mature, 

they lose continuous EC markers, reduce laminin secretion, and increase deposition of 

fibronectin, tenascin, and thrombospondin.287 These cell-derived ECM proteins can further 

promote the metabolic maturation of hepatocytes through the activation of foxA2 and 

HNF4α.288 Reducing the fibronectin content in the EC matrix or silencing expression of α5 

integrin in differentiating cells leads loss of Src phosphorylation and inhibition of hepatic 

maturation.   

The sinusoids continue to play regulatory roles within the mature liver. Like 

hepatocytes, LSEC phenotype is spatially regulated across the liver acinus. For example, LSEC 

periportal LSEC express higher levels of CD36 and lower levels LYVE1, whereas in pericentral 

LSEC express the opposite.289 LSEC in the sinusoids also regulate spatiotemporal secretion of 

paracrine cues, like Rspondin3 (RSPO3), that are implicated in the effective execution of multiple 

hepatic functions. Through the Wnt/b-catenin pathway, Rspondin3 (RSPO3) mediates 

hepatocyte metabolic functions, like bilirubin processing.290 Finally, LSEC and HSC both secrete 

paracrine signals, like HGF, that protect and stabilize hepatocytes.  
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Working with LSEC and HSC in vitro has traditionally been challenging. Like hepatocytes, 

both LSEC and HSC tend to lose their phenotype quickly. It is also somewhat difficult to obtain 

pure LSEC because a lack of defined and specific cell-markers. Often, LSEC must be cocultured 

with hepatocytes or fibroblasts in order to maintain phenotype for even 2 weeks. Without co-

culture or an ECM-like substrate, they have been known to undergo apoptosis within two 

days.291 Like it does for hepatocytes, substrate stiffness also plays an effect in maintaining LSEC 

phenotype, where LSEC on softer substrates (6 kPa collagen) exhibit well-defined fenestrae and 

take 96 hr to undergo pseudocapillarization and LSEC on stiffer substrates (36 kPa) lose 

fenestrae and capillarize in just 24 hr.292 There are some immortalized LSEC lines, but during the 

transfection process, LSEC typically lose their fenestrations.293, 294 

In the liver, LSEC reside in a decreasing oxygen pressure along the liver lobule from 90-

30 mmHg, which is considerably less than atmospheric conditions (160 mm Hg). Similarly, in 

vitro, LSEC are particularly sensitive to hyperoxia and their survival has been shown to improve 

under 5% oxygen instead of the commonly used 20%. Furthermore, in static culture they require 

VEGF in the media, otherwise they undergo apoptosis. Interestingly, this is not the case when 

LSEC are cultured under perfusion.293, 294  

While HSC are more easily identified than LSEC, they start spreading and adapting an 

activated phenotype in culture within 48-72 hr. As they adapt their activated phenotype, they 

proliferate rapidly and express procollagens I and II, collagen IV, and laminin. Because of their 

high ECM deposition rates, many groups have investigated hepatocyte coculture with HSC and 

have seen synergetic responses. However, hepatocytes do best with HSC when the ratio of HSC 

to hepatocytes is low. Furthermore, like other NPCs, enhances in liver-sceptic function from 
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hepatocytes and HSC coculture have been associated with cell-cell associations (likely due to 

cadherin-mediated contacts) more so than HSC-secreted soluble factors.295, 296  

While LSEC and HSCs form a vast network of sinusoids in the body, there are only a few 

reports in the literature about LSEC culture in the context of vascular networks as compared to 

LSEC in flat monoculture. Several studies have established that LSEC form tubes on Matrigel.297  

Compared to LSEC in monolayers, LSEC in tubes secrete greater levels of VEGF-A, VEGF-C and 

HGF.297 Recent work by Ahmed et al. uses hollow fiber membranes to provide a tubular scaffold 

for sequentially seeded LSEC, HSC, and hepatocytes and found that the LSEC formed tube-like 

structures that surrounded hepatocytes aggregates.69  Furthermore, they found that culture in 

this arrangement, with flow through the fibers, supported liver specific functions like albumin 

and urea secretion for 4 weeks. In a different study that examine HSC and LSEC coculture in 

vitro, HSCs were shown have capacity to act as smooth muscle cells and support LSEC 

vasculogenesis.298 

To date, there are no reports in the literature of LSEC culture in 3D synthetic hydrogels 

where LSEC vasculogenesis is explored. Similarly, there are few reports investigating the 

interactions of LSEC and HSC in 3D, self-assembled constructs. In this chapter, we describe the 

development of vascularized liver-tissue like constructs with sinusoid-like structures formed 

from LSEC and HSC cocultured with hepatocytes. Then, we compare liver functions of hepatic 

organoids composed of liver specific ECs and pericytes against those organoids composed of 

nonspecific ECs and pericytes.  
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5.2     Materials and methods 

5.2.1     Cell culture 

  Primary human LSEC (Sciencell) were cultured in Endothelial Cell Medium (Sciencell) on 

fibronectin-coated dishes. LSEC were used for encapsulations from passage 2-4. Human hepatic 

stellate cells (HSC) were cultured in Hepatic Stellate Cell Medium (Sciencell) on poly-L-lysine 

coated plates and used for encapsulations from passage 2-4. HUVEC, pericytes, and hepatocytes 

were cultured as previously described in chapter 4. All cells were maintained at 37˚C in 6% CO2. 

 

5.3.2     3D encapsulation of primary liver cells 

In this chapter, and moving forward, UPH3 hydrogels from chapter 4 are referred to as 

UPH, as UPH3 hydrogels were able to house the highest number of hepatocytes (3 million 

cells/mL) while supporting both vasculogenic and hepatocyte function. Initially, we tried 

encapsulating LSH hydrogels at the same density as UPH hydrogels but found profound 

differences in behavior between HUVEC/LSEC and pericytes/HSC. In order to facilitate cell 

spreading, and later vasculogenesis, LSEC and stellate cell densities were reduced by nearly 3-

fold. Interestingly, this results in hepatocyte to VC ratios that are more physiologically relevant. 

In vivo, the liver has around 2.5:1 hepatocytes to VCs, where VCs are LSEC and HSC. While LSH 

constructs do not reach that ratio yet, LSH constructs have hepatocytes to VC ratios of 1:3.3 as 

opposed to 1:9 in the UPH construct. 

LSH hydrogels with a 4:1 ratio of LSEC:HSC (4:1 LSEC:HSC) were formed by encapsulating 

8 x 106 LSEC/mL with 2 x 106 HSC/mL and 3 x 106 hepatocytes/mL. 2:1 LSH hydrogels were 

formed by encapsulating 6.6 x 106 LSEC/mL with 3.3 x 106 HSC/mL and 3 x 106 hepatocytes/mL. 
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3:1 LSH hydrogels were formed by encapsulating 7.5 x 106 LSEC/mL with 2.5 x 106 HSC/mL and 3 

x 106 hepatocytes/mL. Finally, 6:1 LSH hydrogels were formed by encapsulating 8.4 x 106 

LSEC/mL with 1.4 x 106 HSC/mL and 3 x 106 hepatocytes/mL. When we found that 2:1 LSH 

hydrogels were degraded faster than they were remodeled by the cells inside, we changed this 

group to 3:1 LSH hydrogels that contained 7.5 x 106 LSEC/mL with 2.4 x 106 HSC/mL and and 3 x 

106 hepatocytes/mL. 

The above cell densities were guided by encapsulation of LSEC and HSC in monoculture. 

LSEC were encapsulated monoculture at 6.6 x 106 cell/mL (low), 8.0 x 106 cell/mL (mid), and 8.4 

x 106 cell/mL (high). HSC were encapsulated in monoculture at 1.4 x 106 cell/mL (low), 2 x 106 

cell/mL (mid), and 3.3 x 106 cell/mL (high). Upon encapsulation, cells were fed with the same 

media conditions as described for UPH in chapter 4, unless otherwise stated. In conditions 

where media was differed from chapter 4, constructs were fed with HM only instead of MM (the 

mix of HM and EGM) for 7 days after 7 days of culture with MM. HM contains William’s E 

Medium supplemented with the hepatocyte maintenance kit. The hepatocyte maintenance kit 

contains a propriety mix dexamethasone, penicillin-streptomycin, ITS (insulin, transferrin, 

selenium complex, BSA, and linoleic acid), GlutaMax, and HEPES. For reference, MM is a mix of 

EGM and HM. EGM contains 2% FBS, 2 ng/mL VEGF, 10 ng/mL  fibroblast growth factor (FGF), 5 

ng/mL epithelial growth factor (EGF), 1 µg/mL ascorbic acid, 20 ng/mL insulin-like growth factor 

(IGF), 22.5 µg/mL heparin, and 0.2 µg/mL hydrocortisone. EGM is further supplemented with an 

additional 1% penicillin-streptomycin-L-glutamine.  
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Table 5-2: Table summarizing cell densities in encapsulations for chapter 5. 

 

Hepatocyte lot controls were seeded on collagen coated plates as described in chapter 

3. Similarly, UPH hydrogels were formed from the same lot of hepatocytes as LSH encapsulation 

to compare functional output of hepatocytes in different constructs. Hepatocytes were also 

encapsulated in monoculture (3.0 x 106 cell/mL) for control comparisons. 

 

5.3.3     Liver-specific functional assays 

  All functional assays were performed as described in chapter 4.  

 

EC /mL Pericyte/mL Hep /mL
LSEC (low) 6.6 x 106 0 0
LSEC (mid) 8.0 x 106 0 0
LSEC (high) 8.4 x 106 0 0
HSC (low) 0 1.4 x 106 0
HSC (mid) 0 2.0 x 106 0
HSC (high) 0 3.3 x 106 0
2:1 LS 6.6 x 106 3.3 x 106 0
3:1 LS 7.5 x 106 2.5 x 106 0
4:1 LS 8 x 106 2.0 x 106 0
6:1 LS 8.4 x 106 1.4 x 106 0
2:1 LSH 6.6 x 106 3.3 x 106 3 x 106

3:1 LSH 7.5 x 106 2.5 x 106 3 x 106

4:1 LSH 
(becomes LSH)

8 x 106 2.0 x 106 3 x 106

6:1 LSH 8.4 x 106 1.4 x 106 3 x 106

UPH 22 x 106 5.6 x 106 3.0 x 106 

H 0 0 3.0 x 106 
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5.3.4     Staining and Imaging 

Cells were fixed, stained, and imaged as described in chapter 4 with some minor 

modifications. In addition to the antibodies used in chapter 4, 2D staining was performed by 

fixing cells in 8% PFA for 20 minutes. After fixation, cells were rinsed and permeabilized with 

0.25% triton-X and blocked overnight in 5% donkey serum. After rinsing, samples were 

incubated with anti-rabbit desmin (1:200, Abcam) for 2 hr, washed with tween-20 for 2 hr, 

washed once in PBS only (5 min) and incubated with donkey anti-rabbit Fluor 488 (1:200) 

overnight to stain HSCs. Similarly, to stain for SE-1, anti-mouse SE-1 (1:200, Novus Biologicals) 

used followed by donkey anti-mouse Fluor 555 (1:200). Following immunohistochemistry (or in 

lieu of it in some cases), constructs were treated with Alexa Fluor 488 phalloidin and DAPI for 

visualization of F-actin and nuclei. 2D images were taken on a Zeiss Axiovert 135 epifluorescence 

microscope using the 10x and 20x objectives. 3D images were taken on a Zeiss 880 Airyscan 

inverted confocal microscope using the 10x and 20x objectives. Stained 3D images in this 

chapter are shown as compressed stacks of 30 µm thickness (2 µm per slice). 

 

5.3     Results 

5.3.1     Investigating 3D culture of LSEC and HSC in PEG-based hydrogels 

Finding a reliable source of highly pure LSEC and HSC was difficult. Several companies 

provided cells that stained positively for both EC and mesenchymal markers at unacceptable 

ratios (~20-30%). We found that LSEC and HSC from Sciencell were relatively pure based on 

staining for desmin, αSMA, SE1 and CD31. While there were no LSEC that stained positively for 

desmin and no HSC that stained positively for SE-1, not all LSEC were SE-1 or CD31 positive and 
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not all HSC were desmin or αSMA positive. While there is a chance that an additional 

contaminating cell type could have been present, inconsistent staining has been observed 

before where LSEC and HSC do not always express markers like SE1, CD31, desmin, or αSMA. 

 

Figure 5-4: 2D culture of HSC and LSEC on PLL-coated plates and fibronectin-coated plates.  
HSC stained positively for only mesenchymal markers like desmin and αSMA while LSEC stained 

positively for only EC markers like SE1 and CD31. 

We initially tried culturing LSEC and stellate cells at the same ratio and density that we 

used to make vascularized hydrogels in chapter (density of UP). However, we found that cells 

exhibited minimal spreading at this density and quickly collapsed in the hydrogel, presumably 

due to the high MMP secretion associated with HSCs. In order to determine cell densities more 

amenable to vascular 3D coculture in our PEG scaffold, we first investigate just LSEC culture at 

various densities. At the low (6.6 x 106 cell/mL) and mid (8.0 x 106 cell/mL) densities, LSC seemed 

to spread and form contacts within the hydrogel. However, a connected or tubular network was 

not observed. While there were some tubular structures in the high LSEC condition, we did not 

observe the formation of a connected network.   
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Figure 5-5: LSEC cultured in PEG hydrogels at low, medium, and high cell densities at day 4.  
Cells are spread in both the low and mid conditions but start to aggregate in the high condition. 

Phalloidin is shown in green, CD31 in red, and DAPI in blue.  Scale bar is 100 μm. 

HSC morphology changed dramatically with cell density. At the lowest cell (1.4 x 106 

cell/mL) HSC’s were less spread and assumed more of a quiescent morphology. At mid (2 x 106 

cell/mL) and high (3.3x 106 cell/mL) densities, they were highly spread and assumed more of an 

activated morphology. 

 

Figure 5-6: Figure 5 5: HSC cultured in PEG hydrogels at day 4 at varying densities. Low HSC 
appear to be the healthiest in terms of spreading and stress fiber formation. As cell density 

increases from low to high, HSCs assume more of an activated morphology. Phalloidin is shown in 
green and DAPI in blue.  Scale bar is 100 μm. 

 We expected that the coculture of LSEC and HSC would promote vasculogenesis due to 

paracrine signaling and increased LSEC migration due to HSC remodeling. On the contrary, we 

Low LSEC Mid LSEC High LSECLow LSEC (6.6 x 106 cell/mL) Mid LSEC (8.0 x 106 cell/mL) High LSEC (8.4 x 106 cell/mL)

Low HSC Mid HSC High HSCLow HSC (1.4 x 106 cell/mL) Mid HSC (2.0 x 106 cell/mL) High HSC (3.0 x 106 cell/mL)
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found that tubules did not form from LSEC and HSC alone in any of the physiologically relevant 

ratios of 3:1 LSEC:HSC, 4:1 LSEC:HSC, or 6:1 LSEC:HSC (figure 5-7). While we did not observe tube 

formation in any of the gels, we did notice that the 3:1 LSEC:HSC condition degraded very 

quickly and started showing signs of hydrogel collapse within 7 days. 

 

Figure 5-7: Coculture of LSEC and stellate cells does not form obvious capillary networks in 
3D culture like it does for HUVEC and HP. Phalloidin is shown in green, CD31 in red, and DAPI in 

blue. Scale bar is 100 μm. 

 

5.3.2     Coculture of hepatocytes with LSEC and HSC induced 
angiogenesis of vascular cells and supported liver-specific functions 

Interestingly, upon incorporation of hepatocytes into LSEC and HSC cocultures, we 

observed rapid formation of vascular structures at 3:1, 4:1, and 6:1 LSEC:HSC (while keeping the 

number of hepatocytes incorporated constant). Similar to findings in UPH constructs, 

hepatocytes seemed to be localizing the CD31+ tubules. In the 3:1 and 4:1 LSEC:HSC conditions, 

it appeared that hepatocytes formed around vasculature in polarized alignments, that appear 

similar to structures seen in vivo. Furthermore, hepatocytes in LSH hydrogels assumed a flatter 

morphology similar to hepatocytes from liver tissue-sections (figure 5-2).  

 

3:1 LSEC:HSC 4:1 LSEC:HSC 6:1 LSEC:HSC
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Figure 5-8: The addition of hepatocytes supports robust tube formation in all ratios of 
LS:HSC. Albumin is shown in pink, CD31 in red, and αSMA in green. Scale bar is 100 μm. 
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Hepatocyte function increased greatly in vascular coculture with LSEC and HSC in all 

ratios of LSH to HSC. 3:1 LSH constructs secreted 1.03 ± 0.27 μg albumin/hydrogel/day while 4:1 

construct secreted 1.28 ± 0.27 μg albumin/hydrogel/day and 6:1 LSH constructs secreted 1.00 ± 

0.20 μg albumin/hydrogel/day. In all cases, albumin secretion was significantly higher than the 

0.11 ± 0.04 μg albumin/hydrogel/day secreted by hepatocytes in monoculture in the same PEG 

hydrogels. When normalized to the number of hepatocytes seeded, this breaks down to 85.97 ± 

22.68, 106.32 ±2 4.19, and 78.08 ± 9.33 pg/cell/day for 3:1 LSH, 4:1 LSH, and 6:1 LSH. Though 

this does not account for possible proliferation in the first 7 days, it is over 5 times higher 

albumin secretion from hepatocytes seeded on collagen coated plates on day one from the 

same lot (15.8 ± 3.7 pg/cell/day).  

 

Figure 5-9: Coculture with primary VCs enhances hepatic albumin synthesis levels greatly 
by day 7. However, ratio of LS to HSC does have a significant impact.  

 The fact that the ratio of LSEC to HSC did not seem to have an effect on hepatocyte 

function implies that neither LSEC nor HSC are contributing more heavily than the other in 

hepatocyte support. To investigate this further, we encapsulated hepatocytes with either LSEC 

or HSC at analyzed resulting albumin synthesis at day 7. We encapsulated hepatocytes with LSEC 
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at low, mid, or high cell densities correlating with 3:1 LSH, 4:1 LSH, or 6:1 LSH conditions. 

Similarly, we encapsulated HSC with hepatocytes at low, mid, or high cell densities correlating 

with 6:1 LSH, 4:1 LSH, or 3:1 LSH, respectively. While both LSEC and HSC certainly both 

contribute to hepatocyte differentiation, neither cell type alone could account for the large 

synthetic increase observed with vascular coculture. 

 

Figure 5-10: Increases in hepatocytes function in vascular coculture are not influenced by 
one NPC type more than the other. Albumin assays from day 7 show that coculture with just LSEC 
or just HSC increase hepatic protein synthesis, but not to the same extent as vascular coculture at 

day 7.  

 

5.3.2     Coculture with liver-specific VCs enhances metabolic function of 
hepatocytes compared to other NPCs 

After 7 days, the 3:1 LSH constructs started to collapse. Presumably, this was due to high 

protease secretion from HSC. 4:1 and 6:1 LSH constructs did not collapse and maintained their 

vascular structures or at least 14 days. Over time, hepatocytes in the constructs continued to 

flatten and HSCs formed structures either associating with and possibly supporting LSEC vessels, 

or bridging hepatocytes as they do in vivo. In order to compare LSH organoids with UPH 
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organoids, we chose to perform more detailed analysis on the 4:1 LSH group (referred to as LSH 

from here on).  

   

Figure 5-11: LSH constructs retain high hepatocyte function and robust vascular networks 
for at least 14 days. Red is CD31, pink is albumin, and green is αSMA. Scale bar is 100 μm.  

In order to understand the contribution of liver-specific ECs and pericytes as opposed to 

capillary networks formed by more generic cell types toward hepatocyte support, we compared 

LSH and UPH organoids for all 3 major measures of liver functions at a day 14. We assayed for 

albumin secretion, urea secretion, and CYP450 metabolism at day 14 from LSH and UPH 

organoids that were encapsulated side-by-side, with the same lot of hepatocytes. We found that 

overall, LSH constructs performed as well or better than UPH in all measures. At day 14, 

hepatocytes in LSH constructs synthesized 3.84 ± 1.21 μg albumin/hydrogel/day while UPH 

synthesized 1.47 ± 0.25 μg albumin/hydrogel/day. Induced CYP450 activity was also increased in 

LSH from 17.2 ± 3.1 nmol luciferin/gel/day in UPH to 25.0 ± 4.2 nmol luciferin/gel/day. 
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Interestingly, urea synthesis did not change significantly. Urea synthesis was consistent at 4.37 ± 

1.72 μg urea/hydrogel/day and 3.64 ± 0.72 urea/hydrogel/day in LSH and UPH constructs.  

 

Figure 5-12: Liver-specific function assays of conditioned media from LSH compared with 
UPH at day 14.  Assays demonstrate that LSH constructs support overall hepatic function better 

than UPH constructs.* indicates statistical significance between groups, *p<0.05.  

 During these studies, we noticed that the microvasculature seemed to be forming more 

quickly in LSH hydrogels than UPH hydrogels and appeared more mature by day 7. Since LSH 

constructs were able to form vascular networks so quickly in the presence of hepatocytes, we 

wondered if the formed networks would be self-sufficient in the absence of media-

supplemented VEGF and serum. As discussed in chapter 3, angiogenic growth factors are 

typically known to have deleterious effects on hepatocyte function and function has been seen 

to be maximized in culture containing dexamethasone and lacking serum.  After 7 days of 

culture in MM, after networks had formed, we cultured both LSH and UPH hydrogels in HM. 

While UPH hydrogels exhibited rapid tube regression and tubules were almost completely gone 

by day 7 in HM (day 14 overall), LSH hydrogels were able to retain their networks for all 14 days 

(figure 5-12). After 7 more days, by day 21, LSH hydrogels also exhibited tube regression. 
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Figure 5-13: Images of LSH and UPH at day 14 after 7 days of culture with HM. 
Microvasculature in LSH is more robust than UPH and can sustain itself for at least 1 week without 
exogenous VEGF or serum while vessels in UPH hydrogels regress rapidly. However, by day 21 (14 

days in HM), vasculature in LSH construct also regressed.  

We wondered if switching from MM to HM would drive expression of mature 

hepatocyte functions and assayed for albumin secretion, urea synthesis, CYP450 enzyme activity 

from LSH and UPH constructs that were treated with HM for 7 days compared to MM only. We 

found that HM tended to improve some liver specific functions. Significant increases in albumin 

secretion in UPH constructs and CYP450 enzyme metabolism of luciferin substrates in LSH 

LSH UPH
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constructs were observed. Both LSH and UPH groups had significantly lower levels of urea in 

conditioned media after treatment with HM.  

 

Figure 5-14: Treatment with HM can drive increases for some liver-specific functions. In 
UPH constructs, 7-days of HM increased albumin secretion levels. HM treatment also increase 

CYP450 enzymatic activity in LSH constructs. Interestingly, HM treatment led to decreased urea in 
the conditioned media for both groups. * indicates statistical significance between groups, 

*p<0.05. 

 

5.4 Discussion and conclusions 

In this chapter, we investigated difference between vascularized organoids consisting of 

generic VC and liver specific VCs in overall tissue-specific function. We found that while LSEC and 

HSC did not appear to form vessel structures on their own in our proangiogenic hydrogels, in 

combination with hepatocytes they did. In coculture with hepatocytes, vascular structures 

appeared more defined than vascular structures from UPH at 7 days. Similar to results we found 

in chapter 4, hepatocytes likely secrete angiogenic growth factors like HGF and VEGF that drive 

EC and pericyte vasculogenesis in conditions where it does not occur on its own.  

An important factor for successful formation of LSH constructs was the source of cells. 

LSEC from some companies expressed markers of mesenchymal stem cells and thus, were not 
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pure. Cell mixing leads to an inability to accurately count specific cells and uncontrolled cell 

densities and ratios. It was also interesting that LSEC and HSC were much healthier at cell 

densities almost 3-fold lower than HUVEC and pericyte. In order to maintain consistency 

between experiments and draw accurate comparisons, the hepatocyte density was kept 

constant in these studies. However, with the lower LSEC and HSC densities used for LSH 

organoids, it may be possible to incorporate higher numbers of hepatocytes into the constructs 

and still form the underlying and supporting vasculature. This would be beneficial in engineering 

therapeutics were function outputs need to be maximized and for creating more biomimetic 

constructs. Another noteworthy factor in the successful encapsulation of primary LSEC and HSC 

is the time of cells in the polymer precursor. Typically, HUVEC and pericytes are fairly resilient 

cells and do not experience major phenotypic changes from the encapsulation process. For this 

reason, only one hydrogel was encapsulated at a time while forming both LSH and UPH 

constructs. This technical change resulted in much healthier and more functional hepatocytes in 

both groups.  

Overall, LSH organoids supported higher hepatic function than UPH organoids did. 

Because we were interested in using the organoids for a BAL and were concerned with 

maximizing hepatic function per organoid, we did not account for potential proliferation of 

hepatocytes in our assays. Instead, we analyzed total protein secretion, nitrogen waste removal, 

and phase I metabolism in LSH and UPH hydrogels of the same volume with the same number of 

hepatocytes. LSH were able to significantly improve albumin synthesis and enzymatic 

metabolism compared to UPH hydrogels. In fact, LSH constructs secreted over 2X the amount of 

albumin in UPH constructs, suggesting that even if there was massive proliferation and cells had 
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doubled (which based on our images and prior hepatocyte characterization in highly unlikely), 

per cell LSH and UPH would be, at worst, comparable. It is not surprising that LSEC and HSC also 

improved CYP450 metabolism, as LSEC are the first cell type that comes in contact with drugs 

and toxins in vivo and share detoxifying roles with hepatocytes. In  fact,  in vivo  studies have 

shown that LSEC endure damage from incoming toxins like acetaminophen and alcohol several 

hours before hepatocytes.299 While their detoxification mechanisms is not fully understood, it is 

know that LSEC can respond to xenobiotics through alterations in diameter and fenestration 

frequency in order to protect hepatocytes.300 They also contain a large number of endocytic 

vesicles that degrade and recycle macromolecular waste from the sinusoid lumen (i.e. from ECM 

breakdown, immune complexes, and lysosomal enzymes).300 

It was interesting that while both albumin and CYP450 increased in LSH constructs, urea 

synthesis did not. However, since hepatocytes in vascular coculture were already secreting urea 

at levels similar to those of hepatocytes on collagen coated plates on day 1 in UPH constructs 

alone, perhaps this suggests that they were already detoxifying ammonia from amino acid 

breakdown at appropriate levels. Typical blood urea nitrogen in humans can range from 80-200 

mg/mL and can increase or decrease dramatically based on protein intake.301, 302  With less 

protein intake, less protein metabolism occurs and less ammonia needs to be converted into 

urea. Since our constructs were fed with the same media, it is likely that they are both 

detoxifying similar quantities of ammonia. In support of this theory, hepatocytes in organoids 

fed with HM for 7 days had higher albumin and CYP450 functions but significantly lower urea 

synthesis than organoids fed with MM for both LSH and UPH. MM is much more protein dense 

than HM due to the supplemental growth factors and serum in the EGM portion.  
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Finally, we noted increases in some hepatocyte functions after the switch to HM from 

MM. However, any increases are likely short-lived since we previously saw that vascular co-

culture was more supportive of hepatocytes differentiation than NPCs alone (figure 4-8) and 

vessels both LSH and UPH underwent regression eventually. However, while vessels regressed in 

both groups, LSH constructs had more robust vasculature that was able to sustain itself longer 

than UPH constructs, suggesting that perhaps LSEC can more readily integrated hepatocytes and 

HSC secreted factors than HUVEC or that LSEC-formed vessel structures are more resilient. 

While LSEC in culture typically rely on VEGFR activation to avoid undergoing apoptosis, previous 

studies have shown that this may not be the case under perfusion (after an initial 6-day culture 

period with both VEGF and serum).303 Increases in blood flow have been associated with 

increased activation of mechanosensory β1 integrins and VEGFR3 on LSEC.304 Similarly, when 

LSEC are stretched from increased perfusion, they upregulate expression and secretion of the 

pro-regenerative signals HGF, MMP-9, TNFα, and IL-6. Thus, it may be possible to temporarily 

drive hepatocyte function in the context of a BAL with perfusion by switching to a pro-hepatic 

rather than pro-angiogenic medium, but details like the timing of such a switch and long-term 

implications need to be further investigated. 
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6. Integrating vascularized scaffolds in a perfusion-
based platform for tissue engineering 
6.1     Introduction 

In chapter 3 and 4, we developed a vascularized hydrogel scaffold that supports long-

term hepatocyte functions using both generic NPCs and liver-specific NPCs. In order to translate 

our tissue engineered liver construct, or any tissue engineered construct, into a larger, 

physiologically and therapeutically relevant scale, the scaffold must be incorporated into a 

platform involving vascularization beyond capillaries. In this chapter, we describe the fabrication 

of a perfusion-based bioreactor that integrates the cell-assembled capillary networks to an 

artery sized polymeric tube. While the main objective of this thesis is geared toward the 

development of a BAL, there is an overarching need in the field of tissue engineering for 

adaptable and easily scaled perfusion-based bioreactors that model hierarchical vasculature and 

can support large and dense tissue formation. Such a model would have a wide range of 

applications including in vitro modeling of angiogenesis, vascular physiology, and complex tissue 

development, and is necessary for the formation of thick 3D constructs. Thus, here, we propose 

a scheme for a general-purpose vascularized and perfusion-based scaffold that can serve as a 

platform for any tissue-engineering construct requiring vascularization.   

  The circulatory system supports the metabolic demands of almost every tissue in the 

body by through a process conducted at two levels: the macrovasculature and 

microvasculature.305, 306 The macrovasculature, which is composed of arteries and veins, plays an 

essential role in the survival of whole organs by transporting vital fluids. While the 

macrovasculature supplies nutrients, it is the microvasculature, which consists of much smaller 
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arterioles, venules, and capillaries, that is responsible for local blood perfusion, blood-to-tissue 

exchange, and filtration. The hierarchical relationship between the macro and microvasculature 

facilitates many essential downstream processes. For example, the increase in resistance due to 

decreasing diameter from artery to arteriole to capillaries drives the downstream exchange of 

blood and tissue solutes (bulk flow filtration and reabsorption) in the capillary bed through 

balancing hydrostatic pressure and osmotic pressure.307 Because of the essential exchange of 

nutrients and metabolic waste that occurs in the capillary bed, functional cells, like neurons, 

cardiomyocytes, and hepatocytes are usually located at most 100-200 µm from the nearest 

capillary.308 

 

Figure 6-1: The circulatory system is made of a vast vascular plexus of arteries, veins, and 
capillaries that interact with each other at all levels and perform different functions. While the 

arteries and veins provide mass fluid transport, the capillary beds facilitate tissue perfusion and 
exchange. The anastomoses of arteries and veins at arterioles and venules are sites of interesting 

vascular dynamics, functional changes due to decreasing diameters and increasing resistances 
occur. Adapted from Hu et al.309  
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Likewise, functional cells cultured in vitro also require metabolic support. In tissue-

engineered constructs with thicknesses >100-300 μm, this support can only be sufficiently 

provided through vascularization.310 Many approaches to develop pseudo macro- and 

microvascular systems that can support 3D tissue formation have been explored, including 

patterning channels within microfluidic devices and 3D printing. For example, the Miller group 

has had great success 3D printing channels using extruded carbohydrate glass filaments to 

develop fluidic lattices for sacrificial templating. Using sacrificial materials in this manner, 

tubular channels that were formerly difficult to 3D print using additive techniques have become 

attainable in a great variety of shapes and sizes (from 150-750 µm in diameter). However, these 

types of approaches can have issues with cytocompatibility during material casting, potentially 

hampering use in the presence of live cells. Furthermore, they cannot reliably create channels 

<100 µm. One interesting approach introduces the use of perfused semi-permeable hollow fiber 

(HF) membranes seeded with ECs to simulate arteries in vitro.311-313  This approach is noteworthy 

because the HFs are made of biocompatible polymers that can be degradable or non-degradable 

depending on the intended application. They are also commercially available in a wide variety of 

physiologically relevant diameters. These methods provide mechanisms for fluid transport 

within engineered constructs, but they cannot recapitulate the capillary-like microvascular 

function that is critical for local tissue perfusion.  

To achieve tissue engineered microvascular networks that enable critical convective-

diffusive mass transport and provide structures that simulate important cell-cell interactions, 

prevascularization techniques have been explored. In one of the more promising approaches, 

endothelial cells (ECs) and mural cells are co-cultured in hydrogels, where naturally occurring 
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angiogenesis is leveraged and cells self-assemble into capillary-like structures. As explored in 

chapter 4, previous work in our group has used this approach to describe the assembly of a 

functional tissue engineered microvasculature in highly controllable, pro-angiogenic 

poly(ethylene glycol) (PEG) hydrogels.178 ECs and pericytes encapsulated together in these soft, 

proteolytically degradable, and cell-adhesive PEG-based hydrogels rapidly self-assemble into 

lumenized capillary-like networks that secrete relevant basement membrane proteins and 

remain stable in culture for at least 48 days. While this type of engineered microvasculature has 

improved integration with host tissue when implanted (as opposed to non-vascularized 

hydrogels), it is not large enough to sustain the transportation needs of a large-scale tissue on 

its own in vitro nor is it large enough to facilitate surgical anastomoses during implantation. 

Thus, there is a need for strategies that combine both tissue engineered 

microvasculature (5-50 µm) and macroscale transport (>50 µm) to efficiently deliver and control 

nutrient and signaling gradients. Toward this end, engineering anastomosis between channels 

fabricated from 3D printing or lithographic techniques have been proposed. This strategy build 

on separate observations of angiogenic sprouting from endothelialized fluidic networks314 and 

formation of fused capillary beds via vasculogenesis.315, 316 Lee et al. showed that distinct EC 

populations in either flow channels or within a bulk hydrogel in between the channels can 

interact and form connections from sprouts in each domain.317 Similarly, Wang et al. showed 

that anastomosis in similar devices occurred from invasion of angiogenic ECs from the channel 

into the bulk hydrogel in combination with migration of lumenized ECs in the bulk gel towards 

the channels. 318 319 Recently, the above described devices containing multiscale vascular 
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networks were used to investigate the relevance of angiogenesis in the presence of 

parenchymal cell populations, like small intestinal myofibroblasts.318, 320 

Using our synthetic and pro-angiogenesis hydrogel, Cuchiara et al. showed that VCs can 

also interact and anastomose to open vascular channels, and did not require endothelialized 

channels to support mass transport. While all of these models are incredibly useful for studying 

cellular interactions, they are difficult to scale-up for therapeutic application or whole organ 

engineering.  Here, we built upon previous work by repurposing commercially available HF 

ultrafiltration modules into bioreactors to house our vasculogenic hydrogel. In this system, our 

cell-laden hydrogel precursor is crosslinked around the HFs within the module. Each HF provides 

an anastomotic interface with which cell assembled microvasculature integrates as it forms. We 

sought to develop a device that can support both macro- and micro- scale transport and, by co-

encapsulating other functional cells within the hydrogel, serve as platform for scalable tissue 

engineering applications. The platform presented here not only enables the formation of 

completely vascularized large tissue engineered constructs, but also investigation of parameters 

like vascular cell signaling and fluid flow on the formation of multiscale networks and 

surrounding cells.321-323 
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Figure 6-2: In vivo, angiogenesis occurs when smaller vessels branch off of larger ones 
from sprouts that connect and become perfused. Non-perfused or non-functional sprouts regress. 
Angiogenesis is the main mechanism for adult microvessel formation. In this chapter, we simulate 

flow through a larger vessel using a tubular HF membrane and investigate the capacity of 
developing microvasculature to interact with it in an anastomotic manner.  

 

6.2     Materials and Methods 

6.2.1     Single fiber PDMS module fabrication 

Sterile MicroKross filter cartridges (polysulfone, PS, housing) were purchased from 

Repligen (Massachusetts). The cartridges contained either 2, 1 mm diameter modified polyether 

sulfone (mPES) HFs (used for experiments within the cartridge as is) or with 5, 0.5 mm diameter 

modified polyether sulfone (mPES) HFs (used for single fiber experiments anchoring the HF 

inside a PDMS mold made in-house). All HFs used had a molecular weight cut off of 100 kDa 

(more parameters listed in table 6-1). 
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Table 6-1: Dimensions and characteristics of HF module components. Most of the 
information was acquired from the manufacturer. Values labelled with an asterisk (*) were 

measured or calculated.    

 

 

In addition to developing vascularized bioreactors from MicroKross filter cartridges, 

single fiber devices were fabricated to visualize mass transport from one fiber into the 

surrounding hydrogel. In order to develop such a device, a PDMS mold capable of holding the 

fiber in suspension and providing a housing in which to encapsulate cells around the HF was 

fabricated. Using standard general-purpose laboratory tape (VWR), 4 layers of tape (~0.35 mm) 

were adhered to the bottom of a large petri dish. Solid music wire (0.5 mm in diameter) was 

then placed on top of the tape and anchored with three more layers of tape (on top). Elastomer 

base and elastomer curing agent (Dow Corning) were then mixed at a 15:1 ratio, degassed, and 

poured into the petri-dish so that the music wire was submerged in the mixture. The PDMS was 

poured until it reached the top of the tape (total thickness: 1.5 ± 0.1 mm) and allowed to cure 

HF cartridge characteristics
HF material mPES

# HF in cartridge 2

MWCO 100 kDa

HF total length 20 cm

HF ID 1 mm

HF wall thickness* 137 ± 4 μm

Total HF diameter 1.37 mm

Total HF SA 2.9 mm2

HF potting material Epoxy

Housing material PS

Housing length 20 cm

Housing ID* 3.3 ± 0.3 mm

Housing SA* 8.4 mm2

Volume of hydrogel loaded 150 μL

Hydrogel length in cartridge* 30 ± 23 mm

Hydrogel surface area per 

plane* 5.4 mm2

Hydrogel volume* 165 mm3
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for 2 hr at 60℃. To remove the music wire, the entire slab of PDMS was removed from the petri 

dish. Using a razor blade, a small section of PDMS was removed to exposed the music wire 

enough that it could be grabbed with plyers. Then, carefully, by massaging the PDMS over the 

music wire so that it was released, the music wire was pulled out, creating a channel within the 

PDMS. The PDMS was then cut into rectangle of around 18 mm wide and slightly wider on the 

sides so that an 18x18 cover slip would be completely covered by it. Then, a 7.4 ± 0.2 mm hole 

was punch out of the PDMS around the channel (figure 6-1). Then, HFs were acquired by taking 

apart a 5-fiber module to release the fibers. In order to thread a malleable HF into the created 

channel within the PDMS housing, the HF was first threaded with solid fishing wire, that could 

be used as a guide wire and maintain the structure of the flexible HF as it is inserted into the 

tight-fit channel. Together, the fish wire and HF were threaded into the channel and pulled out 

into the other size. With the wire still supporting the HF (long enough so that it is exposed past 

the HF for removal later), silicone tubing was then threaded over the exposed HF until it reached 

the PDMS housing. Using silicone adhesive (Dow) the tube was glued to the PDMS on one side 

prevent any leakage. After drying overnight, the process was then repeated on the other side. At 

the very end, the fish wire was removed and the whole housing was adhered to a square glass 

coverslip (Fisher, 18x18 mm). The fiber was then flushed with 70% ethanol and the entire 

construct soaked in 70% ethanol to sterilize it for 30 min. In a cell culture hood, the ethanol was 

then removed and replaced with phosphate-buffered saline (PBS, Corning) three times (to keep 

the fiber wet) until it was ready to be used.  
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6.2.2     HF preparation 

Prior to the incorporation of cells around the HFs, cartridges or single fiber modules 

were flushed with PBS three times. Both filtrate and retentate were aspirated from the cartridge 

or module. Then, the fibers were coated with EGM containing an additional 100 ng/mL VEGF by 

surrounding fibers within the media and incubating the modules at 37˚C for 2 hr to overnight.  

Single fiber modules were ready to use after this step. For cartridges, right before cells were 

incorporated into the cartridge, a small layer of acellular, nondegradable PEGDA was formed at 

the bottom of the cartridge. Since the cartridges obtained had an effective length of 20 cm, it 

was difficult to completely remove all of the coating solution before adding cell-laden hydrogel 

precursor. It is important that all the fluid is removed so that the prepolymer is not diluted and 

the hydrogel can form. So, a 10% (w/v) PEGDA solution in HEPES-buffered saline (HBS; 10 mM 

HEPES, 100 mM NaCl, pH 8.5 was mixed with 10 µM eosin Y (Sigma), 1.5% (v/v) triethanolamine 

(TEOA, Sigma), and 0.35% (v/v) N-vinylpyrrolidone (NVP, Sigma) (photonitiator solution) was 

photopolymerized at the bottom of the cartridge. 270 µL PEGDA was inserted from one of the 

ports while the cartridge was held vertically so that it all sunk to the bottom. Care was taken to 

remove any bubbles that formed. A piece of aluminum was wrapped around the cartridge to 

protect the fibers from polymerizing residual PEGDA in unintended locations (anywhere but 

where the bulk of the PEGDA was located). The cartridge was then exposed to white light for 2 

min while rotating (about 30 seconds per side) at 250 mW/cm2 (Thor Labs) to crosslink the 

PEGDA into a solid hydrogel. To remove any residual, uncrosslinked PEGDA, the aluminum foil 
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was removed, and the cartridge was rinsed by adding and then aspirating 0.5 mL PBS until the 

fibers were completely dry until the addition of cell-laden precursor.  

 

6.2.3     Cell encapsulation in single fiber devices  

To create vascularized hydrogels, a hydrogel precursor solution was prepared using 

2.5% (w/v) PEG-PQ-PEG, 3.5 mM PEG-RGDS and the photoinitiator solution containing eosin Y, 

TEOA and NVP in HEPES buffered-saline. Then, ECs and pericytes were passaged, pelleted, and 

mixed in the hydrogel precursor so that the final concentration of cells was 22 x 106 EC/mL and 

5.6 x 106 HP/mL. The coating solution around the fiber was then aspirated until the fiber and 

surrounding area were completely dry and 70 µL of either a cell laden PEG precursor or 2.5% 

w/v acellular PEGDA precursor was added to the extra-fiber space. Then, the device was sealed 

by laying a coverslip on top, taking care that no bubbles were formed in the process. Because of 

the opacity of the HF, the whole device was then exposed to white light on one side, flipped and 

exposed to white light on the backside. Devices were connected to a peristaltic pump and fluid 

was perfused through the HF at a velocity corresponding to 5 dyne/cm2 through the fiber lumen 

(0.5 mL/min for 0.5 mm diameter fibers) for 4 days.  
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Figure 6-3: A-C) Schematic depicting encapsulation of cells around a hollow fiber in a 
PDMS housing structure. A) PEG polymer precursors are mixed with a photoinitator and cells (ECs 
and pericytes), B) added to the space around the HF inside the PDMS house, and then covered by 
adhering a coverslip to the top of the PDMS. C) The whole mixture is cross-linked by exposure to 

white light. The HF is threaded through a silicone tubing and adhered to the PDMS using a silicone 
adhesive glue prior to encapsulating cells. G) Once gels are formed in the devices, these tubes are 
attached to longer tubing and hooked onto a peristaltic pump and media reservoir via Luer Loks. 
The entire mechanism is placed in an incubator and cultured with perfusion through the HF. D-F) 

Zoomed in birds-eye view of D) an empty device, E) the device with cellular prepolymer in it, and F) 
cell laden hydrogels after spreading and tube formation. H) Photograph of the housing attached to 
a coverslip. I) Image of cell-laden (top) and acellular (bottom) hydrogels in device where the HF is 

on the left (shadow) and the cells are on the right.  Scale bar = 100 μm.  
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6.2.4     HF dextran perfusion through single fiber devices 

On day 4, cellular and acellular single fiber devices were moved to the stage of a Zeiss 

Axiovert 135 epifluorescent microscope (5X CP-achromat objective), where each device was 

anchored and initial brightfield and fluorescent images was taken. Then, Alexa-Fluor 555 

labelled 70 kDa Dextran (ThermoFisher) was perfused through the HF of the device at 0.5 

mL/min. Images were taken at 1, 5, 10, 20, 30, and 60 min. Fluorescence in images is shown as 

green for higher color-contrast and visualization purposes.  

 

6.2.5     Analysis of dextran perfusion through single fiber devices 

Images at each time point were imported into FIJI. Using the auto-fluorescence of the 

fiber at time 0, a mask was generated depicting the location of the fiber. The mask was 

superimposed onto images taken at subsequent time points and used as a guide from which the 

hydrogel region was selected and the plot profile function was used to generate fluorescence 

intensity profiles of fluorescence as a function of distance from the HF. From this data, % 

convective mass transport at different distances from the fiber were calculated by taking the 

difference in vascularized and acellular dextran accumulation (equation 1) and plotting them. 

Distances were determined as the average fluorescence intensity from a 25 μm range (i.e. at for 

fluorescence intensity at 50 μm away from the fiber, we took the average fluorescent intensity 

from at all points from 37.5-62.5 μm).  Finally, the velocity of flow through the devices was 
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determined by finding the range in distance where fluorescence initially reaches 15 intensity 

units and calculating the slope of that distance vs time.  

 

Equation 6-1: Equation for quantification of convective transport through vascularized 
hydrogels.240 

 

6.2.6     Cell encapsulation in cartridges 

To create vascularized hydrogels in cartridges, the same bioactive hydrogel precursor 

was used to mix the same concentration of ECs and pericytes. In cartridges, 150 µL of cell-laden 

precursor was pipetted into the cartridge on top of the PEGDA layer and exposed to white light 

for crosslinking. After gelation, the cartridge was rinsed with PBS twice to remove residual 

precursors, filled with 500 µL EGM2 (which contains 0.5 ng/mL VEGF from the supplement mix). 

Retentate port covers were replaced with 0.2 micron filters to facilitate oxygen diffusion. Then, 

using the Luer lock ends, the cartridge was connected to previously sterilized tubing and placed 

on a Cole-Parmer low-flow mini-peristaltic pump (using manufacturer recommended flexible 

silicone tubing at 1/32’, 1/16’,or  3/32’ inch diameters). Different sized pump-head tubing was 

necessary to achieve different flow rates on the same pump. 20 mL of EGM supplemented with 

additional VEGF so that the concentrations were (2.5, 10, or 20 ng/mL) was perfused through 

the fibers at flow rates corresponding to specific shear stresses on the HF inner lumen interface. 

Shear stresses on the HF inner lumen interface were calculated to be 0.2, 1, 5, or 10 dyne/cm2 

and achieved by using flow rates around 0.2, 1.2, 6, or 12 mL/min for 2, 1 mm fiber cartridges). 

%	𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑣𝑒	𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡 =
𝑣𝑎𝑠𝑐𝑢𝑙𝑎𝑟𝑖𝑧𝑒𝑑	𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦!	 − 𝑎𝑐𝑒𝑙𝑙𝑢𝑙𝑎𝑟	𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦!

𝑣𝑎𝑠𝑐𝑢𝑙𝑎𝑟𝑖𝑧𝑒𝑑	𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦!
	 × 	100 
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Flow rates were manually calibrated. In order to develop a gradient driving anastomosis to the 

HF, typically, media extracapillary space as just EGM (0.5 ng/mL) while the media perfused from 

the HF had higher VEGF (2.5-20 ng/mL).  

The head tubing (Cole-Parmer), medium in the extra capillary space, and medium in the 

reservoir was changed daily. The entire set up (figure 3) was incubated at 37˚C in 6% CO2 until 

further processing.  

 

6.2.7     Lectin perfusion and fixation 

In order to visualize the extent of mass transport through the assembled vasculature at 

day 4, the HFs were perfused with 0.1 mg/mL DyLight 594 labeled tomato lectin (Vector 

Laboratories) in the same medium that the cartridge already had in the reservoir and at the 

same velocity the cartridge already had flowing through it (i.e. EGM  with various levels of 

VEGF). After 15 minutes of perfusion, the permeate was rinsed and replaced with 8% 

paraformaldehyde (Electron Microscopy Services) in PBS. 8% paraformaldehyde (PFA) was also 

perfused through the fibers. The PFA permeate and PFA in the reservoir, was replaced with 

fresh 4% PFA 3 times to remove the lectin. In total, the cartridges were fixed for 2 hr. 
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Figure 6-4: A-D) Schematic depicting the encapsulating process of cell-laden hydrogels in a 
2-fiber HF-module. A) After coating the fiber with VEGF, the module is dried and B) a 10% PEGDA 
layer is formed at the bottom of the cartridge in order to help absorb any excess moisture within 
the device. C) Then, after rinsing, the cell-laden hydrogel precursor is crosslinked as a layer on top 
of the PEGDA. D) The cartridge is rinsed, filled with media in the remaining space, and cultured 
with flow in an incubator. E-H) Cross-section schematic of the cartridge at each step from A-D. I) 
The cartridge is attached to a mini-peristaltic pump as described for single fiber devices.   
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Figure 6-5: A) A photograph of the chosen cartridge with 150 μL of ECs and pericytes 
housed inside within (opaque portion of the cartridge). Here, we have replaced the Luer-lok lids 

with 0.2 μm filters to facilitate oxygen diffusion (however, these are not necessary for the 
formation of vasculature in the cartridge). B) Photograph of the tubing apparatus, media reservoir, 
and peristaltic pump set-up. C) Top down view of vascularized hydrogel at day 4 from the cartridge 

wall through an epimicroscope. Curvature of the wall only allows for focusing in one area. 
However, faintly, vasculature can be seen through the entirety of the gel area. D) Fluorescent 
stained cross-section (60 μm stack from a confocal microscope) of the cartridge. Phalloidin is 

depicted in pink and DAPI in blue. E) Top down view of an acellular hydrogel from the cartridge 
wall through an epimicroscope. F) Cross-section of acellular hydrogel stained for phalloidin (red) 

and DAPI (blue). In each image, the HF is indicated by the dotted white line, showing the 
separation between the extracapillary cell-laden hydrogel and the inner lumen of the fiber. The 

DAPI stained particles on the HF are not actually cells growing within the HF, but instead, artifacts 
of sectioning.  

 

6.2.8     Sectioning, staining, and imaging 

Fixed cartridges were sectioned into 4-7 mm thick pieces using a Tissue-Tek Accu-Edge 

disposable microtome blades (Sakura Finetek). Each cross-section was place in a PBS filled well 

in a 96-well plate. Cells were then permeabilized with 0.5% Triton-X-100 (Sigma), rinsed with 

PBS and stained with Alexa-Fluor 647 phalloidin (ThermoFisher) and 2 x 10−6 M 4ʹ,6-diamidino-2-

phenylindole (DAPI; Sigma). Cross-sections were imaged using a 10x plan-apochromat objective 
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on a Zeiss 880 Airyscan inverted confocal microscope (3 stacks of 200-300 μm with a thickness 

of 10 μm per slice).  

 

6.2.9     Image processing 

Images from cartridge cross-sections were imported into IMARIS (Bitplane) and analyzed 

for total vessel volume. Images were cropped so that total thickness was 200 μm and rendered 

in 3D. The lectin channel was separated, thresholded (to preserve tubule elements while 

decreasing background signal), and masked for total volume analysis, where vessel volume was 

defined as structures of volume >6000 μm3, as previously descried.195, 196 Within the software 

platform, the HF-coupled vasculature was selected and total volume of the coupled region was 

also measured. To further characterize the vasculature in the cartridge, cross-section images 

were split into 70 μm sections by applying a maximum intensity projection of given slices. The 

lectin channel was then separated and thresholded. To quantify lectin transport, the selections 

of 100 μm strips and 850 μm tall (the size of the image plane) were generated as regions of 

interest. In each selection, the analyze particle function was used to measure the total area of 

lectin-positive particles between 200 and 20,000 μm2, to exclude the HF. Morphology of the 

vasculature was characterized by measuring individual tube diameter manually in FIJI. Then, the 

thresholded images were also cropped into smaller sections (3 per image) so that the HF was 

not present in any planes and imported into the Angiogenesis Tube Formation Application 

Module in MetaMorph (Molecular Devices) to calculate total and mean tubule length. 

Measurements from at least 9 images (3 cross-sections, 3 images from each). Data is shown as 
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mean ± standard deviation. Statistical significance (*p < 0.05) was determined using ANOVA 

followed by Tukey’s post hoc test. 

 

6.3     Results 

6.3.1     Encapsulation in single fiber devices 

Before encapsulating cells in cartridges directly, we investigated the ability of the HF 

serve as an anastomotic interface with cell-formed vasculature. Toward this end, we developed 

a closed-circuit, single fiber device where the entire volume of the hydrogel housing was filled 

with hydrogel precursor and the only interface with media was from the HF. Using our single 

fiber device with flat planes for imaging, we observed the formation of microvasculature around 

the HF over the first 4 days, a time point previously determined as the minimum time for cells to 

form lumenized networks.324  After 4 days of perfusion with EGM + 10 ng/mL VEGF, we 

examined the level of integration by perfusing 70 kDa fluorescent dextran through the HF lumen 

and imaging at 0, 1, 10, 30, and 60 min. 

Vascularized devices demonstrated extremely rapid, almost instantaneous, initial 

transport of the dextran into the hydrogel. Within 1 min, dextran had already accumulated at 

significant levels at least 200 µm into the hydrogel (distance where fluorescence intensity 

reached >15 a.u.). Fluorescence intensity landscapes measured from the HF into the hydrogel 

bulk show that at each time point, vascularized hydrogels had transported more dextran that 

non-vascularized hydrogels and to greater distances. The difference is most obvious and defined 

at early time points, when convection is dominant and decreases over time. Furthermore, as 

previously observed, diffusion of dextran in acellular hydrogels advances uniformly, indicative of 
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Fickian diffusion. These observations suggest that there is likely initial lumen-supported 

convective transport in these vascularize constructs.  

To further probe the amount of convective transport in our single fiber devices, the 

difference in vascularized and acellular transport in regions 50, 150, and 300 µm away from the 

HF, or the % convective transport, was calculated using equation 1, as previously reported 

(figure 4D, E, F, blue dotted lines).324 Again, we saw that  the contribution of convective 

transport was greatest at early time points and shorter distances. However, % convective 

transport was still considerable at all time points and distances tested, further supporting the 

notion that the capillary structures support both convection and diffusion.  
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Figure 6-6: A) Images of single fiber HF devices the first minute of perfusion with 
fluorescent dextran (day 4). In the first seconds of perfusion, 70 kDa is transported 224 ± 18 μm in 
the vascularized device, while it is still undetectable in the acellular device. Scale bar = 200 μm. B, 
C) Fluorescence intensity landscapes at each time point in the vascularized and acellular device, 
demonstrating rapid initial transport from the HF into the hydrogel bulk through lumenized self-
assembled capillaries. From the fluorescence intensity profiles in 25 μm thick regions 50, 150, and 
300 μm away from the HF, % convective transport was calculated as the difference between 
intensities in vascularized and acellular constructs at a given time point. Convective transports is 
most dominant at early time points and decreases with distance.  

 

6.3.2     Formation of microvasculature 

Seeing that cell-assembled microvasculature readily integrated with a single HF and 

facilitated dramatic and rapid mass transport into the construct, we translated the system into a 

cartridge-based platform. Cartridge-based platforms have advantages over planar tissue 

engineered approaches because of their inherent 3D and tubular nature, permitting high cell 
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densities in a relatively low volume. Furthermore, HF-based modules are commercially available 

with HFs in a variety of biocompatible materials and diameters. Here we chose HFs with 0.5-1 

mm diameters, as these sizes are amenable to surgical anastomosis during implantation. The 

HFs themselves also provide high surface-area interfaces for the self-assembled microvascular 

network in the hydrogel bulk to interact with, promoting rapid transport across large and small 

length scales.  

When we encapsulated vascular cells in our pro-angiogenic hydrogel around HFs in 

cartridges, we saw the formation of a robust vasculature spanning the bulk of the hydrogel in 4 

days. The combination of 2 fibers, together with the interface of hydrogel-media noticeably 

increased the extent of vascularization compared to single fiber devices. However, network 

formation was dependent on the perfusion of at least 2.5 ng/mL through the HF. 

In order to evaluate the connection of microvascular networks within the hydrogel to 

the HF in the cartridge, we tried perfusing the cartridges with dextran, as described for the 

single fiber device. After perfusion, fixation, and phalloidin staining, we imaged cross sections of 

the cartridge. In some sections, we were able to clearly see accumulation of dextran particles 

within the lumen of tube-like structures. However, due to large pressure drops when removing 

the cartridge from the tubing, even after fixation, these results were always consistent. Since we 

were not able to image perfusion in the cartridges in real-time (due the tubular shape of the 

cartridge and distortion while imaging), we evaluated the extent of HF-integration using Dylight-

conjugated tomato lectin staining, which binds to the EC glycocalyx and is frequently used for 

vascular perfusion studies.  
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Figure 6-7: Dextran accumulation perfused microvascular networks. A) vascularized 
hydrogel and B) acellular hydrogel where fiber is located in the lower left corner (take on an 
epifluorescent microscope). Scale bar is 100 μm. C) Zoomed in image of a tube-like structure from 
a vascularized hydrogel perfused with dextran (green). The lumen of the vasculature is shown in 
pink (phalloidin).  Scale bar is 30 μm. 

Lectin was able to completely perfuse and stain the vascularized hydrogels treated with 

10 ng/mL VEGF by day 4 (figure 2B) within 15 minutes. In order to eliminate the possibility that 

lectin transport was enhanced in vascularized hydrogels due to polymer degradation of the 

hydrogel rather than lumen-supported convection through the microvasculature, we also 

cultured cells without vessel-driving VEGF in the media. Other controls included cellular 

hydrogels perfused and fixed on day 0, right after encapsulation, and acellular hydrogels at the 

same wt%. Since lectin can bind to ECs weather or not they are incorporated into tubes, it 

makes for a good marker of total mass transport. The cumulative area of lectin-positive 

structures was binned into 100 μm sections and demonstrates that lectin fully perfuses the 

vascularized device. In the non-vascularized devices lacking VEGF, lectin only perfused 200-400 

μm. No structures were found in images taken at day 0 or in acellular hydrogels.  

A) B) C)
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Figure 6-8: A) A robust microvasculature forms in the hydrogel around HFs in perfused 
cartridges. B) This microvasculature not only spans the entire bulk of the hydrogel but supports 
mass transport of a fluorescently labelled tomato lectin that was perfused through the HF lumen, 
demonstrating the capability of the microvasculature to convectively transport mass and the 
integration of the microvasculature to the HF (the microvasculature). C) Modules that contain the 
same density of the same ECs and pericytes that were cultured without VEGF (at the same flow 
rate) do not readily form networks. D) Likewise, the cells cultured without VEGF demonstrate a 
much lower level of lectin transport into the surrounding hydrogel. This supports the notion that 
the transport seen in B) vessel-based convection and not purely due to the cells potential to 
degrade and remodel the polymer scaffold.  E, F) Cartridges fixed and perfused with lectin right 
after encapsulation. Cells in these cartridges do not support any detectable lectin transport within 
the perfusion time. In all the images, pink depicts phalloidin stain F-actin and blue depicts DAPI 
stained nuclei. The DAPI stained particles on the HF are not actually cells growing within the HF, 
but instead, artifacts of sectioning. Scale bar is 100 μm. G) Measurements of lectin positive tubes 
(non-circular multi-cellular structures) throughout the imaged sections show lectin-marked 
structures in all parts of each imaged section (850 μm per plane) while cellular, but non-
vascularized hydrogels only have lectin-marked structures through 200 μm (and minimally through 
400 μm) of the imaged regions.    
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6.3.3     Microvascular morphology changes with flow rate through the HF 
and perfused VEGF concentration 

We then investigated the effect of different flow rates and VEGF concentrations on 

microvascular network formation and incorporation with the HF. In cases where VEGF 

concentration was explored, flow rate was held constant at 6 mL/min (5 dyne/cm2) and in cases 

where flow rate was the variable, the concentration of VEGF in perfused media was held 

constant at 10 ng/mL. 3 flow rates corresponding to physiological ranges of shear stresses 

through the HF lumen were chosen. While vessel-like structures formed in all three cases, 

vascular morphology was considerably different. In low-flow scenarios (0.2 dyne/cm2 or 1.2 

mL/min) the average tube diameter was 16 ± 6 μm and spread, connected structures seemed to 

be found closer to the HF while cells further from the HF were more rounded by day 4. In 

contrast, tubes in mid-and high-flow conditions (5 dyne/cm2 or 6 mL/min and 10 dyne/cm2 or 12 

mL/min) had diameters of 29 ± 8 μm and 33 ± 11 μm, respectively and seemed to be 

homogenous throughout the hydrogel bulk. Interestingly, in the high-flow condition, tubes 

closer to the HF had larger diameters than the rest of the construct (average 40 ± 16 μm within 

200 μm of the HF), recapitulating hierarchical and physiologically relevant sizes from arterioles 

to capillaries in one construct. Similarly, both total and average tubule length also increased 

with higher flow rates. Average tube length increased from 63 ± 6 μm with low-flow to 73 ± 6 

μm with mid-flow and 81 ± 8 μm in our highest tested flow condition. Total tubule length 

increased from 28,000 ± 10,000 μm at mid-flow to 34,200 ± 8,900 μm with high-flow. However, 

total tubule length did not significantly change between mid-flow and low-flow (34,200 ± 8,900 

μm and 24,000 ± 11,800 μm).  In each condition tested, lectin-marked cells were found 
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throughout the constructs, suggesting lumen-supported transport through the vessel-like 

structures.  

Vascular volume measurements from 3D rendered images supported these findings, 

showing that increasing flow rate of media through the HF lumen increased the total 

microvascular volume within the hydrogel. Increasing flow rate from 1.2, 6, and 12 mL/min 

resulted in increasing total vascular volumes of 17.2 ± 3.9 x 106 µm3, 39.5 ± 8.9 x 106 µm3 and 

62.0 ± 9.9 x 106 µm3). Out of the total 144.5 x 106 µm3 total region per imported image (850 x 

850 µm per plane of view with 200 µm of depth), this corresponded to about 11%, 27% and 43% 

of the total hydrogel bulk being vascularized. By selecting the HF within the 3D rendering we 

quantified the coupling of the microvascular network to the HF. In the mid-flow and high flow 

conditions, the microvascular network was highly interconnected as well as coupled to the HF. 

In fact, the 89.5% of the total vascular volume was fully networked and integrated with the HF in 

the mid-flow condition. This increased to 92.5% in the high flow condition and was 34% in the 

low flow condition. These results suggest that the network in the low flow condition was still 

capable of enhancing mass transport but may not have been fully formed by day 4. The size of 

the HF itself was not subtracted from these values due to high variability in the portion of the HF 

imaged. However, the average HF from images of acellular hydrogels and the 0 VEGF condition 

had a volume of 1.28 ± 12.6 x 106 µm3). 
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Figure 6-9: A) Morphology of microvasculature changes with flow rate through the HF.  
Cartridges were cultured with perfusion through the HF so that the wall shear stress on the inner-
lumen of the HF was either A) 0.2 dyne/cm2 (1.2 mL/min), B) 5 dyne/cm2 (6 mL/min), or C) 10 
dyne/cm2 (12 mL/min).  A tissue engineered microvasculature forms with each flow rate 
(evidenced by the lectin staining from perfusion in red). However, D) vessel diameter, E) total and 
F) mean tubule length, and G) overall network volume change dramatically. The lowest flow 
results in the lowest overall network volume, with the lowest diameter and lowest mean tube 
length while the highest flow rate results in the highest vessel density with the largest diameters 
and mean tube lengths. In all the images, pink dhows phalloidin stained F-actin and blue depicts 
DAPI stained nuclei. The HF is each image is located in the lower left corner. Scale bar is 100 μm.   

 

The concentration of VEGF perfused through the HF lumen also played a role in 

regulating vascular morphology. Vessel-like arrangements formed in all devices perfused with 

2.5. 10, and 20 ng/mL VEGF. Increasing VEGF through the HF lumen from 2.5 ng/mL to 10 ng/mL 

resulted in increased average tube diameter (21 ± 8 μm to 29 ± 8 μm). After 10 ng/mL, 
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increasing the concentration to 20 ng/mL did not significantly change tube diameter (21 ± 8 μm 

to 27 ± 10 μm). In each condition, 2.5 ng/mL, 10 ng/mL, and 20 ng/mL, the average tubule 

length also stayed relatively consistent (76 ± 6 μm,  73 ± 6 μm, and 71 ± 3 μm, respectively) 

However, increasing VEGF concentration did increase total tubule length in the constructs from 

20,400 ± 4,600 μm in the low-VEGF condition (2.5 ng/mL) to 28,200 ± 10,200 μm in the mid-

VEGF condition to 35,000 ± 9,800 μm in the highest VEGF condition, suggesting that VEGF in 

perfused media leads to formation  of more vessel-like structures, not necessarily larger ones.  

Vessel volume measurements from 3D renderings support this notion, demonstrating 

modest increases in vessel volume with VEGF concentration. Networks in constructs perfused 

with 2.5, 10, or 20 ng/mL VEGF had volumes of 37.1 ± 9.0 x 106 µm3, 39.5 ± 8.9 x 106 µm3 and 

49.6 ± 16.2 x 106 µm3 (26%, 27%, and 34% of total hydrogel bulk). Furthermore, networks were 

largely interconnected with each other as well as the HF. 95.3%, 89.6%, or 93.4% of the 

measured vascular volume was completely networked and coupled to the HF. 
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Figure 6-10: A) Capillary morphology responds to perfusion with VEGF. Perfusable capillary 
networks form in devices perfused with 2.5 – 20 ng/mL VEGF in EGM. Capillaries perfused with 2.5 
ng/mL VEGF have longer individual tubes. However, the tubes have smaller diameters and less 
total length. Structures cultured with either 10 ng/mL or 20 ng/mL VEGF form with larger average 
diameter and more total tube length. However, the mean tube length remains consistent 
throughout the conditions, implying that there are more tubes formed in the higher VEGF 
concentration. The overall vascular volume showed an increasing trend with VEGF, but not 
significantly. In all the images, pink dhows phalloidin stained F-actin, blue depicts DAPI stained 
nuclei, and red indicates staining from lectin perfusion. Scale bar is 100 μm.   
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6.4     Discussion and conclusions 

In this chapter, we present a platform to develop tissue engineered constructs with both 

micro and macro scale vascular properties using commercially available HF-based cartridges as 

bioreactors (figure 2,3). Semi-permeable and tubular HFs make good candidates for large, 

artery-scale transport due to their tubular structure. The tubular structure of the HFs also 

provides a large surface-area interface for integration with self-assembled microvascular 

network in the hydrogel bulk to interact with. This interface promotes the connection of HFs 

that facilitate mass transport across large length scales from flow in HFs with diameters ranging 

from 50 µm – 3 mm in diameter to microvascular networks 30 microns in diameter and smaller.   

Generally, HF’s can be fabricated from a variety of biocompatible polymeric materials 

like polyethersulfone (PES), polysulfone (PS) cellulose acetate (CA), which are non-

biodegradable, or degradable polymers like poly(lactic-co-glycolic acid) (PGLA), polypropylene 

(PP), and poly(ε-caprolactone) (PCL). Furthermore, they have tunable pore sizes, characterized 

by a molecular weight cut-off (MWCO), which is the molecular weight of the species that is 90% 

retained by the membrane.325 In this proof-of-concept work, HFs with a MWCO of 100 kDa were 

selected for their ability to help retain sterility and  for future application in a BAL. MWCOs of 

<150 kDa in general allow for selective transport of solutes between perfused fluids cells in the 

extracapillary space that are smaller bacteria, viruses, and immunoglobulins. Thus, since 

MWCOs <150 kDa can separate exogenous cells from biological fluids while encouraging 

exchange of even large carrier proteins, they have been employed for use in bioartificial organs. 

However, fibers made from degradable materials or materials with higher porosity may be used 
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to develop implantable constructs where the tubular shape of the HF serves as a scaffold and 

provide shaping as cells remodel it with secrete ECM. 

Previous approaches using HF’s have typically involved either using HFs as a capillaries 

themselves to deliver nutrients to thick tissues326 or seeding cells on the HF membrane and 

culturing them with perfusion. While these approaches do greatly enhance mass transport, they 

can require ten’s to hundreds of small diameter fibers to sufficiently vascularize a thick or dense 

tissue, minimizing space for incorporation of cells and potentially exposing cells to shear stresses 

atypical of interstitial tissues. These approaches also lack important hierarchical interactions 

between macro- and micro vasculature and do not accurately simulate the microenvironment. 

This is an important consideration because microenvironmental cues like biochemical and 

biomechanical signals from surrounding ECM and interstitial flow are known to profoundly 

affect cell behavior and overall tissue function. 

Thus, we hypothesized that embedding both HFs and vascular cells in a biomimetic 3D 

hydrogel scaffold can better recapitulate the native tissue environment. A similar study 

embedding HF’s within a cell-loaded polyurethane sponge improved cell distribution and organ-

specific function of the cells (compared the bare HFs without the scaffold) without reducing 

mass transport.325, 327 Improving on this, we housed the HF’s in a hydrogel scaffold, which better 

matches the mechanical properties of soft tissue and supports both cell-assembled 

vascularization and the incorporation of functional cells. The bioactive hydrogel surrounding the 

HFs in our design provides a 3D matrix that simulates ECM both biochemically (through adhesive 

and degradable moieties) and physically (mechanical cues, regulating interstitial flow, elastic 

response).  
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Toward the goal of a developing a vascularized platform that can be used for the 

assembly or modeling of complex tissues, we first validated the idea that HF’s can provide an 

anastamotic interface for self-assembled capillaries in a hydrogel scaffold to couple with. We 

saw a that tubules could self-assemble around the HF and that that they could transport dextran 

molecules perfused within the HF lumen into the surrounding hydrogel almost instantaneously. 

Then, we demonstrated the formation of robust and integrated microvasculature in 2-fiber HF-

based bioreactor. Our goal was to develop a simple platform for 3D vascular co-culture that 

incorporates and bridges elements of both macro and micro scale transport. In this 

arrangement, as opposed to the single fiber device, the cell-laden hydrogel was exposed to 2, 1 

mm fibers instead of 1, 0.5 mm fiber and there was a third plane with which capillaries could 

integrate with between the hydrogel bulk and media. Together, these interfaces led to the 

formation of fully vascularized hydrogels with volumes on the order of 150 mm3 of vascularized 

material around the HF with over 3.5 million cells encapsulated inside. Through perfusion with 

lectin, we evaluated the anastomotic integration of the HFs with the self-assembled structures 

and found that perfused lectin was able to quickly and fully perfuse the hydrogels in high 

enough quantities to bind and stain them.  

We also observed that the microvasculature in these modules responds to changes in 

flow rate and growth factor gradients through the macrovasculature in a physiologically 

appropriate manner. For example, increasing flow rate through the HF from low shear stress on 

the HF inner wall (not the shear stress cells in the hydrogel are exposed to) to a higher shear 

stress increased tube diameter within the hydrogel substantially. These finding are in line with 

observations that vessel diameter increases with blood flow in vivo.328, 329 It is important to note 
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that both the formation of prolonged, self-sustaining vessels and their ability to respond to 

stimuli like flow or shear require the use of both ECs and mural cells in the hydrogel. During 

vessel formation, mural cells support EC migration via enzymatic secretion and they contribute 

to basement membrane formation.330 In formed vasculature, while ECs in vessel lumens sense 

biomechanical changes, it is the SMCs that are signaled to contract, dilate, and effect 

remodeling changes that lead to increase/decreased diameters or lengths.  

In order to add complexity and use this platform to culture vascularized tissues with 

functional cells like neurons, cardiomyocytes, or hepatocytes, the functional cells can be co-

encapsulated with ECs and pericytes in the hydrogel precursor. Previous work in our group has 

extensively characterized the microvasculature formed in pro-angiogenic hydrogels cultured 

without flow.178 These networks, in static culture, can form with many types of cells like valve 

interstitial cells, endothelial progenitors, and even adipose-derived stem cells.331-333 Moreover, 

formed vasculature can be used to more accurately model tumor formation,129 has been seen it 

to associate with supporting cells like macrophages,334 and supports functional cells, like 

hepatocytes.195 For example, 3D co-culture with ECs and pericytes in the context of vascular 

networks was seen to support primary hepatocyte function for up to 2 months. Hepatocytes in 

these co-cultures closely associated with the vasculature, as they do in vivo. Additionally, the 

ECs and pericytes in pro-angiogenic hydrogels remodel the hydrogel and secrete relevant ECM 

proteins that can further recapitulate the native microenvironment. Building on previous work, 

the translation of multi-cellular static 3D co-cultures into perfusion-based systems would add an 

element of flow that allows scale-up and also provide biomechanical signaling, nutrient 

gradients and essential biomimetic functional cell-vasculature associations. In such a platform, 
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larger-scale 3D tissue engineered constructs with hierarchical, self-sustaining vasculature can be 

developed, supported in vitro, and integrated into host-tissue more readily. 

In this chapter, we have shown that HFs in vascularized hydrogel scaffolds can act as 

conduits for large scale mass transfer while serving as stable anastomotic interfaces. The 

resulting integration of perfusion through the HF and self-assembled microvascular networks 

recapitulates in vivo network hierarchies and has potential to yield more biomimetic and 

clinically relevant engineered and complex tissues. We have demonstrated a proof-of-concept 

using HUVEC and HP to form microvasculature. However, it is presumable that for a given 

application, tissue-specific ECs and mural cells can be used.  
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7. Developing a vascularized and perfused bioartificial 
liver 
7.1 Introduction 

Here, we integrate the vascularized hepatic cocultures from chapter 5 into the HF-based 

bioreactor we designed in chapter 6 to propose and prototype a novel BAL. As discussed in 

chapter 1, the notion of BAL devices is not new and has been around since the late 80’s. 

However, even though current BALs can improve various biochemical parameters and clinical 

symptoms of ALF significantly, recent results from several phase III clinical trials have not 

indicated substantial improvement in survival rates.335  

For a BAL to be useful practically, it must meet certain design criteria. Aside from the 

obvious sterility and immunogenic considerations that apply to any biomedical device, a BAL 

that is intended for therapy must be robust enough to sustain the cultured tissue for long time 

scales (1 month to enable endogenous liver recovery) and be relatively easy to use in a hospital 

setting. The reactor must be capable of delivering appropriate amounts of nutrients and signals 

to encourage cell growth and interaction. Because of the large number of hepatocytes necessary 

for practical application, it is imperative that the bioreactor can be readily scaled.336 The exact 

fraction of liver mass necessary for survival is still highly debated. Most people agree that at 

least 2-12% of the liver function must be retained in an episode of ALF to have a chance at 

survival without transplant.337 Furthermore, it is largely agreed that extracorporeal support 

would conservatively need to replace 10-30% of total liver function (or 30-90 billion hepatocytes 

for humans) to support endogenous recovery.338 These numbers, especially the lower end of the 

range, assume that incorporated hepatocytes are highly functional. Some animal studies have 
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shown that achieving different target outcomes can require different numbers of hepatocytes. 

For example, in an anhepatic rabbit model, 4% of the total liver provided adequate metabolic 

function (like ammonia removal) and improved animal survival. However, two BAL modules 

together (or 8% of total liver cells) were necessary to provided sufficient synthetic functions, like 

albumin and clotting fators.339 Similarly, in a pig model, at least 7% of the total liver (12 billion 

cells for pig) was required to provide metabolic and synthetic liver functions for animals induced 

with ALF and doubled survival time from ~14 hr in the sham and untreated groups to over 30 hr 

with BAL treatment.340  

It is technically challenging to incorporate such large numbers of cells into any 

bioreactor. In high density cell culture, oxygen transport is usually a limiting factor for cell 

survival (and is depleted quickly compared to other key nutrients like glucose and amino acids) 

and large bioreactors require perfusion at high flow rates in order to meet cell needs.315 

Additionally, BAL oxygenation is particularly important because the liver is one of the most 

metabolically demanding organs and consumes 20-33% of the body’s oxygen at basal conditions 

(10- to 100-fold the rates of most organs). Furthermore, oxygen tension is a controlling factor in 

many aspects of liver phenotype and ranges from 85 μM periportally to 45 μM pericentrally.  

Typical BALs supply oxygen and nutrients from flow through HF cartridges. In the HF 

module arrangement, the barrier from the HF not only provides a way to isolate cells from fluid, 

enabling selective mass transport through the pores of the HF, but also provides a barrier 

against shear forces.  This way, shear stress related cell damage from the high flow rates that 

are necessary to supply oxygen are mitigated. The tubular structure of HFs also maximizes cell-



 

180 
 

membrane area and typically, many hundreds of capillaries are incorporated to sufficiently 

oxygenate and feed high densities of cells at lower flow rate per HF.  

Table 7-1: Table depicting types important parameters for BAL design. Adapted from 
Ebrahimkhani et al.336 

 
 

While a large majority of BALs are designed in HF based cartridges, arrangements like 

flat-plate reactors, perfusion bioreactors, and microfluidic devices have also been explored 

extensively. These systems, where flow can be applied to cells with or without a membrane 

barrier, have led to valuable insights, especially concerning appropriate flow rates for dynamic 

culture. Though hepatocytes in vivo do not experience direct shear force, in vitro there are 

several findings demonstrating hepatocyte function increases under perfusion. Because it is 

difficult to decouple flow-related shear forces from flow-related oxygenation effects or even 

other external cues that cells integrate (like growth factor and paracrine signaling gradients 

induced by flow), the exact effect of perfusion on hepatocyte culture is unclear. Some studies 

have shown that flow increases hepatocyte function compared to static culture in a shear-stress 

dependent manner, where lower shear stresses (0.01-0.33 dyne/cm2) support albumin and urea 

Design parameter Importance

Oxygen delivery Oxygen is a limiting nutrient and controlling factor in many aspects of liver phenotype, and it is therefore 
crucial that the in vitro tissue does not become hypoxic so that all metabolic demands are met

Scale-up Needs to be scaled-up easily and able to incorporate hepatocytes on the order of 109 - 1010

Shear stress Limited fluidic shear can be important for maintaining hepatocyte morphology and function.  However, it 
can be tricky to minimize shear on hepatocytes while also delivering sufficient oxygen

Chemical cues (soluble) Hepatocyte function is closely regulated by both autocrine and paracrine factors. These cues must be 
replicated by soluble factors or cell-secreted components

Structural cues Micro-structural cues and architecture (i.e. from ECM) are important for encouraging self-organization and 
generating macroscopic tissue morphology

Cells Co-culture that can replicate physiologic metabolism and maintain  hepatic   phenotype

Cell-HF area It is  important to maximize flow from  the bioreactor out to the cells in the extracapillary space in order to 
minimize the number of HFs in the reactor. This makes the reactor smaller, more usable, and has potential 
to create zonation, where hepatocytes perform a variety of functions within the same device
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synthesis rates 2.6-1.9 fold greater than higher shear stresses (5-21 dyne/cm2).225 Other studies 

show declines in albumin secretion (at shear stress (1-5 dyne/cm2) but increases in urea and 

ammonia metabolism.336, 341, 342  

Almost every BAL that has made it to clinical trials uses perfusion through hollow fibers 

to circulate and treat patient blood. The classic BAL design involves culturing hepatocytes or 

hepatic lines on the surface of hundreds of HFs within a cartridge. One example of this is the 

ELAD, which cultures C3A immortalized hepatocytes on the surface of polysulfone HFs. While 

ELAD is likely the most characterized BAL, it is also one of the oldest and faces major issues due 

to C3A inability to process nitrogen to the same extent as primary hepatocytes can. A schematic 

image of the ELAD circuit and actual photographs of the device is shown in figure 7-1. 

 

Figure 7-1: One of the most characterized BAL devices, the ELAD. Figure includes A) the 
device circuit, B) an image of the device in the clinic, and C) a zoomed in picture of one cartridge 
filled with HFs. Adapted from Struecker et al.343 and Vital Technologies. 

 
 
Since the ELAD, several other bioreactors have made it to clinical trials, though 

translation to clinic use been slow and hampered by high costs and ambiguous results. A list of 

A) B)

C)
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the BALs in current clinical trials is shown in table 7-2. One of them is the HepatAssist, now 

HepaMate, developed by Demetrious et al. HepatAssist consists of hepatocytes attached to 

carrier beads that are inoculated in the extra fiber compartment. Promising results from a phase 

I clinical trial with 8 patients with acetaminophen-induced ALF resulted in 3 of them being 

successfully bridged to transplant and 4 patients recovering on their own.344 Another promising 

BAL is the AMC, developed by the Chamuleau group. The AMC is novel compared to the other 

BALs because of its multiple HF compartments, where media, air, and waste can be perfused 

separately, decoupling oxygenation from flow rate.345 The HFs in the AMC are interwoven, yet 

independent, and support hepatocyte coculture with liver NPCs that form 2D aggregates similar 

to vascular and biliary structures. While each of the current BALs are different in many ways, 

none have yet proved increases in long-term survival and all have similar functioning 

hepatocytes. One study, comparing in vitro liver function of BALs with controlled numbers of 

hepatocytes found that the while the AMC slightly outperformed others, overall 7 day functional 

capacity was similar.346   

Figure 7-2:  Schematic illustration of the AMC bioreactor where three independent HF systems are 
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incorporated. Two of the systems are perfused in a counter-current flow with culture medium or 
plasma while the third serves for decentralized oxygenation. From reference.336, 347  

One final note on current BALs is that despite tremendous advances in primary 

hepatocyte culture in vitro, scaling-up remains a challenge. While many groups have cultured 

highly functional hepatocytes in small systems, the function of the hepatocytes in BALs is orders 

of magnitudes less 2D systems like microwells, collagen sandwiches, and 3D cocultures.  

 
Table 7-2: HF-based BALs currently in clinical trials. Adapted from references 348, 349.

 

 

Since hepatocytes in our vascularized coculture platform have already evidenced an 

ability to perform at least 3 of the major liver functions for several weeks, and we have 

demonstrated a method for integrating vascularized hydrogels into perfusion based bioreactors, 

we hypothesized that we could leverage these systems to develop a novel and vascularized BAL 

that might outperforms current designs.  Because our encapsulation mechanism is simple and 

does not require complex post-processing, it lends itself to clinical application and therapeutic 

scale-up. In this chapter, we integrate hepatocytes into our perfused vascular bioreactor and 

characterize their functions over 28 days to evaluate its potential application as a BAL.  

 

System Cell source Culture Treatment 
time

Phase 
clinical trial

Cell 
amount

Perfusate MWCO Flow rate 
(mL/min)

Oxygen supply

ELAD C3A line Attached aggregates <168 hrs Phase  I 400 g Blood 70 kDa 15-20 Prebioreactor

HepatAssist Porcine  
hepatocytes

Microcarrier  
attached aggregate

45-89 hrs Phase II/III 5-7*109 Plasma 3,000 kDa 400 Prebioreactor

AMC Porcine  
hepatocytes

Attached aggregates <24 hrs Phase  I 12*109 Plasma Membrane  for 
oxygenation only

150 Inside bioreactor 
by capillary

BLSS Porcine 
hepatocytes

Polymeric matrix 12 hrs Phase I/II 600 g Blood 100 kDa 100-250 Prebioreactor
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7.2     Materials and methods 

7.2.1     Encapsulation of LSH in cartridges 

 HF ultrafiltration cartridges were acquired and prepared as described in chapter 6. After 

coating the HF’s with VEGF, 10% PEGDA was encapsulated at the bottom of the cartridge and 

the cartridge was rinsed with PBS. Then, hepatocytes, LSEC, and HSC were pelleted and 

resuspended in 2.5% PEG-PQ-PEG with 3.5 mM PEG RGDS and the photoinitiator mix containing 

eosin Y, TEOA, and NVP and described in chapter 3. LSH hydrogels were formed in the cartridge 

by encapsulating 160 μL of cell-laden polymer precursor containing 8 x 106 LSEC/mL, 2 x 106 

HSC/mL, and 3 x 106 hepatocytes/mL were added to the cartridge and crosslinked under white 

light. The cartridge was then rinsed again with PBS, and filled with MM. The cartridge was 

attached to a peristaltic pump, where EGM was perfused through the HF at 6 mL/min (5 

dyne/cm2) overnight. The following day, the medium MM medium in the cartridge was 

aspirated and changed to HM while the medium in the reservoir was changed to MM. During 

the last week of culture, medium in the reservoir was switched to HM.  Medium in the reservoir 

and tubing around the head of the peristaltic pump was replaced daily. Cells were incubated at 

37˚C in 6% CO2. 

 

7.2.2     Evaluation of BAL liver functions 

Liver functional assays were perfumed as described in chapter 3 and 4 on conditioned 

media assayed from the media reservoir through which media was perfused and from within the 

cartridge extra capillary space. The functional output (i.e. mass of albumin and mass of urea) 

were summed from both locations.  
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7.2.3 Fixing, staining, and sectioning the BAL 

Cartridges were fixed in 4% PFA for overnight.  Fixed cartridges were sectioned into 4-7 

mm thick pieces using a Tissue-Tek Accu-Edge disposable microtome blades (Sakura Finetek). 

Cells were then permeabilized with 0.5% Triton-X-100 (Sigma), rinsed with PBS and stained with 

sheep anti-rat Albumin (1:200, Bethyl) followed by anti-sheep Alexa Fluor 647 (1:200). Then the 

gels were counterstained with Alexa Fluor 555 phalloidin and DAPI. Gels were imaged on a Zeiss 

880 Airycsan inverted confocal microscope.  

 

7.3     Results 

7.3.1     Initial exploration of BAL components 

Because hepatocytes are sensitive cells and encapsulation in the cartridge took longer 

than static culture (due to the opacity of the HFs), we first analyzed hepatocytes viability in the 

cartridge. We encapsulated hepatocytes alone in cartridges and, after culture with flow for 2 

days, evaluated viability using a LIVE/DEAD assay.  At this time point, we found nearly 100% 

viable hepatocytes in the cartridge (figure 7-3). 
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Figure 7-3: Hepatocytes are viable in HF-modules even after longer crosslinking times.  
(Left) Phase contrast image of hepatocytes between two HFs. Scale bar is 100 μm. Right) 
LIVE/DEAD staining of hepatocytes in the cartridge after 48 hr, where green is calcein AM and 
marks live cells and red ethidium homodimer, showing dead cells. Scale bar on right is 50 μm. 

Because of our findings in chapter 5 that LSEC and HSC cocultures support hepatocyte 

functions better than HUVEC and pericyte cocultures, we decided to move forward with liver-

specific NPCs in the cartridge. First, we verified that LSEC and HSC could be cultured within HF-

based cartridge without requiring significant optimization. Though we did not expect to see 

vessel formation from the results of our static cultures, we observed the formation of aligned 

and elongated tubular structures formed by LSEC and HSC in the cartridges by day 4.  
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Figure 7-4: LSEC form tubular structures in the cartridge by day 4. Phalloidin is shown in 
pink and DAPI in blue. Scale bar is 100 μm. 

 

7.3.2     Vascularized BAL maintains hepatocyte function for at least 4 
weeks 

In order to form vascularized BALs, we encapsulated LSEC, HSC, and hepatocytes in the 

cartridges and cultured them with flow for 28 days. In the presence of hepatocytes, vascular 

structures formed within the first 4 days, even without additional VEGF in the culture medium 

(figure 7-5). 
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Figure 7-5: Hepatocytes cocultured with VCs in BALs form tubular structures by day 4. Pink 
represent phalloidin and green represents albumin. Scale bars are each 100 μm.  

By day 7, the hydrogel in the extracapillary space of the BAL was fully vascularized. The 

formed microvasculature vessels remained intact in perfused culture for at least 28 days (figure 

7-6).  Interestingly, some hepatocytes formed large aggregates within the BAL.  
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Figure 7-6: Hepatocytes and VCs in BALs after 28 days of perfused culture. A) Image of the 
BAL taken using a USB digital microscope. Even at this low magnification, large hepatic aggregates 
and vessel formation are observable. Scale bar on the left is 500 μm. B) Phase contrast image from 

the BAL zooming in on the cartridge. The entire extracapillary space is vascularized and 
hepatocytes have formed aggregates associating with the vessels. Scale bar on the right is 250 μm. 

In A and B, white arrows point to hepatocyte clusters and black arrows point to vascular 
structures. C, D) Stained images taken after BAL fixation and sectioning from locations C) near the 

HF and D) away from the HF. Phalloidin is shown as pink, albumin as green, and DAPI as blue. Scale 
bar is 100 μm. 

  

 We then evaluated BALs for liver specific function from conditioned media samples 

within the cartridge and from the media reservoir. We observed increasing trends over time in 

both albumin secretion and urea synthesis for hepatocytes in BALs over the 28 day testing 

HF

hydrogel

A) B)

C) D)
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period. While the trends mirror those observed for LSH constructs cultured in 24-well plates 

without flow, protein synthesis in the BAL was low, comparatively. While urea synthesis per cell 

was similar, hepatocytes in the BAL synthesized 5-fold lower levels of albumin than hepatocytes 

in the static culture. Furthermore, the control lot of hepatocytes on collage coated plates 

secreted albumin at similar levels to other batches (14.7 ± 3.2 pg/cell/day at day 1). 

 

Figure 7-7: Evaluation of liver specific function in vascularized BALs over 28 days. 
Hepatocytes in perfused vascular coculture with LSEC and HSC exhibited increasing albumin and 

urea synthesis, representing their ability to synthesize proteins and transform toxins. 

 

7.4     Discussion and conclusion 

In this last chapter, we formed vascularized BALs by encapsulating hepatocytes, LSEC, 

and HSC in bioactive PEG hydrogels within a perfused HF-bioreactor. In previous chapters, we 

showed that coculture of hepatocytes with LSEC and HSC in the context of vascular networks 

increases hepatocyte function and maintains it for several weeks. When we translated the 

system into a BAL, we saw similar trends, where hepatic function increased and was maintained 

over time. Hepatocytes in BALs were able to detoxify ammonia at rates comparable to static 
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coculture. However, albumin synthesis rates were significantly lower in the BAL than they were 

in static culture. While this is not ideal, in terms of developing a therapeutic BAL, hepatocyte 

synthetic liver functions are not as critical as detoxification functions, which are more difficult to 

replace artificially. While the BAL could be supplemented with plasma proteins and clotting 

factors, it is nearly impossible to perform all of the enzymatic transformations that occur in the 

liver without hepatocytes.  

Based on previous findings, we expected to see increases in liver specific functions with 

perfusion through the vasculature. The two most likely reasons we did not see the expected 

increases are that the flow rate through the HF was too high or too low. If the flow was too high, 

the hepatocytes in the device could potentially have experienced shear force that hampered 

their synthetic function. In contrast, if the flow was too low, perhaps the system was not 

adequately oxygenated. While hepatocytes are sensitive to shear and are protected from it in 

vivo from the sinusoids, space of Disse, and surrounding ECM, ECs are directly exposed to shear 

stresses all the time. In our HF-module, we simulated this environment and while we the shear 

stress in the HF wall is 5 dyne/cm2, the cells on the outside of the HF do not feel those shear 

values. Furthermore, we showed that fluid coming through the pores of the HF was transported 

through microvessels anastomosed the HF membrane and previous research in our lab has 

shown that perfused microvascular networks support extravascular diffusion like in vivo 

capillaires.324 Finally, hepatocytes near the microvasculature are further protected by the 

surrounding hydrogel. From our data from diffusion of 70 kDa dextran through an acellular PEG 

hydrogel, we found that the dextran velocity through the polymer matrix was 5.4 μm/s, which is 

on the high end of the normal range of hepatic interstitial flows (computationally predicted to 
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be between 0.1-6 μm/s).350, 351 While normal interstitial flow can align matrix to the matrix in a 

manner that favors vessel growth and create physiological signaling gradients that support cell 

function, interstitial flows increased even from 4-10 μm/s, can elicit vascular remodeling 

response like upregulation of TGF-β1, leading to the differentiation of fibroblasts into 

myofibroblasts, increased collagen production, and associated reduction of hepatocyte 

functions.319  

Another possible explanation of lower than expected hepatocyte function in the BAL 

could be due to our set up. The mini-peristaltic pump we used for these studies was compatible 

with very thin silicone tubing that had to be replaced daily. After 24 hr of circulation, the tubing 

tended to degrade and rupture. Previous reports have described shedding of nm scale from 

silicone tubes used in peristaltic pumps for drug manufacturing.352, 353 Given that hepatocytes 

are highly metabolic cells that are responsive to surrounding contaminants, this could partially 

explain why functional outputs were not higher.  

Even with decreases in protein synthesis compared to static LSH cultures, compared to 

in vitro results from one of the leading BALs, the AMC, our vascularized LSH BAL performed 

significantly better in terms of both protein synthesis and detoxification. While the AMC 

secreted 1.2 ± 0.2 μg albumin/day/106 hepatocytes our BAL secreted 27.7 ± 9.4 μg 

albumin/day/106 hepatocytes at the same time point, over a 20-fold increase.  Similarly, while 

the AMC synthesized 36 ± 3.6 μg urea/day/106 hepatocytes our BAL synthesized 137.5 ± 63.0 μg 

urea/day/106 hepatocytes at the same time point, over a 3.5-fold increase. In addition, hepatic 

function in our devices continue to increase over the next 21 days.  



 

193 
 

 

Figure 7-8: Comparison of our vascularized BAL to the in vitro evaluation of the AMC, 
which has since commenced clinical trials. Data on AMC was only available through day 7.346 

 
These results are promising toward the development of a clinical BAL with higher 

efficacy. However, low hepatocyte synthesis should be further investigated. It is important to 

maximize hepatocyte function, as the BAL must replace over 10% of liver function to be 

effective in facilitating liver recovery. The liver secretes 9-12 g albumin and 16.5 g of nitrogen 

daily (where 80-90% of nitrogen excretion is in the form of urea).337 At the synthesis rates 

observed in our BAL at day 28, to replace 10% of function (produce 900 mg of albumin), we 

would need to incorporate 14.8 billion into the BAL. However, if we could replicate functionality 

seen in static LSH cultures, we could reduce that amount to 2.8 billion. Interestingly, 2.9 billion 

hepatocytes would also be required to meet 10% urea replacement. 2.9 billion hepatocytes 

would require 961 mL of cell-laden polymer in multi-HF modules. It is also important to 

recognize that while the liver secretes these levels of albumin and nitrogen, not all hepatocytes 

in the liver are actively performing these functions. For example, typically around 20-30% of 
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hepatocytes are committed to albumin production and can increase secretion rates 3-4 fold as 

necessary.354  

While it is certainly feasible to form~1L BALs, it would be immensely beneficial to be 

able to pack more hepatocytes within the vascularized scaffold and thus minimize volume as 

much as possible. One potential route to accomplish this would be through further exploring 

hepatocyte proliferation in the context of vascular coculture. In chapter 4, we showed evidence 

suggesting it could be possible to expand hepatocytes within the construct. Expanding 

hepatocytes in the BAL may be even easier because of findings that changes in blood flow drives 

liver growth and regeneration.282, 355 This may already be happening in the BALs based on sizes 

of hepatocyte clusters observed in figure 7-6. If the flow rate is high enough to induce 

proliferation, this could also be a reason why the cells have reduced synthetic function and may 

require treatment with a maturation inducing media that contains oncostatin M, after reducing 

flow rate, to induce hepatocyte function after proliferation.356-359  
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8. Future directions 
8.1     Introduction 

In this thesis, we developed a vascularized scaffold for hepatocyte coculture in a 

synthetic hydrogel and translated it into an integrated perfused BAL. We demonstrated organ-

specific function in the BAL over 3-fold higher than current leading BALs. Building on the 

platforms developed in this work, future studies can be aimed at further developing both the 

hydrogel scaffold and BAL. 

 

8.2     Future directions aimed at developing vascularized 
hepatic organoids 

8.2.1     Harnessing proliferative capacity of hepatocytes in PEG scaffolds 
to expand hepatocytes in vitro  

As explained in chapter 1, the liver consists mostly of hepatocytes, which perform most 

of the hepatic functions. Even though we have demonstrated that hepatocytes are highly 

functional in our hydrogel scaffold, there are obvious advantages to maximizing the number of 

hepatocytes in the construct. However, up until recently, it has been difficult to induce 

hepatocyte proliferation without complete dedifferentiation and irrecoverable loss of function.4, 

360 

In the last year or so, there have been major developments in understanding liver 

regeneration and modeling it in vitro. The Bhatia group recently reported an artificial human 

liver seed that was able to grow and expand (around 50-fold over 11 weeks) after implantation 

into mice in response to liver injury.361 After growth, the liver seeds were able to carry out 
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normal liver functions, like the production of human proteins including transferrin and albumin. 

While this finding is exciting in and of itself, as it implies that implanted engineered tissue should 

be able to expand in response to the body’s own repair signals, it also demonstrates the 

potential of engineered constructs to expand ex vivo if given the correct signals. We were 

particularly excited by this finding, as our constructs were already demonstrating some 

proliferative capacity (16-20% Ki67+ hepatocytes) and might just be missing a few key 

inflammatory signals (that are usually be indicated by Kupfer cells) to elicit a similar regenerative 

response. Furthermore, the constructs that Stevens et al. used consisted of  hepatic aggregates 

combined with geometrically patterned HUVEC in a fibrin hydrogel,361 which is somewhat similar 

to the constructs we created.  

Then, in late 2018 and early 2019, the Clevers, Hui, Yan, Nguyen, and Nusse groups all 

reported similar protocols for expanding primary hepatocytes in vitro.358, 362-365 While there 

were minor differences in the protocols, generally, each group expanded hepatocytes by 

simulating an inflammatory environment and treating cells with growth factors and cytokines 

that are released during liver regeneration (which bear significant overlap with signals secreted 

during liver development). The identified proliferation signals are summarized and explained in 

table 8-1. Another commonality between all these papers was the culture of hepatocytes on or 

in Matrigel, which is a highly mixed and uncontrolled ECM complex. While the papers implicated 

certain signals, like TNFα, in inducing hepatocyte regeneration, it is likely a mix of signals and 

scaffold that induced proliferation without loss of function.  
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Table 8-1: Media additives implicated in encouraging controlled hepatocyte expansion and 
their known functions.Formed from references366-373. 

 

Our constructs were already supporting some hepatocyte proliferation without loss of 

function. Since hepatic angiogenesis is associated with regeneration in vivo, one potential 

reason hepatocytes were proliferating could be due to interactions and secreted factors during 

EC and pericyte angiogenesis. Given our findings, Stevens et al.’s findings, and the new 

expansion protocols, we were interested in recapitulating the in-situ findings Stevens et al. 

demonstrated within our constructs in vitro. We were also curious to explore if soluble factors 

Supplement Function

Y27632
Inhibits Rho-associated coiled-coil containing protein kinase (ROCK). Prevents dissociation-
induced apoptosis, increasing survival of stem cells

A83-01 
Inhibits transforming growth factor-β (TGFβ) type I receptor ALK5, Activin/Nodal receptor ALK4, 
and the nodal receptor ALK7

CHIR99021 / Wnt3⍺

Inhibits glycogen synthase kinase 3, serine/threonine kinase (GSK3) and activates Wnt/B-catenin 
signaling for expression of definitive endoderm specific genes GATA4, FOXA2, and SOX17. 
Together, Y27632, A83-01, and CHIR99021 make the YAC cocktail that has been implicated in 
conversion of mature hepatocytes into proliferative bipotent cells which can then be 
redifferentiated into either mature hepatocytes or biliary epithelial cells

HGF
Mitogen of both hepatoblasts and mature hepatocytes that is important for expansion of the 
liver bud and required for chemical reprogramming of hepatocytes after treatment with YAC

TNF⍺

Inflammatory cytokine secreted from Kupffer cells with IL-6 in first phase of liver injury 
prompting liver regeneration. On binding TNF⍺, a hepatocyte either proliferates, or undergoes 
apoptosis.

R-Spondin-1 (RSPO1)

Wnt modulator - interacts with Frizzled/LRP6 receptor complex  to stimulate the Wnt/β-catenin 
signaling pathway. HGF and RSPO1 together activate Lgr5+ liver stem cells to regenerate liver 
after CCl4 injury. HGF/RSPO1 also promote liver stem cell (oval cell) expansion

Gastrin
In presence of EGF, gastrin stimulates growth of hepatocytes through a CCK-B type receptor on 
hepatocytes

Noggin
BMP antagonist that enhances liver regeneration. Works with RSPO1 to facilitate expansion of 
resident stem cells

EFG
Mitogenic growth factor that plays a role in both hepatocyte proliferation and maturation 
depending on what other cues are with it

Oncostatin M Maturation inducer of fetal hepatic cells in the presence of glucocorticoid

Dexamethasone Inhibits further proliferation and promotes hepatocyte maturation
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were enough to stimulate this response, or if proliferation requires specific scaffold cues (i.e. 

cues provided by Matrigel). Thus, we encapsulated hepatocytes alone, or with HUVEC and 

pericytes (to form UPH3 or H3 gels) which we then treated with either MM or expansion 

medium to assess the effects of soluble signals on hepatocytes in 3D mono or coculture.  

The expansion medium was based on a basal medium formulation containing William’s 

E medium supplemented with 1% Glutamax, 1% P/S, 1% NEAA, 2% B27, 1% N2 1.25 mM N-

acetylcysteine, 10 μM Y27632, 1 μM A83-01, and 10 mM Nicotinamide. To induce proliferation 

the basal medium was supplemented with 50 ng/mL EGF, 50 ng/mL HGF, 100 ng/mL TNFα, 50 

ng/mL FGF10, 400 ng/mL RSPO1, and 10 nM Gastrin. In order to facilitate culture with ECs and 

pericytes, a 1:1 mix of the above medium and EGM was used (EM). In the last week, to induce 

proliferating hepatocyte maturation, cells were fed with function medium containing the basal 

medium above supplemented with 3 μM Dexamethasone, 10 ng/mL OsM, and 1X Insulin-

transferrin-selenium.358  

As anticipated, we saw hepatocyte cluster growth in UPH hydrogels treated with both 

MM and EM hydrogels. However, hepatocytes aggregates were noticeably larger in gels treated 

with EM (figure 8-1). 
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Figure 8-1: UPH gels treated with MM or EM for 21 days then FM for 7 days. Images show 
increasing hepatocyte cluster (circular shapes) sizes in both groups, but noticeably larger clusters 

in EM gels by day 14 and 28.Scale bar is 100 μm. 

Immunohistochemistry staining of fixed hydrogels revealed that hepatocytes in EM-fed 

hydrogels almost completely populated the hydrogel scaffold by 28 days (figure 8-2). 

Interestingly, there seemed to be a mix of hepatocyte morphologies, where some hepatocytes 

grew in large spherical clusters as we had previously seen with MM treated hydrogels and 

others assumed a flatter morphology. This may be associated with depth within the hydrogel 

and associated oxygen/nutrient gradients and is an area that can be explored further in future 

studies. Hydrogels treated with EM were also highly vascularized, signaling that the EM did not 

inhibit angiogenesis. We did note, however, though that tubules took longer to form initially in 

EM than in gels treated with MM (7 days vs 4 days).  

Day 1 Day 7 Day 14

EM
M

M

Day 28
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Figure 8-2: UPH gels cultured with EM medium for 21 days then FM medium for 7 days. 
Scale bar is 100 μm. 

 In regions where we observed flattened hepatocytes, we also noticed the formation of 

flat, lumenized structures similar to connections between sinusoids and the central and portal 

veins that feed into them in vivo. It is possible that these structures are actually more similar to 

sinusoids than the capillaries we were forming in earlier experiments. This is another area for 

future investigation and much higher resolution imaging, like electron microscopy, may be 

necessary. It is unclear if one of different vascular and hepatic morphologies forming within the 

same construct is “better” than the other in terms of hepatocyte function.  
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Figure 8-3: Lumen-like structures form within expanded hepatocyte arrangements. 
Formed structures appear morphologically similar to sinusoids. Arrows point to lumens tracked 

from image-to-image. Each image from left to right is shown as a single slice from the top (left) and 
into the hydrogel in 10 μm increments. Scale bar is 100 μm. 

We then compared albumin secretion of hepatocytes from constructs fed with EM and 

MM as well as the effect on function from FM treatment in either case to understand if 

hepatocytes were proliferating were also experiencing a loss of liver-protein expression. On the 

contrary, we found that overall, albumin secretion increased dramatically from the construct, 

suggesting that expanded hepatocytes did not lose function. 

 

Figure 8-4: The effect of expansion medium on hepatocytes in coculture.  Albumin 
synthesis from hydrogels treated with EM vs MM over 28 days suggests that expanded 
hepatocytes in 3D coculture retain synthetic functions on par with hepatocytes in coculture that 
are fed with MM.  
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While previous expansion protocols have claimed that proliferating hepatocytes exhibit 

stem-like behavior and need to be induced to differentiate back into mature hepatocytes to 

induce liver-specific functional expression,358 we did not find that to be true in our 3D hydrogels. 

Treatment with FM for 1 week had minimal impact on albumin secretion. However, it is possible 

that it takes longer than 7 days to change functional expression and thus it could be worth 

investigating a longer treatment period with FM to drive hepatocyte differentiation and 

function.  

 

Figure 8-5: The effect of a 7 day treatment with FM on albumin secretion from UPH 
cultured with MM or EM on day 28. 

 Interestingly, in 3D, we did not observe the same extent of hepatocyte proliferation in 

monoculture, even with EM treatment. This may suggest that previous findings of soluble signals 

inducing hepatocyte proliferation are coupled with effects from the Matrigel ECM. Hepatocytes 

encapsulated in PEG hydrogels on their own showed minimal, if any proliferation by 14 days and 

by 28 days, hepatocytes lost albumin and NHF positivity.  Similarly, hepatocytes in both groups 
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had synthesized a decreasing amount of albumin over time with no significant differences 

between groups.   

 

Figure 8-6: Phase contrast images of hepatocyte in 3D PEG hydrogels cultured MM or EM 
for 21 days then FM for 7 days. Scale bar is 100 μm.  

 

Figure 8-7: Hepatocytes in 3D monoculture. Green shows HNF, pink shows Ki67, red shows 
lectin, and blue shows DAPI. Ki67 is only indicative of proliferation when it is nuclear (i.e. localizes 
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with DAPI). Similarly, nuclear HNF marks fully differentiated hepatocytes. For clarity, we have 
separated the HNF channel to show where hepatocytes remain at day 14, even though there are 
technically cells throughout. Scale bar is 100 μm. 

 

 

Figure 8-8: Albumin secretion from hepatocytes in 3D monoculture in PEG hydrogels in 
either MM or EM show no significant differences in albumin secretion between groups. 

Interestingly, the effect of a 7-day treatment with FM was much stronger in hepatocyte 

in 3D PEG monoculture than it was for hepatocytes in coculture. While FM could not overcome 

significant functional losses over time, it did lead to significantly higher albumin secretion from 

monocultured hepatocytes fed with either EM or MM.  
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Figure 8-9: Effect of switching media from MM to FM on hepatocytes in monoculture.  
Culturing hepatocytes in monoculture in FM for 1 week significantly improves albumin secretion 
from both groups (hepatocytes cultured in EM or MM) but is not enough to compensate for 
increases from coculture or long-term maintenance. 

 

While it is widely accepted that hepatocytes have an enormous capacity for self-

renewal, in situations of extreme or recurring damage, this capacity may be impaired. In these 

situations, it is not clear what the source of regenerated hepatocytes actually is. Though there 

are some studies that report that hepatocytes alone are responsible for tissue regeneration,374 

recently, many groups have suggested that cholangiocytes and circulating progenitor cells, like 

oval cells (sometimes referred to as duct cells) contribute to regeneration as well.375 Oval cells 

contain hepatocyte-specific markers, biliary epithelial cell markers, and the embryonic liver 

marker α-fetoprotein, and there is mounting evidence that they play a large role in repopulating 

lost hepatocytes.376 When mature hepatocytes are impaired beyond self-recovery, these hepatic 

progenitors (which are Lgr5+) become activated, divide rapidly, and differentiate into mature 

hepatocytes. Interestingly, they behave similarly in vitro, where they are easily expanded in the 
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form of hepatic organoids with hepatocyte-like cells. From one cell, large organotypic organoids 

can be formed (figure 8-10).377 

 

Figure 8-10: Formation of liver organoids from single Lgr5+ ductal cell. From Huch et al.377 

In our 3D cultures, several hepatocytes appear to share morphological similarities to ductal cells 

(though we did not quantify through any biomarker staining). Some examples are shown in 

figure 8-11. One potential theory explaining the morphological differences we observe in 

“proliferating” hepatocytes (from flat to spherical) is that some have dedifferentiated into (or 

were to start with) oval cells and are growing as “organoids” similar to organoids developed by 

Huch et al. 377 Our model could be used in clarifying questions regarding liver regeneration and 

mechanisms of hepatocyte proliferation. Interestingly, we have not observed structures like 

these in 2D.  

 

Figure 8-11: Zoomed in phase contrast images of hepatocytes in PEG hydrogels in 
monoculture (left, day 4), or in culture with VCs on day 7 (middle) and 14 (right). Images depict 
structures morphologically similar to organoids formed by oval cells. Scale bar is 100 μm. 
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Given the potency of these soluble supplements in stimulating hepatocyte proliferation, 

we might be able to elicit more robust results through spatiotemporally controlled, reversible 

immobilization of cytokines like TNFα and growth factors like HGF into the hydrogel network. 

Recent work in our lab has shown that light sensing proteins can be used to reversibly bind 

growth factors into the hydrogel at user defined times.107  One possible strategy to creating truly 

biomimetic liver constructs could be encapsulating ECs, pericytes, and hepatocytes in the 

hydrogel as described in this thesis, allowing vascularization, and then temporarily immobilizing 

regenerative factors like TNFα and HGF to induce proliferation. Experiments could be designed 

to immobilize signals one at a time or in combination to further elucidate their roles in liver 

regeneration. Using photopatterning techniques, the growth factors could also be spatially 

controlled to elucidate diffusion and 3D gradient effects on morphology and investigate effects 

on ultimate function. In this context, when hepatocytes have sufficiently populated the 

hydrogel, proliferative signals could be removed and functional signals like OsM and 

dexamethasone could be added. Aside from increasing expression of liver functions, expansion 

of hepatocytes in our construct may also facilitate the use of human hepatocytes as opposed to 

xenogeneic hepatocytes because we would need significantly less cells to start with.  

 

8.2.2     Photopatterning lobules and organ-specific architectures to 
maximize hepatocyte function 

In pivotal work done by Bhatia et al., the importance of architecture for hepatocyte 

culture was demonstrated by patterning islands of hepatocytes and NPCs and increasing 

hepatocyte synthetic functions by 4-fold.337  Similarly, in her more recent work, the artificial 
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liver seed created by this group had patterned chords of HUVEC that they implicated in 

enhanced functions of the construct.337    

Future studies optimizing our synthetic hydrogel scaffold could use multiphoton 

techniques to recreate hepatic lobules and investigate the effect of architecture on hepatocyte 

functions, adding one more level of complexity to our construct. Multiphoton techniques, where 

photons with a lower energy are focused within the material such that chemical crosslinking 

only occurs when multiple photons are absorbed at the same time, have been previously been 

leveraged for defined, high-resolution 3D patterning (1 µm – 1mm) in hydrogels.378-380 125, 379 This 

way, photochemical reactions are driven to occur in areas restricted to the focal volume of the 

light beam. This approach has been used to pattern bioactive ligands and recreate spatial 

geometries of tissue-specific architectures in 3D. For example, multiple bioactive peptides, 

RGDS, CS-1, and PQ were patterned into a PEG-based hydrogel using two-photon absorption 

laser scanning lithography in defined patterns visualized through conjugated fluorescent tags 

(figure 10E). 378 Similarly, confocal images of endogenous, tissue-specific vasculatures were used 

to guide photopatterning of PEG-RGDS into degradable hydrogels and resulted in angiogenesis 

in defined locations of cell-laden hydrogels (figure 10A-D).378, 381, 382 Simultaneous patterning of 

multiple growth factors is also possible.380  Using these techniques, it is possible to pattern and 

guide cells into certain locations. For example, through images of hepatic lobules, we could 

pattern VEGF into sinusoid structures and HGF or EGF in the spaces between to direct vascular 

formation within our hydrogel and further enhance hepatocyte functionality.  
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8.2.3     Investigating softer synthetic hydrogel scaffolds to increase 
hepatocyte function 

It is well known that both hepatocytes and VCs prefer soft environments. Due to the 

physical properties (the critical micellular concentration where gelation can occur) of our 

hydrogel, the lowest stiffness we were able to test in these studies was 4.5 ± 0.6 kPa. While this 

is in the range of average liver stiffness, livers can be as low as 2.3 kPa. Hepatocyte functionality 

could be potentially further optimized in PEG hydrogels at lower stiffnesses. In order to access 

the influence of matrix stiffness < 4.5 kPa, we can modify our hydrogel to introduce a vinyl group 

(an allyloxycarbonyl or alloc) into the PEGDA hydrogel backbone, as recently described by our 

group.193 Incorporation of an alloc and enables softer PEG-based hydrogels. This vinyl pendant 

group competes with acrylates in crosslinking, leading to termination, rather than propagation 

of the free radical and thus, alters the connectivity of the hydrogel network and enables the 

formation of significantly softer networks (as low as ~1.6 kPa) at the same polymer density. 

Because the polymer density is not reduced, diffusivity and degradation rates of the hydrogel 

are unaffected, decoupling degradation from stiffness.193  Because angiogenesis occurs more 

rapidly and easily in soft hydrogels, it is possible that we may be able to reduce the number of 

VCs in a softer scaffold (and increase the number of hepatocytes) and still form fully 

vascularized hydrogels. 
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8.3     Next steps for developing a therapeutic BAL  

While developing the hydrogel scaffold we described further would likely reveal insights 

that optimize hepatocyte function and result in higher functioning BALs when translated, the 

BAL design itself can be further characterized as well.  

 

8.3.1     Optimizing BAL design for liver function and mass transport 

First, it would be beneficial for future BAL studies to investigate fabricating the BAL in 

house to control parameters like length of cartridge and HF spacing. Reducing the cartridge 

length would aid in encapsulations and the PEGDA layer would no longer be necessary. In the 

cartridges we purchased, distance between HFs were not controlled and sometimes HFs were 

right next to each other and other times they were further apart. Further studies are necessary 

to determine HF spacing so that the cartridge is fully vascularized with the minimum number of 

HFs. With this data, it may be possible to create hepatic zones, where the HF simulates 

periportal regions and microvascular further away from the HF simulates pericentral regions. 

Then, in order to incorporate more than 2 HF’s into a cartridge, a, alternative hydrogel 

crosslinking chemistry will need to be employed. Due to the opacity of the fibers, it is difficult to 

photopolymerize polymers in the cartridge and would likely be impossible with more HFs. Click-

chemistry or enzyme-mediated crosslinking mechanisms could be employed so that light is not 

necessary. However, with a change in crosslinking mechanism, the hydrogel characteristics may 

need to be reoptimized. Finally, studies analyzing effects of flow rate and oxygen tension on 

cells in the cartridge need to be performed to elucidate the ideal flow rate for hepatocytes in 

cartridges. For example, ratiometric imaging using oxygen sensitive dyes (like tris (2,2’-bipyridyl) 
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dischlorouthenium(II) hexahydrate) can be used to measure oxygen tension at different points 

through the BAL.383   

 

8.3.4     Developing an implantable BAL for chronic liver disease treatment  

 In situations where liver is damaged beyond repair or there is recurring injury, whole 

or partial organ engineering may be more viable options than extracorporeal support. To 

develop an implantable construct, our BAL can be modified by using biodegradable or 

resorbable HFs so that the HF functions as a scaffold rather than a barrier. This way, as the 

cells remodel the hydrogel, microvascular networks can still anastomose to the HF while 

forming and remodel it as it degrades. If successful, this would result in a scalable and 

implantable tissue engineered construct with vasculature that can be surgically 

anastomosed to the host and instantaneously perfused in vivo. In this type of application, 

one essential co-modification is that hepatocytes must be human-sourced. Due to the 

scarcity of available human hepatocytes, strategies like inducing proliferation or using iHLCs 

may be preferable.  
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9. Conclusions 
The work in this thesis presents a new platform for in vitro liver tissue engineering. 

Using bioactive synthetic hydrogels, we have integrated decades of progress in tissue 

engineering to develop a vascularized and biomimetic microenvironment that supports hepatic 

function for at least 2 months. Through leveraging innate cell processes, like vasculogenesis, our 

system self-assembles and does not require complicated post-processing techniques. Within our 

system, hepatocytes and NPCs interact in physiological ways and thus, our system can be used 

as a model for future studies examining the hepatic microenvironment, liver regeneration, and 

drug-testing platforms. Because our system is able to support high-level hepatocyte function, it 

also has great potential for clinical translation. 

Toward this end, we integrated our vascularized scaffold into a perfused hollow fiber 

bioreactor and saw that it retained function for at least 1 month at levels over 3 times higher 

than current leading BALs. In developing our BAL, we also proposed platform for scaling tissue 

engineered constructs in general through the use of a multiscale vascularized perfusion 

bioreactor. This bioreactor can be used to model any complex tissue and, through its 

hierarchical macro and microvasculature, it delivers oxygen and nutrients as well as facilitates 

local exchange with surrounding tissue. Because the need for vascularization is ubiquitous in 

almost all tissues, this bioreactor has widespread applications in the field of tissue engineering. 
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10. Appendix A.  Supplementary materials  
A1.     Production of methacrylate-modified glass coverslips 

In order to tether acryl-PEG to a solid support, surfaces of 12mm round glass coverslips 

(Fisher) were covalently modified with acrylate groups. The glass coverslips were first cleaned in 

Piranha solution (H2SO4 and H2O2) for 3 hr, rinsed in water and then in ethanol (Koptec). The 

cleaned coverslips were submerged in 2% 3-(trimethoxysilyl) propyl methacrylate (Sigma) in 95% 

ethanol and mixed on a rocker for 3 days. Methacrylate-modified glass coverslips were then 

washed in ethanol, exposed to ultraviolet radiation for 30 min, and stored in 4oC under argon 

until they were used. 

 

A2.     Production of Sigmacote-modified glass slides 

 In order to create a hydrophobic surface that the PEG hydrogel does not adhere to 

during polymerization, glass slides were treated with Sigmacote (Sigma). The slides were 

cleaned with distilled rinsed with acetone, dried, then submerged in Sigmacote for 60 seconds 

while shaking. The coated slides were dried then rinsed gently with 70% ethanol and submerged 

again for a total of 3 times per glass slide. 

 

A3.     Production of PDMS spacers for hydrogel formation and 
cell encapsulation 

PDMS slabs were created by mixing elastomer base and elastomer curing agent (Dow 

Corning) in a 15:1 ratio (base:curing agent). The mixture was then degassed to remove air 

bubbles and dropped between 2 Sigmacote-treated glass slides separated by a Teflon spacer of 
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the desired thickness (380 microns for cell culture or 1 mm for mechanical testing). The slides 

were then clipped together and allowed to cure at 60℃ for 1 hr. Thin strips were cut from the 

resulting PDMS sheet.  

 

A4.     Production of PDMS wells for 2D studies 

PDMS wells were created by pouring PDMS (prepared as described above) into a petri 

dish to make a slab that was 8.5 ± 1.1 mm in height. Using a standard hole punch, wells with 

diameters of 6.0 ± 0.5 mm were punched out from the PDMS block. The PDMS was then placed 

on a methacrylate-modified glass coverslip and hydrogels were polymerized in the wells.   
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