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Abstract 

 
Although the advent of iPS/ES-derived hepatocytes in the past decade has helped to bridge 

the gap between clinical demands and primary human hepatocyte (PHH) availability, those cells 

exhibit a fetal phenotype rather than a mature phenotype and therefore is not entirely on par with 

PHH. In order to create the mature iPS-derived hepatocytes (iHEP), we created an in vitro model 

with the focus on two significant areas known to play an important role on iHEP maturation: (i) 

cell-cell interaction (homotypic and heterotypic) and (ii) cell-extracellular matrix (ECM) 

interactions; both in the 3D culture context. We show that 3D culture of iHEPs and their co-culture 

with human sinusoidal endothelial cells (sECs) improves their maturity. In addition, co-culture of 

ECs self-organized into capillary-like structures within the hepatic 3D cultures, mimicking aspects 

of an in vivo architecture. Although iHEPs in 3D co-cultured with ECs are significantly more 

mature than iHEPs in monoculture, they express fetal markers and do not approach the maturity 

of adult PHHs. To further promote iHEP differentiation towards the adult PHH phenotype, 

alternative approaches should be explored, such as stimulation with the culture of iHEP aggregates 

in ECMs. However, the first step towards that goal is finding an ECM that is not only supportive 

of ECs to go through angiogenesis but also is supportive of iHEP metabolic functions and enzyme 

activities. To mimic aspect of cell-ECM interactions in vitro, we used synthetic biomaterials, 

which can serve as a powerful tool to deconstruct the microenvironmental influence on stem cell 

fate. We show that PEG hydrogels tethered with an adhesive peptide sequence (RGD), which 

promotes integrin-mediated cell adhesions, and matrix metalloproteinase-degradable crosslinker 

(KCGGPQGIWGQGCK) can be used to manipulate the ECM parameters to elicit responses that 

mimic the in vivo vasculogenesis and is also supportive of metabolic function of iPS-derived 

hepatocyte cultured in 3D aggregate format.    
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Chapter 1: Introduction  

 
1.1 Background and Significance 

 
Pluripotent stem cell-derived liver cells are a promising cell source for in vitro liver models 

and tissue-engineering applications. However, these cells do not replicate the function of primary 

human hepatocytes (PHH). Hepatocyte-like cells differentiated from pluripotent stem cells have 

lower synthetic ability and metabolic enzyme activity compared to primary hepatocytes, and unlike 

primary hepatocytes they consistently express immature hepatic markers such as α-fetoprotein 

(AFP). On the other hand, the use of PHH in applications such as drug toxicity screening [1] is 

limited due to donor to donor variability, limited supply, tendency to de-differentiate and rapid 

loss of hepatocyte-specific functions in conventional 2D monolayer cultures [2–4]. Therefore, 

there is a need for new approaches to mature induced pluripotent stem cell (iPS)-derived or 

embryonic stem cell (ES)-derived hepatocytes [5–7] as a substitute for PHH. 

Early attempts to mature iPS/ES-derived hepatocytes were focused on two-dimensional 

(2D) differentiation protocols and use of chemical and small molecules [5–8]. More recent studies 

have demonstrated that three-dimensional (3D) culture better recapitulated the complex 3D 

interactions between cell-cell and cell-extracellular matrix (ECM) in the liver [9,10]. 3D cell 

culture systems, such as collagen matrices [11], micropatterned formats [12] or spheroid culture 

[13–15], have been used to recreate cell-cell junctions and mimic liver architecture more 

effectively than traditional sandwich cultures, leading to enhanced iPS-derived hepatocyte 

function. Limitations of these previous cell cultures include limited scalability, drug 

absorption/adsorption to the ECM, and batch-to-batch differences in 3D ECMs [16]. 3D spheroids 

may circumvent these limitations. However, 3D spheroid cultures that include non-parenchymal 

cells (NPCs) have typically been conducted with primary mouse cells [15], which do not 



 

2 

recapitulate human liver physiology. This thesis describes methods that mimic aspects of the liver 

lobule during liver development, including the 3D structure, heterotypic cell-cell interactions and 

cell-ECM interactions. We show the effect of those factors on metabolic function and CYP450 

enzyme activity of the iPS-derived hepatocytes. Our 3D culture platform is compatible with 

standard assay plates and automation, which makes the approach suitable for high-throughput drug 

toxicity screening. Moreover, the media is serum-free and chemically defined. It is important for 

studies in which binding of drugs or drug metabolites to serum proteins may confound the 

interpretation of data. Unlike previous studies, our 3D co-cultured platform used cells all from 

human origin, and this is important due to differences in drug metabolism and toxicity pathways 

between rodents and humans [17–20].  

To mimic the aspect of cell-ECM interactions in vitro, we used synthetic biomaterials, 

which can serve as a powerful tool to deconstruct the microenvironmental influence on stem cell 

fate. Here, we used chemically-defined poly (ethylene glycol) (PEG)-based hydrogels. PEG is an 

attractive biomaterial substrate because of its inherent ability to resist nonspecific protein 

adsorption and cell attachment [21] by virtue of its structured interaction with water [22,23]. 

Additionally, PEG is routinely used as a biomaterial substrate because of the numerous chemistries 

available for crosslinking and attachment of tethered macromolecules [24]. We show that PEG 

hydrogels tethered with Arg-Gly-Glu (RGD) an adhesive peptide sequence, which promotes 

integrin-mediated cell adhesions, and matrix metalloproteinase-degradable crosslinker 

(KCGGPQGIWGQGCK) can be used to manipulate the ECM parameters to elicit responses that 

mimic the in vivo vasculogenesis and is also supportive of metabolic function of iPS-derived 

hepatocyte cultured in 3D aggregate format.  
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1.2 Summary of the Work 

Chapter 2 of this thesis provides a comprehensive overview of the different stages of liver 

development, the effect of sinusoidal endothelial cells (sECs), extracellular matrix (ECM) and 

integrin-binding ligands on hepatocyte maturation, and how this information can be used to 

produce more mature induced pluripotent stem (iPS) or embryonic stem (ES) derived cells. Since 

endothelial cells and vascular development plays an important role in organ development and in 

particular liver development, Chapter 3 of this thesis provides an overview of the structure of blood 

vessels and key signaling molecules, which play significant role in vasculogenesis, angiogenesis 

and maturation of nascent blood, role of ECM and recent advances in making tissue-engineered 

blood vessels (both macro- and micro-vessels) ex vivo.  

Chapter 4 focuses on the effect of 3D culture and liver non-parenchymal cells on 

maturation of iPS derived hepatocytes. We show that 3D culture of iPS-derived hepatocytes and 

their co-culture with human sinusoidal endothelial cells (sECs) improves their maturity. In 

addition, co-culture of ECs formed endothelial networks within the hepatic 3D cultures, mimicking 

aspects of an in vivo architecture. Although iHEPs in 3D co-cultured with ECs were significantly 

more mature than iHEPs in monoculture, they express fetal markers and do not approach the 

maturity of adult PHHs. To further promote iHEP differentiation towards the adult PHH 

phenotype, alternative approaches should be explored, such as stimulation with small molecules 

or culturing iHEP aggregates in ECMs. Such ECM should be supportive of the functions of both 

ECs and iHEPs.  
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Chapter 5 then describes a chemically defined synthetic PEG hydrogel, that allows iPS-

derived endothelial cells to self-organize into capillary networks through mechanisms consistent 

with in vivo vascular morphogenesis. We show that capillary tubules with patent lumens are stable 

for at least 14 days when endothelial cells, without the support of mural cells, are encapsulated in 

PEG hydrogels and are polymerized within the passive flow microfluidic device. This suggests 

that lack of mural cells does not entirely account for the regression of vascular networks in vitro.  

In Chapter 6, we then used the PEG formulation identified in Chapter 5 and show that PEG 

hydrogels at 50% crosslinking density with the shear modulus of 785+40 Pa and no adhesive 

peptides supports iHEP aggregate metabolic functions and enzyme activities, similar to naturally 

derived ECM such as Matrigel. Finally, in Chapter 7 we summarize our findings, address 

limitations of our studies, and suggest avenues to pursue in future extensions of this work. 

Collectively, this thesis describes methods to improve metabolic function and enzyme activity of 

iPS derived hepatocyte, and highlights how 3D culture, cell-cell, and cell-ECM interactions can 

affect the metabolic function of iPS-derived hepatocytes. 
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Chapter 2: Endothelial cells and hepatocytes in the liver: From organogenesis 

to in vitro liver models 
 

Hamisha Ardalani, James A. Thomson, William L. Murphy. “Endothelial cells and hepatocytes 

in the liver: From organogenesis to in vitro liver models.” In Preparation. 

 
 

2.1 Introduction 

Development of pluripotent stem cell derived liver cells, in particular hepatocytes and 

endothelial cells, points to a promising source of cells for use in in vitro liver models, therapies 

and tissue-engineering applications. However, thus far, attempts to make mature adult liver cells 

ex vivo have been unsuccessful. Here, we review different stages of liver development, the effect 

of sinusoidal endothelial cells (sECs), extracellular matrix (ECM) and integrin bindings on 

hepatocyte maturation, and how this information can be used to produce more mature induced 

pluripotent stem (iPS) or embryonic stem (ES) derived cells.  

In Section 2.2 and 2.3, we discuss the role of endothelial cells in organ development with 

a focus on the liver. Next, we review the role of specialized liver endothelial cells referred to as 

sECs in hepatocyte maturation and liver disease initiation, in Section 2.3 and 2.4, respectively. 

After explaining the importance of vasculogenesis and angiogenesis in hepatocyte maturation and 

liver development, we review vascular models in vitro established in the field in Section 2.5. As 

type of cells used in liver models in vitro impacts significantly the relevancy of those models or 

studies to human liver physiology, we review different types of non-parenchymal cells used in the 

field as well as discuss the importance of iPS/ES derived cells in Section 2.6. Moreover, the liver 

research community faces the problem of iPS/ES derived hepatocyte cell immaturity, thus we 

review strategies for developing a hepatocyte closer to primary human hepatocytes in Section 2.7. 
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As changes in ECM components occurs in parallel to maturation of cells across the liver lobule, 

we review the change of ECM and integrin ligands during fetal liver development and in the adult 

liver in Section 2.8. Different types of biomaterials used for culturing liver cells are discussed in 

Section 2.9.  

  

2.2 Role of endothelial cells in organ development 

The role of endothelial cells in organ development was recognized thousands of years ago 

by Aristotle (384-322 B.C.). By observing the development of the chick embryo, he noticed that 

each part of the embryo is located in the vicinity of the vascular structure. Thus, he concluded that 

vascular architecture in the embryo functions as a “frame” or “model” which shapes the body 

structure of the growing organism [1]. Aristotle was right; and now we know blood vessels that 

perfuse all tissues in the body mediate a vital metabolic exchange between tissue and blood. 

Indeed, it is the endothelium of the blood vessels that enables this exchange. In the following 

sections, we discuss the role of endothelial cells in organ development and, more specifically, their 

role in the liver.  

2.2.1 Ability of endothelial cells to promote organ development 

Apart from the apparent role of endothelial cells in vascular development, there is emerging 

evidence that endothelial cells play an important part in organ development and cell differentiation 

even before blood flow is established in the organ. Endothelial cells are active in embryo 

patterning, organ differentiation, and postnatal tissue modeling. There is a reciprocal signal 

interaction between endothelial cells and surrounding cells that results in organ development, 

homeostasis, and tissue patterning, while endothelial cells acquire specific characteristics and 

phenotype based on signals received from their microenvironment [2–5]. 
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The role of endothelial cells in the development of different organs is evidenced by 

experiments such as knock-out results or other forms of cellular interventions. Often, disruption 

of blood vessel architecture results in disruption of specific tissue type as a consequence of the 

loss of endothelial cell signaling. For example, when VEGF signaling is disrupted in mouse kidney 

glomerular epithelium, it results in capillary depletion and a dramatic decrease in number of 

nephrons [6,7]. In another example, overexpression of VEGF in lung mesenchyme results in an 

increase in size of central pulmonary vessels and a decrease in number of terminal buds, as well 

as inhibition of type I alveolar cell differentiation [8].  

2.2.2 Why is liver a good model to investigate role of endothelial cells in organ development? 

Since liver vasculature is necessary for early hematopoietic tissue function, it is a good 

model to study the role of endothelial cells in organ development. Moreover, when the liver bud 

is forming during liver development, and prior to blood circulation, endothelial precursor cells 

interact with developing hepatic epithelium and the septum transversum; this close contact with 

blood vessels continues as hepatoblast cells migrate into the stroma. In the following section, we 

discuss the emergence and development of hepatic sinusoids in humans along with their instructive 

vascular niche role in hepatocyte differentiation and maturation.  

 

2.3 What is role of vascularization in hepatogenesis and hepatocyte maturation? 

Endothelial cells induce organogenesis before the development of circulation during 

embryo development; oxygen and nutrients are delivered to the tissue through passive conduits 

formed by endothelial cells. Endothelial cells also set up an instructive vascular niche that can 

stimulate organ regeneration [9].  Here, we specifically discuss the emergence and development 
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of hepatic sinusoids in humans along with their instructive vascular niche roles in hepatocyte 

differentiation, maturation, and metabolic zonation. 

2.3.1 Endothelial and vascular emergence during liver development and its connection to 

hepatocyte maturation 

Sinusoids are the smallest blood vessels of the liver and are the first blood vessels to form 

during hepatogenesis. Sinusoids transfer blood from a hepatic artery and portal vein throughout 

the liver lobules. Sinusoidal endothelial cells play an essential role in the transfer of solutes and 

soluble macro-molecules between serum and hepatocytes [10]. Sinusoids are mainly formed 

through angiogenesis from existing blood vessels in the septum transversum mesenchyme [11]. 

However, some studies suggest the formation of sinusoids may be facilitated by the introduction 

of endothelial cells originated from mesothelial precursors, at least in avian embryos [12]. 

Early structural differentiation of hepatic sinusoids occurs between 5- and 12-weeks’ 

gestation in humans. At 5 weeks’ gestation where the hepatic sinusoids are still primitive, the 

foregut (endoderm) forms the liver primordium. Liver primordium is essentially hepatoblasts 

arranged in thick cords separated by vascular spaces. The liver primordium starts to grow into the 

septum transversum (mesoderm) in which the hepatic sinusoids are developing (Fig. 2.1a). 

Initially, at 5 weeks’ gestation in humans, the endothelial lining is continuous with a basement 

membrane and shows no fenestrations. Around 12 weeks’ gestation, fenestrations appear with 

diaphragms which later disappear during development; mature sinusoidal endothelial cells are 

fenestrated (ranging from 50-200 nm) to facilitate transfer of molecules from the surface of 

hepatocytes to the sinusoidal lumen [13]. During this period (5 to 12 weeks’ gestation),  liver 

sinusoidal endothelial cells gradually lose cell markers of continuous endothelial cells such as 
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CD31(PECAM-1), CD34 and 1F10 antigen and acquire adult sinusoidal markers such as CD4, 

CD32 and ICAM-1, VAP1, Stabilin 1 and 2, L-SIGN, Reelin and Von Willebrand factor (Fig. 2. 

1b) [14–16]. Blood flow velocity in the sinusoids is estimated to be around 407-452 µm/s, which 

is significantly slower than the velocity of flow in other capillaries (599-1000 µm/s) [17]. Since 

endothelial cells are in contact with hepatocytes early on in liver development, it raises the question 

of whether or not sECs have any role in liver morphogenesis and hepatic differentiation. Mouse 

studies have verified critical role of endothelial cells in liver development by a null mutation in 

the mouse’s vascular endothelial growth factor receptor gene (VEGFR-2 or FLK-1), which 

resulted in embryos that lack endothelial cells and hepatoblast that failed to delaminate in the 

embryo [18]. Liver bud growth was arrested as a result of angiogenesis repression, suggesting that 

endothelial cells provide important paracrine signals in addition to the physical factors to promote 

hepatoblast migration and proliferation. Moreover, endothelial cells are essential for biliary duct 

epithelium differentiation through activation of the NOTCH signaling pathway. The 

communication between endothelial cells and hepatoblasts is reciprocal as deletion of HNF4-

alpha, a critical nuclear receptor for hepatoblasts, results in endothelial cells loss, in addition to 

loss in hepatocyte polarity [19].  
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Figure 2.1 Formation of sinusoids during human embryogenesis. Adapted and re-drawn from Poisson, 

J. et al.[15] (a) Early emergence of primitive sECs when liver primordium is formed at 5 weeks’ gestation. 

Liver primordium starts to grow into the septum transversum (mesoderm) in which the hepatic sinusoids 

are developing. (b) Top view of Fig 2.1a.  At 5 weeks’ gestation in humans, the endothelial lining is 

continuous with a basement membrane and shows no fenestrations. Around 12 weeks’ gestation, 

fenestrations appear, and the basement membrane starts to disappear. Sinusoidal endothelial cells gradually 

lose cell markers of continuous endothelial cells and acquire adult sinusoidal markers.  

 

2.3.2 Role of sinusoidal endothelial cells on hepatocyte zonation? 

As mentioned earlier in Section 2.3.1, sECs are fenestrated. The size of fenestrae differs 

from 50-200 nm depending on the location [13]. sECs in the periportal area have larger fenestrae 

but fewer fenestrae per sieve plate. Sieve plates are group of 10-100 fenestrae aggregated together. 

sECs in the perivenous area have smaller fenestrae but they are more numerous per sieve plate. 

Perhaps this is attributed to the increasing need for oxygen exchange due to a decrease in oxygen 

tension from the periportal region (PO2=60-70 mmHg or 10-12%) to the perivenous region 

(PO2=25-35 mmHg or 3-5%) in the liver acinus [20,21]. In addition to sECs structural 

heterogeneity along the liver lobule, hepatocytes show heterogeneity in their metabolic capacity 

along the liver lobule. Metabolically, the liver acinus is divided into 3 different zones: zone 1, 
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periportal zone (highly oxygenated); zone 2, transition zone (intermediate oxygen level); and zone 

3, perivenous zone (least oxygenated). For example, albumin and urea synthesis, oxidative 

phosphorylation, and gluconeogenesis are elevated in zone 1; while glycolysis, lipogenesis and 

xenobiotic metabolism are increased in zone 3. Many factors like O2 and hormone gradients, ECM 

composition, and non-parenchymal cell distribution contribute to hepatic zonation [21,22]. 

Specifically, the oxygen gradient is important in creating metabolic gradients along the liver 

lobule.   

The direct relationship between sECs and hepatocyte zonation has not been studied yet. A 

number of reports have indicated that beta-catenin, hedgehog signaling, and the oxygen gradient 

contribute to metabolic zonation [22–24]. Here, we focus on the oxygen gradient effect on the metabolic 

zonation of the liver and its relationship to sECs. Hypoxia-inducible factor (HIF) is an important 

transcription factor found at high levels in the oxygen-poor zone of the liver (perivenous zone) and is 

an important player in the establishment of hepatic zonation [25]. HIF can regulate many genes, such 

as VEGF, in response to the oxygen gradient in the liver [26]. VEGF produced by epithelial cells is 

essential for vascular development and morphogenesis of hepatic sinusoids. It is shown that lack of 

VEGF from liver epithelial lineage during mid-gestational development disturbs zonal endothelial cells, 

hepatocyte cell differentiation, and formation of proper 3D vascular and zonal architecture [27]. 

Moreover, HIF can regulate metabolic liver functions such as insulin regulation, gluconeogenesis, 

lipogenesis and ketone bodies [28]. It also plays a vital role in structural maintenance of the liver, as 

HIF-1A deficiency in mice results in the extension of hepatic lobule, enhanced lobular oxygen 

consumption, and increased content of mitochondrial DNA [29]. Thus, crosstalk between hepatocytes 

and sECs are responsible for proper zonation of the liver.  
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2.4 Role of sinusoidal endothelial cells in liver diseases  

The essential role of sinusoidal endothelial cells for proper liver development is discussed 

earlier in Sections 2.2 and 2.3. Here, we discuss its role in initiating diseases associated with the 

liver. The role of liver sECs in chronic liver disease is established through these four primary 

processes: 1) capillarization of sinusoids, 2) angiogenesis, 3) angiocrine signals, and 4) 

vasoconstriction [15]. 

Capillarization happens when sECs dedifferentiate, lose their fenestrae, and develop the 

basement membrane. It is an early event in an injured liver, occurring before hepatic stellate cells 

and macrophages are activated [30,31]. 

Angiogenesis is the development of new vessels from preexisting vessels that happens 

during liver fibrogenesis. Liver fibrosis and angiogenesis are correlated events. As fibrosis 

enhances hepatic angiogenesis and angiogenesis enhances liver fibrosis [32]. Angiocrine signals 

are the paracrine factors that sECs produce for maintenance of organ homeostasis, provides the 

balance between self-renewal and differentiation of stem cells, organ regeneration, and tumor 

growth. Ding et al. have insightful review of the role of angiocrine signals produced by sECs in 

liver fibrosis and liver regeneration [33]. 

2.4.1 Role of sinusoidal endothelial cells in chronic liver diseases 

Endothelial dysfunction is evidenced in chronic liver disease and advanced cirrhosis. In a 

healthy liver, exposure of sECs to physiological shear stress activates transcription factor such as 

Kruppel factor 2 (KLF2), that leads to the upregulation of vasodilating agents (nitric oxide [NO]) 

and downregulation of vasoconstricting agents (endothelin-1). Vasodilation helps attenuate the 

increase in blood pressure. Moreover, NO produced by sECs maintains the quiescence state of 

hepatic stellate cells. However, in a chronic liver disease like cirrhosis, sECs are capillarized which 
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leads to activation of hSCs and the production of collagen and fibrosis. This change means sECs 

are no longer sensitive to the shear stress and, instead of dilating when shear stress increases, they 

constrict, and the vasoconstriction leads to intrahepatic resistance [15,34]. 

2.4.2 Role of sinusoidal endothelial cells in hepatocellular carcinoma 

Hepatocellular carcinoma (HCC) usually happens in the context of chronic liver disease. It 

is associated with changes in sECs within and around the tumor. sEC markers (Stabilin-1 and 2, 

LYVE-1 and CD32b) are lost during tumor progression. sECs derived from HCC have higher 

expression of integrins and lower expression of ICAM-1 compared to normal human liver sECs. 

They also have higher angiogenic, pro-coagulant, and fibrinolytic capacities compared to healthy 

human liver sECs.  

2.4.3 Role of sinusoidal endothelial cells in liver regeneration 

As mentioned earlier (Section 2.2.1), endothelial cells play a significant role in organ 

development, so it is not surprising that LSECs play an essential role in liver regeneration [9,33]. 

Liver regeneration occurs after acute liver injuries or partial hepatectomy. After resection of the 

liver, shear stress increases on sECs because the portal flow per gram of tissue immediately 

increases in the early stages. An increase in shear stress on sECs leads to the release of NO, 

sensitizing hepatocyte to hepatocyte growth factor (HGF) and encouraging hepatocyte 

proliferation. In later stages, sECs also start to proliferate. The proliferation of sECs is caused by 

upregulation of angiopoietin-2 and VEGFR2/VEGFA pathways [15]. 

2.4.4 Role of sinusoidal endothelial cells in inflammation and infection 
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Since sECs are a barrier between blood and liver, they play a key factor in restricting or 

enabling the entrance of leucocytes (or white blood cells) to the liver. The role of sECs in enabling 

entrance of leucocytes to the liver is as follows: sECs express ICAM-1 and VAP-1 (vascular 

adhesion protein-1) which allows leucocytes to adhere to ECs [35], and inflammation leads to 

overexpression of ICAM-1and VAP-1, allowing trans-endothelial migration of leucocytes or white 

blood cells (Specifically, Stablin-1 is known to induce T-cell trans-endothelial migration) [36]; 

The role of sECs in inhibiting entrance of leucocytes to the liver is as follows: sECs can inhibit the 

entrance of leucocytes by modulating lymphocyte behavior. Antigen presentation by sECs leads 

to tolerance induction in CD8+ cells (Subcategory of T Cells) [37]. Moreover, sECs can induce 

differentiation of T-cells into immunosuppressive regulatory T cells (Treg) [38]. sECs can also 

modulate the anti-inflammatory actions in the liver by the increase in IL-10 in Th1 cells, an anti-

inflammatory cytokine [39]. Also, the expression of Lectin on the surface of sECs makes them a 

vulnerable target for pathogens, like hepatitis B and C viruses; thus they can induce infection in 

hepatocytes [40]. 

 

2.5 In vitro liver vascular models  

Unlike other tissues like cornea and skin that can absorb nutrients and oxygen from their 

environments by diffusion, liver tissues are highly vascularized and metabolically more 

demanding, making diffusion insufficient for delivery of nutrients and oxygen to all the cells. In 

fact, the liver contains more than 100 billion hepatocytes positioned within 50 μm of the sinusoids 

[41]. Thus, incorporating endothelial cells that can form connected, perfusable vasculature is an 

important aspect often underscored in developed in vitro liver models.  

A variety of approaches have been developed to promote vascularization in in vitro human 

liver models. Those approaches can be categorized into three different categories: 1) self-



 

11 

assembled spheroids/organoids, 2) bio-printed livers, and 3) engineered liver tissues or liver-on-a-

chip. We have summarized the benefits and limitations of each category in Table 2.1. We have 

also included studies using endothelial cells in each category and reviewed whether or not 

endothelial cells could form any connected vasculature reminiscent of liver sinusoids. 

As discussed in Section 2.3.2, liver acinus has three different zones with different oxygen 

tensions.  There are very few in vitro liver models that can recapitulate the metabolic zonation and 

gradient in oxygen tension. For example, Allen et al. created a bioreactor platform where they 

control the oxygen gradient along the area in which hepatocytes are cultured [42]. D. L. Taylor 

group created multiple generations of a liver on a chip platform called LAMP,  Liver Acinus Micro 

Physiology system, in which they create different metabolic zones by controlling oxygen tension 

[21,43]. Such in vitro liver models with the ability to recapitulate the complex cellular 

microenvironment and structural organization of the liver are useful for investigating the role of 

zonation in physiology, toxicology, and disease progression.  
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Table 2.1. In vitro liver models 

 
*Upcyte® cells are genetically engineered cell strains derived from primary human cells by lentiviral 
transduction of genes or gene combinations inducing transient proliferation capacity.  

Model Connected 
Vasculature Benefits Limitations 

Self-assembled spheroids/organoids  

• Easy to make 

• High 

throughput 

 

• No control over cell distribution 

• In the absence of perfusable 

vasculature, cellular necrosis can 

happen in the core of organoids if 

the diameter is bigger than 250- 

300 μM 

Cells and origin  
Human: upcyteR*hepatocytes, upcyteR 
sECs, upcyteR MSCs[44]  No 

Human: hepatic endoderm cells, 
HUVECs, MSCs[45,46] Yes 

Human: hepatocytes, KCs, sECs[47] 
 No 

Human: hepatocytes, HUVECs, 
hSCs[48] No 

Bio-printed liver  • Allows for 

spatial control 

over cell layout 

to mimic the 

exact liver 

architecture 

• Automated and 

reproducible 

 

• Low throughput 

• Complex and expensive 

instruments 

• Require a large number of cells 

• In the absence of perfusable 

vasculature, it can develop 

necrosis. 

 

Cells and origin  
Human: HepG2, HUVECs[49] No 
Human: hepatocytes, mouse: 
fibroblast [50] Yes† 

Human: hepatocytes, human dermal 
fibroblast, HUVECs[51] Yes 

Mouse: sECs, KCs, hSCs, 
hepatocytes[52] 

Yes 

Engineered liver tissue and liver-on-a-chip  
• Allows for 

control over 

the fluid flow 

properties 

• Constant change 

of the nutrient 

and waste 

• Low throughput 

• Perfusion requires fluid pumps and 

control systems 

• Large dead volumes due to the 

tubing system 

• Potential binding of drugs and bio-

chemicals to the tubing 

 

Cells and origin  
Rat: hSC, sECs, hepatocytes [53] No 
Rat: hSC, sEC, hepatocytes[54] No 
Human: iPS-derived hepatocyte and 
TMNK1(sEC line)[55] No 

Human: HUVEC-D, THP-1 
(monocyte as KC), LX-2 
(immortalized hSC line), 
hepatocytes[21] 

No 

Human: sECs, THP-1 (monocyte as 
KC), LX-2 (immortalized hSC line), 
hepatocytes[43] 

Yes 
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†Although Kizawa et al. did not add endothelial cells during construction of the bio-printed tissue, they 
observed vascular network structure. The authors assumed the structures are due to heterogeneity in the 
commercially available primary hepatocyte.   

 
Abbreviations: KC, Kupffer cell; hSC: hepatic stellate cell; sEC, sinusoidal endothelial cell; MSC, 
mesenchymal stem cell; HUVEC, human umbilical vein endothelial cells; HUVEC-D, human dermal 
microvascular endothelial cells 
 
 
2.6 Cells used in liver models and the importance of iPS/ES derived cells  

The source of cells used in in vitro liver models has a significant impact on observed 

biological responses as well as the relevancy of those models to human liver physiology. In the 

following section, we review sources of non-parenchymal cells used in in vitro liver models and 

the recent advances in generating those cells from ES or iPS cells.  

2.6.1 Why are sinusoidal endothelial cells rarely used in in vitro liver models? 

There are multiple reasons why sECs are not commonly used in in vitro liver models, 

including rapid disappearance of fenestrae, development of basement membrane, and change in 

expression of cell surface markers after sECs are cultured as monolayers. There is also a lack of 

consensus among research groups regarding identification and isolation of sECs. There is no single 

marker specific to sECs, and combinations of markers are necessary for their identification. For 

example, Ding et al. group identified sECs by VEGFR3+ CD34- VEGFR2+ VE-cadherin+ Factor 

VIII+ CD45- [33], and Lalor et al. identified sECs by CD31+, LYVE-1+, L-SIGN+, Stablin-1+, 

CD34-, PROX1- [56]. Particularly, the expression of CD31 (classical endothelial cell surface 

marker) by sECs is controversial; some studies report its expression in sECs evidenced by 

immunohistochemistry, while other studies report its absence in flow cytometry data [10]. As a 

result, not only is it difficult to acquire a pure population of sECs but also the rapid de-

differentiation of sECs is an issue after the in vitro culture. Studies have shown that co-culture of 

sECs with both hepatocytes and fibroblasts and the use of coated plates with an ECM derived from 
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Space of Disse have allowed sECs to keep their differentiated state [57]. Since sECs are exposed 

to lower oxygen pressures along the liver lobule in vivo (90 -30 mmHg), culturing them in 

atmospheric oxygen pressure (160 mmHg) has an adverse effect on their survival. It is shown that 

culturing sECs at 5% O2 instead of the commonly used 20% O2 would improve sECs survival in 

culture [58]. 

On the other hand, manufactured immortalized sEC lines are not exact replicas of actual 

sECs. For example, TMNK-1 and iSEC cell lines, immortalized by viral transfection, do not have 

fenestrae [59,60]. Moreover, the immortality of the produced cell lines makes them susceptible to 

react differently than primary sECs in response to external factors such as stress. Poisson and 

colleagues have an insightful review of different sEC lines [15]. Because of the limitations that 

sECs have, other endothelial cell sources such as human umbilical vein endothelial cells 

(HUVECs) are used by researchers in place of sECs. 

2.6.2 State of the field on iPS/ES derived sECs, hSCs, Kupffer cells and Cholangiocytes 

Koui and colleagues recently published a study reported generation of liver sinusoidal 

endothelial progenitors from human iPS cells. They showed that cultured cells maintain high 

expression of sEC progenitor markers: FLK1, CD34, CD31, CDH5, STAB2, and LYVE1. 

Additionally, they showed successful cryopreservation of the cells without phenotypic changes 

[61]. In another study, Coll and colleagues showed successful generation of hepatic stellate cells 

from human iPS cells. They showed that derived hSCs are between the quiescence and activated 

states by looking at the gene expression profiles. Moreover, functional assays showed the hSCs 

could accumulate retinyl esters in lipid droplets and become activated in response to stimuli like 

mediators of wound healing [62]. Also, recently developed protocol by Buchrieser and colleagues 

for deriving monocyte from pluripotent stem cells could be a potential model for Kupffer cells 
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[63]. Successful generation of Cholangiocytes or biliary epithelial cells derived from pluripotent 

stem cells with some degree of functionality like bile acid transfer and alkaline phosphate activity 

was reported in multiple papers as well [64–66].  

2.6.3 What is the importance of using iPS/ES derived cells in in vitro liver models?  

Since liver is an essential organ in drug testing, animals are often used as part of the drug 

development process. However, results from animals are often misleading due to differences in 

levels and substrate specificity of liver enzymes between animals and humans. Forty to fifty 

percent of all failures in clinical drug development are due to unexpected toxicity and 

pharmacokinetic problems [65]; this is due to the fact that hepatic clearance and chemical profiles 

of metabolites of animal models are not a good representative of human profiles. Human cell 

systems, like human hepatocytes, immortalized cell lines, and liver microsomes, are also not 

adequate to replace animal models. For instance, isolated human hepatocytes lose expression of 

key enzymes such as CYP450 after isolation and rapidly de-differentiate. Cell lines that are derived 

from tumors [67–69] often do not have the correct morphology and polarization for vectorial drug 

transport (transport of a molecule or an ion across an epithelium or endothelium in a certain 

direction) from plasma to the bile [70]. Microsomes, vesicles formed from the endoplasmic 

reticulum and contain phase I enzymes, lack complete drug metabolizing enzymes and transporters 

for all types of drugs. Therefore, there is a need for new sources of cells. The ideal source of cells 

is from stem cells, which could be expanded for large clonal populations and be differentiated to 

any cell line, including hepatocytes. Pluripotent cells currently available for research are either 

human embryonic stem cells (hESCs) or induced pluripotent stem cells (iPSCs). The former is 

isolated from inner cell mass of the human blastocyst (5 days post-fertilization) [71], and the latter 

is programmed from human somatic cells [72,73].  
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Pluripotent stem cells are attractive models for studying liver development and disease. 

First, researchers have the option of choosing their desired genetic background and then 

differentiate them to the cell type of interest. Second, the advent of new genome engineering 

methods, such as CRISPR/Cas9, has made it easy to introduce the relevant mutations into the 

genome of pluripotent cells and, thus, allowed researchers to study liver development or to model 

rare inborn errors in hepatic metabolism. Third, differentiation protocols are amenable to 

automation and use of high-throughput screening methods which allows investigators to explore 

multiple experimental parameters to enhance understanding of liver development and diseases 

[74]. 

 

2.7 Strategies to mature iPS/ ES derived hepatocytes 

Although the advent of iPS/ES derived hepatocytes in the past decade has helped to bridge 

the gap between clinical demands and primary human hepatocyte (PHH) availability, those cells 

exhibit a fetal phenotype rather than a mature phenotype and therefore is not entirely on par with 

PHH [75]. In the following section, we discuss the mature versus fetal phenotype of hepatocytes 

and review the strategies to maturing iPS/ES derived hepatocytes. 

2.7.1 What is considered a mature hepatocyte? What is considered fetal hepatocyte? 

Morphologically, mature hepatocytes are polarized, which is shown by the expression of 

gap and adherent junction proteins. Gap junction (Connexin 32) and tight junctions (ZO1) in the 

apical tip of the lateral membrane; adherent junctions (E-cadherin) at lateral membrane; adaptor 

proteins (α- and β-catenin) at basolateral membrane are essential features of mature polarized 

hepatocytes [70,76]. These junction proteins are involved in cell engraftment and membrane 

transports (e.g., multidrug resistance proteins and bile acid transporters) [70]. ATP-binding 
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cassette (ABC) transporters are known to mature after birth. The expression level of ABCB11, 

also known as the bile-salt export pump (BSEP) increases with maturity. Another feature of mature 

hepatocytes is polyploidy which is the presence of two or more nuclei in the fraction of cells [77–

79]. 

In contrast, fetal hepatocytes display a high level of Alpha-fetoprotein (AFP), glutathione 

S-transferases π (GSTp), heat shock protein (HSP) 47 and low level of CYP2A6, CYP3A4, and 

alcohol dehydrogenase activity compared to adult human hepatocytes. Albumin synthesis and urea 

secretion level is also lower in fetal hepatic cells compared to adult ones [70,75,80]. 

Over the past decade, the liver biology community has tried different approaches to mature 

iPS/ES derived hepatocytes. In the following sections, we discuss the 2D and 3D differentiation 

strategies for removing the fetal obstacle for the use of iPS/ES derived hepatocyte cells as a 

renewable source of cells instead of human hepatocytes. 

2.7.2 2D differentiation strategies to mature iPS/ES derived hepatocytes 

It is clear that mouse iPS derived hepatocytes, unlike human iPS derived hepatocytes, are 

capable of forming mature, adult liver cells when provided with correct in vivo context and 

developmental cues. However, conducting the parallel experiment and similar conditioning of 

human iPS derived hepatocytes is not sufficient to promote complete maturation to a comparable, 

fully mature human hepatocyte. As a result, it is essential to know the network of signals from the 

ECM and nearby mesoderm during different stages of human liver development.  

2D differentiation strategies are inspired by the information from the network of signals, 

growth factors, microRNA and transcription factors that play a role during human liver 

development. Therefore, it is mainly focused on adding growth factors at different stages of 

differentiation or induction of transcription factors by the viral infection. Most differentiation 
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protocols for the generation of hepatocyte-like cells from human pluripotent stem cells have 3 

different phases. Phase I is definitive endoderm induction, phase II is the hepatic specification, and 

phase III is hepatocyte maturation [74,81–86]; different growth factors are necessary to induce 

each phase. To better understand the choice of growth factors used at each stage of differentiation, 

it is important to know the emergence and disappearance of growth factors at each stage of liver 

development.  

During embryonic development, hepatic endoderm is formed when the medial and lateral 

domain of foregut endoderm are fused together [87,88]. Following this closure, the foregut 

endoderm is in close proximity of the developing heart and regions of the lateral plate mesoderm. 

As a result, it is shown that fibroblast growth factor (FGF)-1 and FGF-2 from the developing heart 

and bone morphogenic protein (BMP2 and BMP4) from the septum transversum mesenchyme are 

critical in hepatic endoderm induction [89–91]. Shortly after hepatic endoderm specification, 

laminin and collagen IV that surround the hepatic endoderm break down to allow hepatoblasts 

delaminate and migrate into the septum transversum mesenchyme to form the liver bud [88,92]. 

This process is controlled by different transcription factors. Delamination of hepatoblasts is 

controlled by transcription factors such as Prox1, Onecut-1 (OC-1 or HNF6) and Onecut-2 (OC-

2) [93]. Following the hepatoblast migration into the septum transversum mesenchyme, the E-

cadherin expression is downregulated. Also, ECM remodeling enzymes such as matrix 

metalloproteinases (MMP)-14 and MMP-2 start to become highly expressed in hepatic progenitors 

and surrounding mesenchyme, respectively [94]. Expansion of the liver bud happens by paracrine 

signals from the surrounding cells. HGF is needed in hepatoblast migration. FGF-8, BMP-4 

[90,91,95–97] in conjunction with Wnt/ß-catenin [98–101], HGF [102,103] and TGFß [104,105] 

signaling are required for hepatoblast growth and proliferation. Hepatoblasts are bipotential cells 
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that can differentiate to both hepatocytes (AFP+/Albumin+) and cholangiocytes (CK-19+). A 

balance of signals between Activin and TGFß determines the fate of hepatoblast differentiation. 

Maturation of hepatocyte after differentiation is dependent on signals from hematopoietic cells 

such as cytokine Oncostatin M and HGF [99,106–108]. Oncostatin M is a member of the 

interleukin-6 (IL-6) family. It promotes the morphological maturation of fetal hepatocytes into 

polarized epithelium by binding to the gp130 receptor. It has been observed that continued 

supplementation of Oncostatin M beyond the first 20 days of differentiation promotes survival 

of the resulting hepatocyte-like cells but suppresses the late stages of hepatocyte maturation 

[109]. 

Different transcription factors such as CCAT-enhancer binding protein (C/EBP𝛼), HNF1𝛼, 

HNF3𝛼-	𝛾 and HNF4𝛼 play important roles during hepatocyte maturation [110–113]. C/EBP𝛼 

and HNF1𝛼 are also important for the metabolic function of hepatocytes like glycogen storage 

[114,115]. C/EBP𝛼 is induced by HGF and can inhibit hepatoblast proliferation by stabilizing the 

cycling dependent inhibitor kinase p21 (CDKN1A) and the S-phase specific E2F-p107 (RBL1) 

complex [116,117]. 

2.7.3 Small molecule screening strategies to mature iPS/ES derived hepatocytes 

Small molecule screening to replace the costly growth factors and cytokines for stem cell 

differentiation protocols has gained momentum in the past few years. The use of small molecules 

instead of growth factors in differentiation protocols not only decreases the cost but also increases 

the reproducibility of differentiated cells. Small molecule screening for maturation of iPS/ES 

derived hepatocytes is determined based on the known signals during liver bud growth and 

hepatoblast specification. Recent studies have reported the use of small molecules to derive iPS/ES 

derived hepatocytes and showed the differentiated cells are as good as the established protocols 
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that use growth factors [118–120]. It has been shown that small molecules like FH1 and FPH1 

promote maturation of iPS derived hepatocytes beyond what has been obtainable so far [109,120].  

2.7.4 3D differentiation strategies to mature iPS/ES derived hepatocytes 

As mentioned earlier, early attempts on hepatocyte maturation were focused on the 2D 

differentiation protocol and chemical and small molecule screening [81,82,86,109] until more 

evidence was provided that 3D culture better recapitulate the complex 3D interactions between 

cell-cell and cell-ECM in the liver. The focus of 3D strategies can be divided into two different 

groups: 1) cell-cell interaction and 2) cell-ECM interaction.  

Takebe et al. showed that co-culture of hepatic endoderm, HUVECs, and mesenchymal 

stem cells results in the generation of 3D vascularized tissue that resembles the liver bud in vivo 

[45,46]. They also showed that the vascularized liver buds anastomose with the host vasculature 

within 48 hours after transplantation and the functional vasculature stimulated the maturity of liver 

buds to an adult looking liver tissue. Similarly, other groups showed that co-culture of iPS/ES 

derived hepatocytes with stromal cells mainly mouse 3TJ2 fibroblast cells in spheroid [121] or 

micro-patterned format [122] enhances the maturity of iPS derived hepatocytes. All of those 

studies showed the importance of cell-cell interactions in their co-culture systems.  

On the other hand, Gieseck and colleagues were focused on both cell-cell and cell-ECM 

interaction and showed that culture of hepatocyte in the 3D collagen matrix improves functional 

maturation of iPS derived hepatocytes towards an adult phenotype [123]. Interestingly, the 

maturation was evident only if the pre-seeded hepatic cells were seeded to the 3D matrix in 

aggregates. When seeded to 3D collagen as single cells the ALB secretion was dropped, indicating 

the importance of cell-cell contact for mature hepatocytes.  
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In Section 2.8 we discuss the role of ECM on the maturation of iPS/ES derived hepatocytes 

and the evolution of liver ECM during liver development.  

 

2.8 What is the role of extracellular matrix (ECM) on iPS/ ES derived hepatocytes 

maturation? 

ECM is a dynamic structure that can regulate the biological response of the cells by its 

compositions and its stiffness. Mechanical signals from the ECM can regulate the differentiation 

of stem and progenitor cells. Thus, knowing the fetal and adult ECM components can help us to 

design an ECM that better mimics the liver microenvironment, and it may help us to overcome the 

maturity problem of the iPS/ ES derived hepatocytes. In the following sections, we first review the 

outside-in signaling as we looked at the components of ECM in adult and fetal liver, and then we 

review the inside-out signaling as we looked at the role of integrins during hepatogenesis.  

2.8.1 Extracellular matrix composition of adult versus fetal liver 

The liver ECM, like other tissues, consists of different types of collagens, adhesion proteins, 

glycosaminoglycans, and proteoglycans. In general, the main compositions of an adult human liver 

ECM are collagens (~61%), non-collagenous proteins (~28%), proteoglycans (~6%) and ECM 

associated proteins (~4%) [124]. 

As the hepatocyte properties vary from periportal (with more fetal phenotype) to the pericentral 

area (with more mature phenotype), the ECM compositions change as well [125]. Periportal (Zone 

1) ECM is composed of laminin, collagen I, II, IV and V, fibronectin, hyaluranon, enactin, 

perlecan, chondroitin sulfate proteoglycans [125–128]. Pericentral (Zone 3) ECM is composed of 

collagen I, IV, VI and weak expression of collagen III, a high ratio of fibronectin compared to 

zone 1, syndecan, highly sulfated heparan proteoglycans, a large amount of tenascin 
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[125,127,129]. Unlike Zone 1, Zone 3 lacks laminin and enactin in its ECM composition. No 

fibronectin is detected around the bile duct, but a large amount of laminin 511 is detected around 

the bile duct [126]. Like Zone 3, sinusoids do not have laminin in their ECM composition, but it 

has elastin, which is expressed in the whole liver lobule. Space of Disse has a high level of 

fibronectin, collagen I, III, V, IV, VI, and perlecan [130,131].  

In contrast, the fetal and neonatal livers ECM is mainly composed of laminin, type III and IV 

collagens, hyaluronans, and poorly sulfated proteoglycans [132]. Laminin and collagen IV were 

detected at the epithelial and vascular basement membrane. At 8, 9- and 10-weeks’ gestation, 

laminin and collagen IV could be detected at the point of contact with the ductal plate. At 12 

weeks’ gestation, laminin and collagen IV were detected around the newly formed bile ducts and 

their tubular connections. Near birth, laminin and collagen IV were detectable around mature 

biliary structures, as in adult liver. Collagen I, III and VI were detected in the connective matrix 

of portal tracts from 8 week's gestation onward [133,134]. Laminin was detected at moderate 

amounts in the sinusoidal wall at early weeks’ gestations, 5, 6 and 7, however, the expression level 

goes down at 8- and 9-weeks’ gestation, and from 10 weeks’ gestation onward it is completely 

undetectable in the sinusoidal area as it is in normal adult liver. Other ECM components, like 

collagen IV, I, II and VI existed along the sinusoidal area of the adult liver was detectable in the 

fetal hepatic sinusoidal area in early liver development (Fig. 2.2) [14,133]. At 8 week's gestation, 

tenascin is detectable around some branches of portal veins. Its expression level around the portal 

vein increased from 10 weeks’ gestation. Tenascin expression faded away after 25 weeks’ 

gestation onward and was not detectable in the portal tract any more as it is in the healthy adult 

liver. Tenascin expression along the sinusoids was detectable for the first time around 12 weeks’ 
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gestation, and it progressively increases until 15 weeks’ gestation. After this stage, its level of 

expression along the sinusoid is comparable to a normal adult human liver [133,134].  

 

 

Figure 2.2 Evolving ECM composition of the human liver during development. 

 

Different components of ECM along the liver lobule and during liver development would 

form complexes with growth factors and cytokines in the liver microenvironment. These 

complexes can provide signaling cues for the stepwise differentiation of cells to more adult fate 

[135]. In addition to ECM composition, the rigidity of ECM affects the biological response of the 

cells, including cell proliferation, motility, cell fate, and fibrotic liver diseases. Liver is soft tissue, 

and the mechanical measurement of the human bulk liver by rheometer shows a stiffness of 400–

600 Pa for healthy liver and 1200–1600 Pa for the fibrotic liver [136,137]. The healthy liver is 

mechanically heterogeneous due to heterogeneity in its ECM composition, as the stiffness in the 

periportal zones is slightly higher with greater variability compared to the pericentral zones. As a 

result, hepatic cells can sense the mechanical signals presented in their microenvironment that can 

activate their downstream intracellular signaling pathways, involving integrin clustering and 

activation of focal adhesion kinases, Rho/Rho-associated protein kinase, or extracellular signal-

regulated kinase [138].   
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2.8.2 Role of integrin binding peptides in the maturation of hepatocytes 

Integrins are the dominant type of adhesion receptors that cells use to bind to the ECM 

components, and they play a pivotal role in structural and functional interactions between the cell 

and ECM. Integrins are heterodimeric molecules and composed of two subunits named α and a β. 

There are 18 α- and 8 β-subunits that assemble into 24 non-covalently associated heterodimers 

with distinct but overlapping specificities for ligands. Besides their role in cell anchorage via 

cell-cell and cell-matrix interactions, integrins control cell survival, proliferation, 

differentiation and migration in normal, injured and cancerous tissues [138,139]. Here, we 

review the evolution of integrins during liver development.  

Integrin expression in hepatoblasts. At 5, 6- and 7-weeks’ gestation, where hepatoblasts exist, 

only beta 1 chain of integrin was detectable. Among the alpha chain, only alpha 1, 5, 6 and 9 were 

detectable on the hepatoblast cell population. After 8 weeks’ gestation where differentiation of 

hepatoblast starts, the same pattern of alpha and beta expression of integrin was detected on 

undifferentiated hepatoblasts that were located on the peripheral areas, where differentiation is 

delayed (Fig. 2.3) [133,134]. 

Integrin expression in hepatocytes. At 8 weeks’ gestation where hepatoblasts start to 

differentiate into fetal hepatocyte and biliary epithelial cells, the same pattern of expression of 

alpha and beta integrin that was observed in hepatoblast was detected in fetal hepatocytes that exist 

in the hilar region of hepatic primordium. The combination of integrin expression of fetal 

hepatocyte remains unchanged from 8 to 30 weeks’ gestation, however, there was an apparent 

decrease in levels of integrin in fetal hepatocytes compared to adjacent sinusoidal endothelial cells. 

Notably, alpha 5 and alpha 9 started to decrease at 8 weeks’ gestation until 15 weeks’ gestation, 

later on, alpha 1 and beta 1 decreases at 10 weeks’ gestation until 15 weeks’ gestation. Expression 
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of alpha 6 started to decrease at 15 weeks’ gestation and continued until 30 weeks’ gestation in 

which it was completely undetectable. From 30 weeks’ gestation to the perinatal period, the pattern 

of expression of integrins remained unchanged on fetal hepatocytes. The fetal hepatocytes 

expressed faint expression of beta 1, alpha 1, 5 and 9 integrin chains, and lacks alpha 6. This is 

similar to human adult hepatocytes (Fig. 2.3) [133,134]. 

Integrin expression in biliary epithelial cells. At 8 weeks’ gestation, primitive portal tracts are 

formed at the point of contact with the perihilar mesenchymal tissue. At this stage, the portal tract 

is a single-layered cylinder that is covered by fetal biliary epithelial cells. The formation of the 

ductal plate is accompanied by an increase in the expression of alpha 6 integrin chain. They also 

express beta 4 alpha 2 and 3 chains that are not detected on hepatoblasts and adjacent fetal 

hepatocytes. At 12 weeks’ gestation, newly formed bile ducts express the following integrin 

combination: beta1 and 4, alpha 2, 3,5,6,9 and V. Expression of alpha 9 and V integrin were usually 

faint, and alpha 1 was not detectable at this point. This pattern of integrin combination on fetal 

biliary epithelial cells remained unchanged until the perinatal birth and was similar to what is seen 

in adult biliary epithelial cells (Fig. 2.3) [134]. The change in the combination of integrin 

expression that is observed at 8 weeks’ gestation by emergence of biliary epithelial cell and fetal 

hepatocytes along with selective deposition of laminin at the point of contact with the ductal plate 

shows the critical role that  integrin receptors and their extracellular ligands play in morphogenesis 

and differentiation of epithelial cells.  
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Figure 2.3 Integrins play an important role in differentiation of epithelial cells in the liver 

 
Moreover, Apte and colleagues showed ablation of liver-specific integrin-linked kinase 

(ILK, β1‐ and β3‐integrin‐interacting cell-matrix adhesion protein) in mice results in an enlarged 

liver after partial hepatectomy (PH) [140]. Gkretsi and colleagues showed ILK ablation in mice 

results in histologic abnormalities characterized by disorderly hepatic plates, increased 

proliferation of hepatocytes and biliary cells, and increased deposition of extracellular matrix soon 

after birth [141]. After this transient proliferation of all epithelial components, proliferation 

subsides, and final liver to body weight ratio in livers with ILK deficient hepatocytes is two times 

that of wild type, similar to the observation of Apte et al. study. Speicher and colleagues showed 

that knock out and knockdown of β1-integrin in mice leads to severe liver necrosis and reduced 

hepatocyte proliferation after PH. This happens through inhibition of growth factor signaling. 

More specifically, loss of β1-integrin in hepatocytes, impairs ligand-induced phosphorylation 

of the epidermal growth factor and hepatocyte growth factor receptors, thereby attenuating 

downstream receptor signaling in vitro and in vivo [142]. Those results show the significance of 

ILK and hepatic ECM‐signaling for the regulation of hepatocyte proliferation and differentiation. 
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2.9 Natural, synthetic and hybrid biomaterials used as extracellular matrix for human 

iPS/ES derived hepatocyte differentiation and maturation 

Cell-ECM interactions are often neglected in differentiation protocols. iPS/ES derived cells 

are often cultured on the same matrix used initially for plating the pluripotent stem cells. However, 

ECM is a dynamic evolving entity that is changing during organ development. Hepatic 

differentiation of cells from hPSC is traditionally done on Matrigel [81,143,144]. Indeed, Matrigel 

is considered as a standard culture condition to which many new culture systems are being 

compared. Matrigel is a protein extract from Engelbreth–Holm-Swarm (EHS) mouse sarcoma 

cells. It mainly contains laminin-111 (~60%), collagen type IV (~30%), and entactin (~8%) 

together with numerous other proteins and several growth factors, like EGF, bFGF, IGF-1, TGF-

β, PDGF, and NGF [145,146]. However, one of the drawbacks of Matrigel is undefined 

components in the product can lead to possible variations between independent cell culture 

experiments. Moreover, the use of animal origin matrices like Matrigel or mouse feeder cells can 

increase the risk of pathogen transmission that would cause immune rejection of transplanted cells 

later on. Martin MJ et al. demonstrated that hESCs cultured with animal or serum products retained 

non-human sialic acid, which was immunogenic when these cells were transplanted into humans 

[147].  

Synthetic biomaterials can provide a more controlled and reproducible microenvironment 

for cultured cells compared to the naturally-derived biomaterials [148]. Biocompatible synthetic 

polymers are blank slates that should get functionalized with peptides or growth factors in order 

to increase their biochemical activity and to provide biological cues for cells.  

Here, we introduce the natural, synthetic and hybrid biomaterials that have been used 

for differentiation and maturation of human pluripotent stem cell derived hepatocytes (Fig. 2.4). 
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In most of the methods, investigators took advantage of different types of ECM at the end stage 

of hepatocyte differentiation protocol, where fetal hepatocyte-like cells were produced. There 

are very few studies that the whole differentiation protocol was carried out on a substrate other 

than Matrigel.  

Natural ECM: Due to the problems that Matrigel has and the difficulty of using the cells 

differentiated on Matrigel in clinical trials, other labs have tried to find a substitute for Matrigel. 

For example, Baharvand et al. (2006) examined the hepatic differentiation of hESCs in 2D and 3D 

using collagen type I. They noticed that the secretion of AFP and urea in 3D cultured cells was 

higher than those in 2D culture. However, there was no difference in ALB secretion in 2D and 3D 

cultures [149]. Gieseck et al. cultured hiPSC-derived hepatocytes at the end stage of differentiation 

in a 3D high-density collagen I systems called RAFT and showed that this method increases 

functional maturation of the iPS derived hepatocyte toward an adult phenotype compared to the 

conventional 2D system on Matrigel [123]. They observed more mature hepatocytes when cells 

were encapsulated as aggregates rather than single cells, evidenced by ALB secretion. This 

indicates the importance of cell-cell contact for mature hepatocytes.  

Toivonen et al. used a well-defined plant derived system (Nanofibrillar cellulose hydrogel, 

Growdex) and demonstrated the enhancement in both phenotype and function compared to the 3D 

culture of cells in Matrigel [150]. They found higher hepatocyte-specific gene expression levels 

and enhanced cytochrome P450 functions compared to Matrigel.  

Recombinant laminins LN-111 and LN-521 have been used for culturing hepatic cells 

[151–154]. All of the studies using laminin demonstrated higher CYP1A2 and CYP3A enzyme 

activity compared to cells cultured on Matrigel. Cameron et al. showed that hES derived 

hepatocytes on laminin 521 and the laminin 111 mix had very pronounced nuclei that were often 
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bi-nucleated [151]. They also showed the derived hepatocyte-like cells had functional efflux 

transport as evidenced by the uptake of 5(6)-carboxy-2′,7′-dichlorofluorescein diacetate 

(CDFDA). Takayama et al. tested four different laminins and showed that hepatoblast cells derived 

from ES cells attach to human laminin-111 (LN111) coated dish via integrin alpha 6 and beta 1 

[153]. They also showed that hepatoblast cells have the potential to differentiate into both hepatic 

and biliary lineages and to integrate into the mouse liver parenchyma. Later, the same group 

differentiated human liver-derived iPSCs to hepatocyte-like cells in a similar culture setting with 

some modifications [155]. Interestingly, they observed that cells passaged at the hepatoblast stage 

showed higher expression of typical hepatocyte markers and secreted more ALB and urea 

compared to the cells without passaging. 

Nagaoka et al. have shown that vitronectin, cell adhesion glycoprotein can support the 

hepatic differentiation of hPSCs [156]. They combined a fragment of vitronectin containing RGD 

(arginine-glycine-asparagine) peptide into the domain of immunoglobulin G (IgG) antibody, 

called as R-Fc and plated hPSCs on this matrix. The derived hepatic cells were positive for HNF4A 

and had a capacity for activity uptake of indocyanine green, a specific function of hepatic cells. 

However, the expression of AFP revealed that the cells were not fully mature. Moreover, the gene 

expression profile revealed that Matrigel-cultured cells expressed more mature hepatocyte markers 

compared to R-Fc-cultured cells. 

Lozoya et al. showed that hepatic stem cells isolated from the human fetal liver could be 

differentiated towards hepatic progenitors and hepatocytes when cultured in 3D Hyaluronic acid 

hydrogel [157]. Hyaluronic acid is a non-sulfated glycosaminoglycan abundantly expressed in 

stem cell niches, and thus it is an attractive culture matrix for hepatic stem cells. Turner et al. 

noticed that the stiffness of the hydrogel plays a vital role in hepatic differentiation. The hydrogel 
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with shear modulus, a measure of gel stiffness, of 73-220 Pa resulted in best hepatic differentiation 

[158]. 

Cheng et al. have used chitosan matrices to differentiate human adipose-derived stem cells 

towards hepatocyte-like cells [159]. By culturing the adipose-derived stem cells on chitosan, cells 

formed spheroids. In proper induction media, they found that adipose-derived stem cell 

differentiation capabilities were significantly enhanced after spheroid formation, including 

increased trans-differentiation efficiency into the neuron and hepatocyte-like cells. 

Collagen I, laminin, vitronectin, and hyaluronic acid are individual ECM proteins that can 

be extracted from animals or human or produced either in eukaryotic and prokaryotic expression 

systems or in transgenic organisms [160]. Unlike Matrigel, those proteins allow studying the 

specific effect of the protein on cell function. 

Synthetic ECM: Though natural hydrogels have produced promising results for hepatocyte 

differentiation, there is still a need for a defined, xeno-free matrix that would not yield to the 

variable cell performance observed in natural matrices like Matrigel. However, there are very few 

publications that have studied the effect of synthetic hydrogels on iPS/ES derived hepatocyte 

differentiation and maturation. 

Villarin et al. have shown that culturing hepatocytes derived from H9-ES cells on top of 

the optimized polyurethane (PU134) hydrogel yields to more stable hepatocyte cells compared to 

2D culture on the Matrigel after 20 days. Compared to Matrigel culture, the cells cultured on 

polyurethane 134 produced more fibrinogen, transthyretin, and fibronectin, and their CYP1A2 

activity was approximately six-times higher [161,162].  

Lou et al. showed that culturing hiPS derived hepatoblasts in the nanofibrous hydrogel that 

is made from a self-assembled polypeptide, results in hepatocyte cells that express hepatocyte 
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markers and exhibit maturity and metabolic activity to a larger extent compared to the 2D 

traditional culture on Matrigel [163]. All in all, more studies need to be done with synthetic defined 

hydrogels to unravel the mechano-transduction signal that the ECM could send to hepatocyte and 

its role in maturation and differentiation of iPS/ES derived hepatocytes. 

Hybrid ECM: Hybrid ECM refers to matrices that are a combination of synthetic and natural 

ECMs. Hybrid ECM offers more possibilities for creating the desired matrix, due to unlimited 

possibilities of combination of synthetic and natural polymers. Synthetic polymers can enhance 

the mechanical properties of natural ECM, and natural ECM can enhance the cell-matrix 

interaction of synthetic ECM. 

Kazemnejad et al. combined biologically inert poly-ε- caprolactone (PCL) with collagen 

type I and polyethersulfone to achieve a porous nanofiber scaffold for differentiation of hMSCs 

towards hepatocyte-like cells [164]. Compared to standard 2D culture, the 3D cultured cells 

secreted approximately two-times more ALB indicating the improved status of hepatic 

differentiation.   

Li et al. also used 3D scaffold made from polylactic-co-glycolic acid and collagen type I 

for hepatic differentiation of hMSCs [165]. Similar to Kazemnejad study, they showed that 3D 

scaffold better supported the hepatic differentiation compared to monolayer cultured as shown by 

ALB and urea synthesis. 

Lozoya et al. performed an extensive screen of different ratios of HA and PEGDA to find 

the optimal matrix for human hepatic stem cells [157]. They noticed that the stiffness of the HA 

matrix controls the differentiation to hepatoblasts and committed progenitors in vitro. The 

secretion of AFP, ALB, and urea increased in hydrogels with the lower concentration of HA 

suggesting hepatic lineage maturation.  
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Wong et al. infused a poly-l-lactic acid (PLLA) scaffold with collagen I and showed the 

culture of iPS derived hepatocytes in their 3D hybrid ECM increased the function of the iPS 

derived hepatocytes. Cells had a significantly higher level of P450 (CYP2C9, CYP3A4, CYP1A2) 

mRNA levels and metabolic enzyme activity compared with iPS cells on Matrigel sandwich 

culture. Synthesis of albumin by iPS hepatocytes that were cultured within the ECM was 

significantly higher than that in the sandwich control group throughout the 14-day culture period 

[166].  

 

Figure 2.4 Biomaterials used for maturation and differentiation of pluripotent stem cell derived 
hepatocytes 

 

2.10 Conclusion 

Unfortunately, pluripotent stem cell-derived hepatocytes do not possess all functions of mature 

hepatocytes. This challenge, along with increasing demand for an exhaustible source of cells that 

is as good as primary human hepatocytes, limits the broader application of such cells. Liver 

maturation is a complex process that is stage specific, and many factors are involved in this 
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process. Understanding the factors involved in hepatocyte biology, from developmental point of 

view to mechanical point of view, along with all the new emerging technologies such as bio-

fabrication and genetic programming would allow us to take more wholistic approaches to advance 

the development of human stem cell derived hepatocytes and make them suitable for in vitro 

studies and even bioartificial liver tissues. 
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Chapter 3: Structure, Function and development of blood vessels: Lessons for 
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3.1 Preface 

In chapter 2, we provided an overview of factors affecting maturation of hepatocytes during 

different stages of liver development, from the effect of sinusoidal endothelial cells (sECs) to 

extracellular matrix (ECM) and integrin-binding ligands on hepatocyte maturation, and how this 

information can be used to produce more mature induced pluripotent stem (iPS) or embryonic stem 

(ES) derived cells. Endothelial cells and vascular development play an essential role in organ 

development and particularly liver development; however, its role is often underscored in 

developed in vitro liver models. Here, we provide an overview of the structure of blood vessels 

and key signaling molecules, which play a significant role in vasculogenesis, angiogenesis, and 

maturation of nascent blood, the role of ECM and recent advances in making tissue-engineered 

blood vessels (both macro- and micro-vessels) ex vivo. 

	
3.2 Introduction 

The establishment of blood-vessel networks is a matter of life and death for tissues and 

organisms. Failure to form a functional vascular network causes early death of embryos, and also 
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dysfunction of endothelial cells contributes to many diseases, including stroke, thrombosis and 

atherosclerosis. Furthermore, there is a considerable clinical need for alternatives to the autologous 

vein and artery tissues used for vascular reconstructive surgeries such as lower limb bypass, 

arteriovenous shunts and repairs of congenital defects to the pulmonary outflow tract. So far, 

synthetic materials, particularly in small diameter applications have not matched the efficacy of 

native tissues. Therefore, substantial resources are being directed towards research into the 

cellular, molecular and physical factors that regulate the formation, stability and functional 

responses of the vasculature. While academic research in the field of tissue engineering in general 

has been active, yet there has been no clear example of clinical and commercial success. The recent 

transition of cell-based therapies from experimental to clinical use, however, is a breakthrough in 

the field of cardiovascular tissue engineering.  

Here, we discuss the structure of blood vessels and key signaling molecules, which play 

significant role in vasculogenesis, angiogenesis and maturation of nascent blood vessels in section 

3.1 and 3.2, respectively. The discussion is followed by a description of promising approaches 

specific to tissue-engineered blood vessels and a brief introduction to some clinical results in 

section 3.4. But before we explain about tissue engineering approaches finding the appropriate 

sources of endothelial cells is of utmost importance, which is discussed in section 3.3. The unique 

regulatory, reimbursement and production challenges facing personalized medicine are also 

discussed in the last section 3.5.  

3.3 Structure of blood vessels 

Delivery of nutrients and other molecules as well as blood and immune cells to all tissues in 

our body is done by blood vessels. Nascent vessels consist of a tube of ECs that mature into four 
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specialized structures: capillaries, arteries, veins and lymphatics. Endothelial cells and mural cells 

that are surrounded by extracellular matrix (ECM) comprise the walls of vessels.  

To form mature blood vessels, immature blood vessels formed by vasculogenesis and 

angiogenesis must mature at two levels: the level of vessel wall as well as network level. Vessel 

wall maturation is the result of mural cell recruitment, development of surrounding matrix and 

elastic laminae, and organ specific specialization of ECs, mural cells and matrix. Optimal 

patterning of network by branching, expanding and pruning to meet local demands leads to 

network level maturation [1,2]. 

3.3.1 Capillaries 

The most abundant vessels in our body are capillaries. Capillaries consist of ECs covered 

with a sparse layer of pericytes that is surrounded by basement membrane. Because of their wall 

structure and large surface-area-to-volume ratio, these vessels form the main site of exchange of 

nutrients between blood and tissue. Depending upon the organ or tissue, the capillary endothelial 

layer could be continuous (as in muscle), fenestrated (as in kidney or endocrine glands) or 

discontinuous (as in liver sinusoids). The endothelia of the blood-brain barrier or blood-retina 

barrier are further specialized to include tight junctions, and are thus impermeable to various 

molecules [1]. 

3.3.2 Arterioles and Venules  

Arterioles and venules are small diameter blood vessels in the microcirculation that extend 

and branch out from an artery and vein respectively, which lead to capillaries [1]. These vessels 

have an increased coverage of mural cells compared with capillaries. Pre-capillary arterioles are 

completely invested with vascular SMCs that form their own basement membrane and are 
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circumferentially arranged, closely packed and tightly associated with the endothelium. 

Extravasation of macromolecules and cells from the blood stream typically occurs from post-

capillary venules [2, 3]. 

3.3.3 Arteries and Veins 

Arteries are blood vessels that carry blood away from the heart. This blood is normally 

oxygenated, with the exception of the pulmonary and umbilical arteries. Veins are blood vessels 

that carry blood towards the heart. Most veins carry deoxygenated blood from the tissues back to 

the heart; exceptions are the pulmonary and umbilical veins, both of which carry oxygenated blood 

to the heart. Larger vessels, arteries and veins, consist of three specialized layers as shown in 

Figure 3.1: tunica intima, the tunica media, and the tunica adventitia. The tunica intima is made of 

a monolayer of ECs with an underlying basement membrane. The tunica media is generally 

composed of a dense population of concentrically organized SMCs and is separated from the tunica 

intima by an internal elastic lamina. The tunica adventitia forms the external layer and contains 

fibroblast cells, collagenous ECM, nerves, and vasa vasorum [4]. The vascular wall ECM, 

composed of structural proteins like collagen and elastin and adhesion proteins like fibronectin 

and laminin, as well as glycosaminoglycans, proteoglycans, growth factors, cytokines, and matrix-

degrading enzymes and their inhibitors [5,6]. 
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Figure 3.1 Schematic representation of various layers in blood vessels 

 

 
3.4 Important signaling molecules in vasculogenesis and angiogenesis 

Understanding important signaling molecules at each level of development of arteries, veins 

and capillaries and their maturation could help us to engineer blood vessels that are a more faithful 

mimic of the natural system. Here we review briefly the important molecules and pathways in 

vasculogenesis, angiogenesis and maturation. Tissue-engineering strategies may benefit from 

generating materials that can guide these biological events in the formation of vascular networks. 

How scientists and researchers use this information to engineer the blood vessels is discussed in 

section 3.4. 

3.4.1 Formation of immature vasculature by vasculogenesis and angiogenesis 

          During embryonic development, angioblasts migrate to various regions of the developing 

embryo and differentiate into endothelial cells in response to local cues such as growth factors and 

extracellular matrix (ECM) components. The endothelial cells then form a vascular plexus, which 

is a network built by connections (anastomoses) between blood vessels. This process is called 

vasculogenesis and it is not limited to the embryonic period, as a similar process can also occur in 

adults through the recruitment and participation of bone marrow derived endothelial progenitor 
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cells [3,7,8]. 

          Angiogenesis is another mechanism of blood vessel formation that occurs through the 

sprouting of existing blood vessels. Angiogenesis is a sequential, multistep process that begins 

with activation of a quiescent endothelium by proangiogenic factors such as vascular endothelial 

growth factor (VEGF), fibroblast growth factor (FGF), and angiopoietin-2 (Ang2) that are often 

produced by hypoxic or tumorigenic tissues[3,8]. Hypoxia up-regulates expression of a number of 

genes involved in vessel formation, patterning and maturation, including nitric oxide synthase, 

VEGF, and Ang2. Nitric oxide, which is a product of nitric oxide synthase, dilates vessels and 

make them more responsive to VEGF because they become leakier. Ang2 also facilitates sprout 

formation in the presence of VEGF. The sprouts anastomose to form vascular loops and 

networks[3]. 

Angiogenesis is also dependent on degradation of the basement membrane (BM), a thin layer of 

ECM between the epithelial cell layer and the endothelial cell lining of blood vessels. Degradation 

of BM is due to up-regulation of matrix metalloproteinases (MMPs) such as MMP2, MMP3 and 

MMP9, and suppression of protease inhibitors such as tissue inhibitor of metalloproteinase-2 

(TIMP2). BM degradation is followed by migration of an endothelial tip cell from the leading edge 

of a vascular sprout; this leading edge defines the direction of the newly growing sprout [2,6,7]. 

3.4.2 Endothelial cell branching and proliferation  

High levels of proangiogenic factors (such as VEGFA and VEGFC) and of VEGF receptor 

2 (VEGFR2) or VEGFR3 signaling select ‘tip cells’ (TCs) for sprouting during angiogenesis. By 

contrast, Delta-like 4-Notch signaling laterally inhibits TC fate in adjacent ECs. TC sprouting 

behavior is facilitated by the vascular endothelial cadherin-mediated loosening of EC–EC 

junctions, matrix metalloproteinase-mediated degradation of extracellular matrix (ECM) and the 
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detachment of pericytes. Guidance of TC sprouting is due to the gradients of proangiogenic growth 

factors and various environmental guidance cues, such as semaphorins and ephrins. During sprout 

elongation, TCs are trailed by endothelial ‘stalk cells’ (SCs), which maintain connectivity with 

parental vessels and initiate partitioning-defective3 (PAR3)-mediated vascular lumen 

morphogenesis. Expression of VEGFR1 and activation of Notch, Roundabout homologue 4 and 

WNT signaling in SCs repress TC behavior to maintain the hierarchical organization of sprouting 

ECs. However, TCs and SCs may also shuffle and exchange positions during angiogenic sprouting. 

Upon contact with other vessels, TC behavior is repressed, and vessels fuse by the process of 

anastomosis, which is assisted by associated myeloid cells. The endothelial cells adjacent to the 

tip cells begin to proliferate and elongate to form capillary sprouts, which then assemble to form a 

vessel lumen. After the activation and proliferation stages, a nascent blood vessel must mature to 

become functional [6–11]. 

 

3.4.3 Stabilization of immature vasculature 

After the activation and proliferation stages, a nascent blood vessel must mature to become 

functional. The nascent vessels are stabilized by recruiting mural cells and by deposition of an 

ECM, in a process known as arteriogenesis. There are at least four molecular pathways that 

regulate this process, including: 

1) Platelet-derived growth factor PDGFB and PDGF receptor (PDGFR)-𝛽 

2) Sphingosine-1-phosphate-1 (S1P) - endothelial differentiation sphingolipid G-protein-

coupled receptor-1 (EDG1) 

3) Ang1-Tie2 

4) Transforming growth factor TGF-𝛽1 
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      Recruitment of mural cells such as pericytes and smooth muscle cells (SMCs) to the 

developing immature vasculature by platelet-derived growth factor B (PDGFB) and transforming 

growth factor-β1 (TGFβ1) stabilize the vessel wall [2,7,12,13]. The contact between ECs and 

mural cells is strengthened by bioactive lipid spingosine1 phosphate (S1P) through activating the 

guanine nucleotide binding coupled receptor, and S1P receptor 1(S1PR1 or EDG1) signaling 

[7,14]. Tie receptors (Tie1 and Tie2) and their ligands Ang1 and Ang2 are also critical for vessel 

formation and stabilization. Main sources of Ang1 and Ang2 are the mural cells and ECs, 

respectively. Ang1 stabilizes nascent vessels by facilitating communication between ECs and 

mural cells. Ang2 acts as an antagonist of Ang1 in the absence of VEGF, and destabilizes vessels 

in the presence of VEGF [15]. 

TGF-𝛽1 is a multifunctional growth factor that promotes vessel maturation by stimulating ECM 

production and by inducing differentiation of mesenchymal cells to mural cells. It is expressed in 

a number of cell types, including ECs and mural cells, and depending on the context and 

concentration, could be pro or anti-angiogenic. Recent in vitro studies indicate that the TGF-

𝛽1−ALK1 pathway is a positive regulator of endothelial cell migration and proliferation by 

inducing ECs and fibroblasts to express Id1, a protein required for proliferation and migration. On 

the other hand, the TGF-𝛽1−ALK5 pathway is a positive regulator of vessel maturation by 

inducing the plasminogen activator inhibitor (PAI1) in endothelial cells. PAI1 promotes vessel 

maturation by preventing degradation of the provisional matrix around the nascent vessel. Thus, 

the degree to which TGF-𝛽 signals through ALK1 versus ALK5 can determine the pro or anti-

angiogenic effect of TGF-𝛽[2,10]. Figure 3.2 shows important signaling molecules that are 

involved in vasculogenesis, maturation of blood vessels and angiogenesis. 
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Figure 3.2 Schematic of important signaling molecules that are involved in vasculogenesis, 
maturation of blood vessels and angiogenesis, modified from reference [6] 

 

3.4.3.1 Role of basement membrane in stabilization of immature blood vessels 

As mentioned earlier BM degradation happens during the complicated multistep 

angiogenesis process. Direct contact between the basement membrane and the EC layer provides 

important signals that control the stability of EC layer and facilitate EC tube stabilization. 

Vascular basement membrane matrices are largely composed of structural components, including 

laminin (particularly laminin IV), collagen IV and fibronectin. Other proteins provide bridging 

functions such as nidogens 1 and 2, and the heparan sulfate proteoglycan perlecan, which facilitate 

the co-assembly of basement membrane components [16–18]. It has long been known that 
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endothelial cells have the capacity to synthesize most if not all of these proteins, so it was 

generally assumed that basement membrane assembly occurred through ECs alone. However, in 

a variety of tissues, most notably the skin, it is clear that basement membrane assembly requires 

more than keratinocytes and was strongly stimulated by the presence of fibroblasts in collagenous 

matrices underlying the keratinocyte layer. Thus, by analogy with these findings, it is likely that 

vascular basement membrane assembly may require heterotypic cell-cell contacts, which was 

originally suggested by Davis and Senger [19]. A recent study by Stratman et al. demonstrates 

that pericyte recruitment to EC-lined tubes in vitro and in vivo is necessary to stimulate vascular 

basement membrane matrix assembly, a key step in vascular maturation and stabilization [20].  

Collectively, the matrix serves as a store for various growth factors and pro-enzymes 

involved in vessel development. The balance between proteases (such as MMP2, MMP3, MMP9, 

and urokinase plasminogen activator) and their inhibitors (such as tissue inhibitors of 

metalloproteinases and PAI1) controls basement membrane and ECM degradation and could 

influence EC and mural-cell migration [7,20,21]. These proteases also lead to the release of 

various pro-angiogenic growth factors, such as VEGF and basic fibroblast growth factor (bFGF), 

which are sequestered in the matrix. Protease activity can also generate anti-angiogenic molecules 

by cleaving plasma proteins (such as angiostatin from plasminogen), matrix molecules (such as 

tumstatin from collagen type IV), or the proteases themselves (such as PEX from MMP2). Thus, 

branching patterns of vessels are tightly regulated by spatial and temporal concentration profiles 

of growth factors and protein fragments that transport and bind to the matrix [2,4] 

 
3.5 Sources of Endothelial cells and their progenitors 

One potential source of endothelial cells are embryonic stem cells, which are pluripotent and 

thus capable of differentiating into all cell types of the endoderm, ectoderm, and mesoderm. 
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Although ESCs have the advantages of greater proliferative capacity and pluripotential when 

compared to other endothelial cell precursors, these properties also raise a concern. Specifically, 

the inadvertent administration of an undifferentiated (and thus pluripotent) ESC to a patient would 

risk teratoma formation. Accordingly, the clinical development of this cell therapy will require 

robust differentiation and purification protocols, supported by data showing the safety of these 

cells. The therapeutic use of these cells is further complicated because they are allogeneic and 

therapeutic engraftment may require immunosuppression, which carries additional risk. Finally, 

the clinical use of these cells may be influenced by the ethical debate surrounding the isolation of 

cells from human embryos. Accordingly, there is great interest in a new form of pluripotential cell 

that can obviate some of these concerns. Induced pluripotent stem cells (iPSCs) can be 

“reprogrammed” from adult somatic cells using a variety of methods, established primarily by 

Yamanaka and Thomson. iPSCs have the potential to generate patient-specific tissues for disease 

modeling and regenerative medicine applications. However, before iPSC technology can progress 

to the translational phase, several obstacles must be overcome. These include uncertainty regarding 

the ideal somatic cell type for reprogramming, the low kinetics and efficiency of reprogramming, 

and karyotype discrepancies between iPSCs and their somatic precursors. In this section, we 

describe different sources of endothelial cells and common endothelial cell markers that have been 

investigated so far by researchers, from embryonic and induced pluripotent stem cells to adult 

cells. 

 3.5.1 Embryonic Stem cell derived Endothelial cells 

§ From Embryoid Bodies (EB) 

Mouse embryonic stem cells (mESCs) can differentiate into hemangioblasts after forming 



 
 

 

57 

embryoid bodies (EBs). Hemangioblasts that form blood islands, contain endothelial and 

haematopoietic progenitors [22]. Formation of a vessel like network are the result of further 

differentiation of the EBs [23]. Moreover, it’s been shown that endothelial cell markers 

differentiated from EBs are expressed in the same order that is expressed in endothelial 

differentiation during embryonic development [24]. 

During human EB differentiation, endothelial cell markers such as CD31, CD34, VE-cad and 

GATA-2 show increasing trends in their expression [25,26]. CD31, CD34, and VE-cad reach a 

maximum at days 13-15 and GATA-2 around day 18. Other endothelial markers such as VCAM1, 

FLT-1, 2; vasculogenic growth factors such as VEGF, Ang-1, 2 and PDGF and transcription 

factors such as GATA1, 3 are up regulated as well [27]. Like mouse ESCs, human ESCs (hESCs) 

can spontaneously differentiate and organize within EBs into three-dimensional vessel-like 

structures, in a pattern that resembles embryonic vascularization. The capillary area in the human 

EBs increases during subsequent maturation steps, starting from cell clusters that later sprout into 

capillary-like structures and eventually organize in a network-like arrangement. These isolated 

CD31+ cells from human EBs (days 13–15), express endothelial markers and can form vascular 

tubes in vitro and in vivo [28]. 

§ On feeder layer and ECM 

Seeding ES cells on feeder cells or within an ECM can also induce differentiation into 

haematopoietic and endothelial lineages. For example, mouse endothelial progenitors (Flk-1+ 

cells) were isolated following the differentiation of ESCs on collagen. The isolated Flk-1+ cells in 

mouse systems are precursors for haematopoietic, endothelial and smooth muscle cells and can 

also give rise to contracting cardiac cells, thus acting as cardiohemangioblasts [29,30]. Culturing 
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of human embryonic stem cells (hESC) on collagen IV resulted in two types of cell population that 

differ by size. The smaller cell population showed an upregulation of specific endothelial markers, 

such as CD31, CD34, Tei2 and GATA2. Cord-like organization of the cells (20% endothelial cells) 

was observed by re-plating the smaller population of cells on collagen IV with VEGF 

supplementation. Moreover, addition of PDGFB induced differentiation into smooth muscle cells 

[31]. Seeding hESCs on stromal feeder cells (bone marrow and yolk sac) could lead to 

differentiation into CD34+ cells (1–2%). Interestingly, about 50% of the CD34+ cells also express 

CD31. The CD34+ cells were isolated and differentiated into haematopoietic cells [32].  

 3.5.2 Adult derived Endothelial cells 

Human umbilical vein endothelial cells (HUVECs) show relatively higher proliferative 

potential among the isolated CD31+ endothelial cells that originate from veins and arteries of 

different tissues [28]. Isolation of CD34+ and Flk-1+ cells from peripheral blood using magnetic 

beads is another source of adult endothelial cells [16]. These isolated progenitor cells could 

differentiate into endothelial cells and incorporate into neovascularization sites in mouse and rabbit 

hind-limb ischaemic models [34]. CD34+ cells, mobilized from the bone marrow following 

treatment with granulocyte macrophage colony stimulating factor, improved ventricular function 

and neoangiogenesis in ischaemic nude rat myocardium [35]. CD133+ cells purified from bone 

marrow were also shown to enhance human myocardial perfusion and global function [36]. 

Another important source of adult endothelial cells is the umbilical cord blood, which contains 

more CD133+ and CD34+ cells than adult peripheral blood and has higher proliferation capacity 

[37]. 

3.5.3 Induced Pluripotent Stem cell derived endothelial cells 
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Yamanaka et al. have shown systematic differentiation of cardiovascular cells from mouse 

induced pluripotent stem cells. Induced pluripotent stem (iPS) cells were generated from mouse 

skin fibroblasts by introducing 4 transcription factors (Oct3/4, Sox2, Klf4, c-myc) and then the 

same approach was applied on ES cells to induce cardiovascular differentiation. They showed that 

Flk1+ cells could differentiate into artery, vein and mural cells .  [38]. Rufaihah et al. have 

differentiated human iPSCs (hiPSCs) into endothelial cells (hiPSC-ECs) to assess their ability to 

improve perfusion in a murine model of peripheral arterial disease [39,40]. In brief, endothelial 

differentiation was initiated by culturing hiPSCs for 14 days in differentiation media supplemented 

with bone morphogenetic protein 4 and vascular endothelial growth factor. They purified the 

heterogenous mixture of cells by FACS using an antibody directed against CD31. The purified 

hiPSC- ECs generated capillary-like structures when grown in matrigel and incorporated 

acetylated-LDL cholesterol. These cells expressed Endothelial markers such as FLK-1 (KDR), 

CD31, CD144, and eNOS. When exposed to hypoxia the hiPSC-ECs produced angiogenic 

cytokines and growth factors. Subsequently, they transduced the cells with a double fusion 

construct comprising firefly luciferase for BLI and green fluorescence protein for histochemistry. 

The hiPSC-ECs were administered at day 0 and day 7 after femoral artery ligation into the ischemic 

hindlimb of immunodeficient mice. Over a two-week period, BLI revealed reduction of cells, but 

some hiPSC-ECs survived in the ischemic limb for at least 2 weeks. At that time, and for up to 4 

weeks, perfusion was improved by over 30% by comparison to the vehicle treated group, as 

assessed by laser Doppler imaging. This effect was associated with a 60% increase in the total 

number of capillaries in the ischemic limb of mice receiving hiPSC-EC injections by comparison 

to the vehicle-treated group. This preclinical work provided proof-of-concept for the use of hiPSC-

EC in peripheral arterial disease [41]. 
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Figure 3.3 shows development of therapeutic cells from human induced pluripotent cells. 

Readily accessible somatic cells (e.g. skin fibroblasts) are harvested from a patient and expanded 

in culture. Cells are exposed to reprogramming transcriptional factors, in the form of cell permeant 

peptides and modified mRNA. The resulting iPSC colonies are differentiated into vascular 

progenitor cells, that are administered directly to patients with vascular disease, or which are 

incorporated into matrices as a biological conduit such as cylindrical bioengineered matrix or 

decellularized cadaveric vessels for surgical implantation. These bioengineered conduits would 

serve to replace autologous saphenous vein in patients that have insufficient or diseased veins [41]. 

 

Figure 3.3 Development of therapeutic cells from human induced pluripotent cells 

 
3.6 Engineering blood vessels from stem cell derived endothelial cells: recent advances and 

applications 
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In the last three sections we introduced the structure of blood vessels, important cell 

signaling molecules in vasculogenesis/angiogenesis and different cell sources for ECs. Now we 

will describe the tissue engineering approaches are available for making macrovessels and 

microvessels. 

3.6.1 Approaches to macrovessel tissue engineering (e.g. heart valve) 

The approaches to engineer macrovessels can be divided into several distinct categories, 

although there may be some overlapping features. Successful application of these approaches, 

either individually or in combination, is expected to enhance therapeutic opportunities by building 

functional tissue and organ systems for regenerative medicine. 

1. Formation of a tissue in vitro by seeding cells on a biodegradable scaffold and maturing a 

tissue (to be implanted in vivo) in a bioreactor 

2. Cell-seeded natural biodegradable scaffolds 

3. Guided tissue regeneration via implanted degradable tissue that is remodeled by 

endogenous cells 

4. Implantation of decellularized valvular material 

5. Other approaches such as microfabrication techniques and scaffold free approaches 

In all of the mentioned approaches, choosing the right cell among the spectrum of stem cells 

to differentiated cells and also the right scaffold is of utmost importance [42]. The scaffold should 

provide the initial requisite mechanical strength to withstand in vivo hemodynamic forces until 

vascular smooth muscle cells and fibroblasts reinforce the extracellular matrix of the vessel wall. 

Hence, the choice of scaffold is crucial for providing guidance cues to the cells to behave in the 

required manner to produce tissues and organs of the desired shape and size. Several types of 
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scaffolds have been used for the reconstruction of blood vessels. They can be broadly classified as 

biological scaffolds, decellularized matrices, and polymeric biodegradable scaffolds. A review 

written by Pankajakhshan et al. focuses on the different types of scaffolds that have been designed, 

developed and tested for tissue engineering of blood vessels [43]. 

3.4.1.1 Bioreactor approach 

The bioreactor approach should provide a desirable physiological, metabolic and 

mechanical environment for blood vessel formation in vitro. To develop well developed and 

effective construct for implantation and remodeling one approach would be to optimize the cellular 

component, the scaffolds and the in vitro process conditions. Novel scaffolds are also under 

investigation. Multiple studies have emphasized that dynamic conditioning using bioreactors that 

provide a flow regime that mimics that of the intended application enhances construct tissue 

properties [44,45]. Oxygen tension might be a key parameter for the achievement of sufficient 

tissue quality and mechanical integrity in tissue-engineered heart valves [46,47]. A mesenchymal 

stem cell-seeded, valve-shaped construct has been assembled from layered collagenous scaffolds. 

Autologous fibrin-based engineered heart valves showed favorable results both in vitro and in vivo 

[48,49]. Culturing vascular cells on polymer scaffolds and subjecting the scaffold to pulsating flow 

is another approach that is studied by Niklason et al. [50]. In fact, they seeded bovine aortic smooth 

muscle cells into hollow tubular polyglycolic acid (PGA) scaffolds, and then injected bovine aortic 

endothelial cells into the lumen. Compared with native arteries, the engineered arteries 

demonstrate similarities in wall thickness and collagen content after eight weeks of culture in a 

bioreactor. A key issue moving forward will be the real-time noninvasive and nondestructive 

assessment of mechanical properties of engineered heart valves both in vitro and utilization of such 

techniques in vivo to ensure quality.  
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3.4.1.2 Decellularized vascular material 

Removal of all viable cells while preserving the extracellular matrix integrity is the goal in 

producing decellularized xenogeneic tissue. This method provides valuable material for heart 

valve tissue engineering. Decellularized materials have the advantage of preserving ECM 

components that may support cell adhesion and molecular sequestering, as well as desirable 

mechanical properties. However, ECM disruption by the decellularization process and 

immunogenicity are concerns inherent in the use of decellularized ECMs. For instance, 

decellularization resulted in substantial microscopic disruption of the ECM, which may negatively 

impact the durability of heart valve leaflets[51]. Moreover, evaluation of the relative immune 

responses of different valve components of decellularized porcine aortic valve compared with 

native and glutaraldehyde fixed valves showed that collagen I elicited a strong response but elastin 

induced a minimal response [52]. Recellularization of these valves has been reported in an aortic 

valve replacement model in juvenile pigs [53]. Another study investigated the function, 

histological changes, potential of in vivo reendothelialization of decellularized aortic valve 

allografts in orthotopic position in sheep. The valves exhibited trivial regurgitation and normal 

morphology with no signs of graft dilatation, degeneration or rejection [54]. Toxicity that is 

introduced to scaffold by the chemicals used in the decellularization process is another concern in 

decellularized natural ECMss. A clinical study investigated the safety and effectiveness of the Ross 

procedure (pulmonary to aortic valve autograft) using a decellularized, fibronectin-coated 

pulmonary valve allograft or xenograft seeded with autologous vascular endothelial cells from a 

forearm or saphenous vein to reconstruct the right ventricular outflow tract. These valves showed 

excellent hemodynamic performance during midterm follow-up [55]. In contrast, recurrent right-

sided heart failure after the Ross procedure was reported in a study done by Hiemann et al [56]. 
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3.4.1.3 Cell seeded natural biodegradable scaffold 

The cell seeded natural biodegradable scaffold approach involves isolating and growing 

endothelial cells on polymer scaffolds in vitro, followed by in vivo implantation. This method has 

been tested in an ovine model, where expanded pulmonary arterial cells were grown on 

polyglactin/poly (lactic-co-glycolic acid) tubular scaffolds for one week before transplantation into 

pulmonary arteries of lamb. Over a period of 24 weeks, the vascular grafts showed growth and 

development of endothelial lining and the production of extracellular matrix components, such as 

collagen and elastin fibers[57]. 

3.4.1.4 Microfabrication technique 

Another approach for the in vitro induction of endothelial networks in engineered tissue 

constructs is to prefabricate scaffolds to include channels that later could be lined with endothelial 

cells. Microfabrication techniques are currently under way to engineer such network structures 

 that will mimic the capillary network, expanding from a main vessel (like arteries) and merging 

back to a single vessel (like veins). In such systems, endothelial  cells are seeded into the channel 

network and their attachment and behavior under flow are analyzed. Ink-jet printing can be used 

to pattern cells into tubular structures. This technique, as well as other cell-printing techniques 

such as laser-guided direct writing, could be used in the future for the assembly of complex 

vascularized tissues. In one such approach, Tien and coworkers developed a method to prefabricate 

hollow channels within collagen gels. Endothelial cells were then seeded along the interior of the 

channel such that they formed a vessel-like structure that permitted flow of solution through the 

tube lumen. The authors demonstrated endothelial barrier function and appropriate barrier 

breakdown upon exposure to inflammatory cytokines [58]. 
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3.4.1.5 Cell-synthesized ECM- scaffold free approach 

Although biomaterials-based solutions are promising, there are challenges that need to be 

solved. Some of the key issues that may affect the long term behavior of the engineered tissue 

construct, and directly interfere with its primary biological function, are scaffold choice, 

immunogenicity, degradation rate, toxicity of degradation products, host inflammatory responses, 

fibrous tissue formation due to scaffold degradation and mechanical mismatch with the 

surrounding tissue. To address these problems, fabrication techniques for production of scaffold-

free engineered tissue constructs have recently emerged. Norotte et al. reported a fully biological 

self-assembly approach, which was implemented through a rapid prototyping bioprinting method 

for scaffold-free small diameter vascular reconstruction. Various vascular cell types, including 

smooth muscle cells and fibroblasts, were aggregated into discrete units, either multicellular 

spheroids or cylinders of controllable diameter (300–500 mm). These were printed layer-by-layer 

concomitantly with agarose rods, used as a molding template. A unique aspect of the method is 

the ability to engineer vessels of distinct shapes and hierarchical trees that combine tubes of distinct 

diameters. The technique is rapid and scalable [59]. 

In another study done by L’Heureux et al. the SMCs and fibroblasts were cultured in 

medium containing sodium ascorbate for increased ECM deposition. After 1 month of in vitro 

culture, the sheet of SMCs in their own ECM was wrapped around a tube, covered with a sheet of 

fibroblasts in their own ECM, and then the luminal surface was seeded with ECs. This construct 

reportedly had burst strength of over 2 000 mm Hg. In addition, the SMCs expressed desmin, and 

the ECs strongly inhibited platelet adhesion in vitro. However, when these grafts were implanted 

in dogs as a canine femoral arterial interposition graft, they had a patency rate of approximately 

50%. In addition, the grafts required 3 months for production. This approach has been further 
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tested in 3 patients undergoing hemodialysis. The vessels constructed from autologous dermal 

fibroblasts and ECs were implanted as arteriovenous fistulas for dialysis access and were allowed 

to mature in vivo before use. During 5 months of implantation, no failures were observed, and the 

grafts functioned well. Although the results are encouraging, this approach requires long culture 

and maturation periods that would limit the application of these vessels in urgent cases [60,61]. 

3.6.2 Approaches to microvessel tissue engineering (e.g., capillaries) 

Incorporation of a microcirculation into engineered tissues presents multiple challenges, 

including the formation of microscale vascular conduits for blood flow, a functional endothelium 

that regulates vascular activity, and specialized cell types that perform the physiological function 

of the tissue of interest. Several approaches have been developed to address these challenges, 

including: 

1. Incorporation of biomolecular cues within the material 

2. Seeding of vascular or vascular-inducing cells in the scaffold   

3. Use of microfabrication technologies to engineer branched microfluidic channels within 

biocompatible materials. 

Here we discuss each of the above-mentioned approaches in more detail. 

3.6.2.1 Incorporation of biomolecular cues within the material 

Growth factor incorporation in three-dimensional (3D) engineered tissues is crucial for 

angiogenesis and vascularization. In order to establish a functional microvascular network, 

coordinated delivery of several key factors such as VEGF, FGFs, PDGFs, TGFs, angiopoietins, 

ephrins, placental growth factors and various chemokines are beneficial.  Presentation of a single 

factor such as VEGF is not typically sufficient to form functional conduits and can, in contrast, 
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lead to induction of tortuous and leaky vessels. Thus, spatial and temporal regulation of growth 

factor signaling may help ensure accurate vessel growth and remodeling [62,63]. 

The need for materials that could be chemically and mechanically tailored to incorporate 

and release bioactive molecule, while meeting biocompatibility and biodegradability standards, 

has led to further use of hydrogels as scaffolds for engineered tissue constructs. Hydrogels are 

hydrated materials made from a cross-linked network of hydrophilic polymers. The integration of 

factors that induce rapid endothelial cell ingrowth and that stabilize the vascular network as it 

forms could support the success of these hydrogels [6]. We discuss growth factor releasing 

hydrogels and protease sensitive hydrogels in Section 3.4.2.1.1 and 3.4.2.1.2, respectively. ECM 

peptides that induce vasculogenesis/angiogenesis in hydrogels are discussed in Section 3.4.2.1.3. 

These discussions are followed by the effect of hydrogel stiffness and porosity on 

angiogenesis/vasculogenesis (Section 3.4.2.1.4). 

3.4.2.1.1 Tissue Engineering approaches to deliver Growth Factors 
 

Strategies for biomaterial presentation of growth factors in tissue engineering can be 

conceptually divided into two areas:  

1. Chemical immobilization (covalent or non-covalent) of the growth factor into or onto the 

matrix; and  

2. Physical encapsulation of growth factors in the delivery system.  

The first approach typically involves chemical binding or affinity interaction between the 

growth factor-containing polymer and a cell or a tissue. The second approach is achieved by the 

encapsulation, diffusion and pre-programmed release of growth factor from substrate into the 

surrounding tissue. There are several methods for each approach that are described in detail in a 
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review by Mooney and coworkers [64].  

Investigators have developed a wide range of ECM-mimicking biomaterials to immobilize 

growth factors or growth factor mimics, including hydrogels containing ligands from fibronectin, 

laminin, collagen, elastin or the glycosaminoglycans (GAGs) heparin sulphate, chondroitin 

sulphate, hyaluronic acid or a variety of synthetic hydrogels [64].In a study by Hubble and 

coworkers, a rationally designed combinatorial approach was used to discover a sulfated tetra-

peptide that binds to vascular endothelial growth factor (VEGF). SY(SO3)DY(SO3) was identified 

as the top binder to VEGF, which mimics heparin binding to VEGF as a potential improvement 

over natural heparin [65]. Koch et al. similarly used a synthetic homo-bifunctional polymer cross-

linker, disuccinimidyl disuccinate poly (ethylene glycol), to attach VEGF to collagen matrices 

[66].  PEG-ephrinA1 immoblized to hydrogel surfaces induced endothelial cell tubulogenesis with 

luminal diameters in the range of 5-30 μm, creating structures resembling early stage capillaries 

[67]. In another study, PEG-VEGF not only increased endothelial cell tubulogenesis, but also 

increased endothelial cell motility 14-fold and cell-cell connections 3- fold in a three-dimensional, 

biodegradable hydrogel [68].  

Saik et al. developed MMP-sensitive PEGDA hydrogels immobilized with ephrin A1 ligands, 

which stimulate a wide range of receptors that induce vascularization. The efficacy of ephrin A1 

ligand conjugation was demonstrated 14 days after implantation, by comparing vascular network 

parameters such as vessel density, branch points of MMP-sensitive, PDGF-BB–containing 

PEGDA hydrogels with or without immobilized ligand. The biodegradable, bioactive hydrogels 

immobilized with ephrin A1 ligand produced a denser vasculature in the mouse cornea pocket 

relative to the non–ligand-containing scaffold [69]. 
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Transfecting cells to overexpress angiogenic growth factor genes is another way to promote 

prolonged, local growth factor delivery [70,71]. In one example, mononuclear cells, which give 

rise to endothelial progenitor cells, were transfected to overexpress VEGF. Transfection with a 

VEGF-encoding gene stimulated their differentiation into endothelial cells for vasculogenesis, 

while also enhancing local angiogenesis [70]. Myoblasts have also been transfected to express 

VEGF and bFGF to improve vascularity in engineered muscle tissue [72].   

3.4.2.1.2 Protease sensitive hydrogels  
 

Cell- induced proteolysis is often required for 3-D cell migration and invasion, because the 

porosity of the ECM may lead to barrier function and thus inhibit migration [73]. Whereas many 

synthetic biomaterials have been designed to degrade by ester hydrolysis, such non-enzymatic 

hydrolysis of matrices is not cell mediated, and is less directly responsive to cell-mediated 

remodeling and tissue morphogenesis. Cell induced proteolysis is a reciprocal interaction between 

ECM and the cells, as the ECM stimulates the cells and the cellular proteases remodel the ECM 

and release associated bioactive components from it. For example, Phelps et al. seeded NIH3T3 

fibroblasts in poly (ethylene glycol) diacrylate (PEGDA)–based degradable scaffold and 

incorporated some responsive elements, such as protease-labile cross-links, cell adhesive peptides, 

and conjugated VEGF. They demonstrated that both adhesive ligands and MMP-degradable sites 

were necessary for cells to spread. Furthermore, implantation of VEGF-conjugated scaffolds into 

a mouse model of hind-limb ischemia, resulted in rapid vascularization of the biomaterial that 

remained stable for at least 4 weeks [74]. 

Exciting progress has been made in mimicking the proteolytic recognition of natural ECMs 

in synthetic polymer gels. Protease-sensitive peptides can be categorized in two main general 

groups: Plasmin sensitive peptides and MMP sensitive peptides. For example, a fibrinogen derived 
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(R chain, residues L94I119) peptide sequence that is combined with RGD cell adhesion site is a 

plasmin sensitive peptide. (LRGDFSSANNR¯DNTYNR¯VSEDLRSRI, ¯ indicating the plasmin 

cleavage site) [75]. Alison et al. evaluated plasmin substrate sites reported in fibrinogen as 

potential substrate sites in the crosslinker peptide. After considering solubility and hydrophobicity 

and some other practical parameters they came up with the engineered peptide sequence 

CYKNRDC. Because of a negative influence of the aspartate (D) residue on the reactivity of the 

cysteine © thiol toward vinyl-sulfone, this residue was eliminated from the final crosslinking 

peptide design [71].  

Sequence (GGGPQG¯IWGQGK) is an MMP-sensitive peptide that can be incorporated in 

the backbone of the PEG block polymers with acrylate terminal groups, which allows crosslinking 

of precursors into networks. GGGPQG¯IWGQGK is a mutated version of α1(I) collagen chain 

for increased degradation kinetics with various MMPs [76].  Anseth and coworkers incorporated 

a cysteine-containing bifunctional peptide, CPE¯NFFRGD into PEG hydrogels by thiol-acrylate 

photopolymerization. This peptide has the RGD motif for cell adhesion and the sequence of 

PENFF for MMP-13-sensitive cleavage [77]. The resulting hydrogels provided a platform that 

mimics the native upregulation and downregulation of cell adhesive proteins by the cell-secreted 

enzymes in the ECM for differentiating human mesenchymal stem cells (hMSCs). A review 

written by Zhu provides more information about other enzyme sensitive peptides that have been 

used in the proteolytically degradable PEG hydrogel [78]. 

3.4.2.1.3 ECM peptides used in the hydrogel backbone to induce angiogenesis and 
vasculogenesis 

 
Cell adhesion to traditional biomaterials, such as polyethylene, polytetrafluoroethylene or 

silicone rubber, is based upon nonspecific adsorption of proteins from the body fluids to the 



 
 

 

71 

material surface. A subset of these adsorbed proteins, including fibronectin, fibrinogen, and 

vitronectin, promote cell adhesion by interacting with the corresponding adhesion receptors on the 

cell surface.  To achieve similar cell adhesion in a more well-defined synthetic context, several 

investigators have tested ECM protein-derived cell adhesive peptides as a component of 

biomaterials. These peptides are based on the primary amino acid sequence or structure of the 

receptor-binding domains of proteins such as fibronectin and laminin. Early work demonstrated 

an important possible advantage of working with short adhesion peptides, rather than the complete 

parent protein, as the peptides could be displayed in a manner that enhanced peptide availability 

to cell-surface receptors [63]. Cell adhesive peptides are mainly derived from four ECM proteins, 

including fibronectin (FN) (e.g., RGD, KQAGDV, REDV and PHSRN), laminin (LN) (e.g., 

YIGSR, LGTIPG, IKVAV, PDGSR, LRE, LRGDN and IKLLI), collagen (e.g., DGEA and 

GFOGER) and elastin (e.g., VAPG). RGD is the most commonly used cell adhesive peptide, 

perhaps due to its long history of use and its effectiveness in promoting cell adhesion. RGD 

peptides are typically used in either linear (RGD) or cyclic (cRGD) form. Research has 

demonstrated that cRGD peptides have the advantage of increasing the affinity to integrin αvβ3 and 

enhancing biological activity up to 240 times in comparison with linear RGD analogues [79]. This 

enhanced effectiveness of cRGD is biomimetic, as the RGD sequence in the cell-binding domain 

of FN is exposed at the tip of a loop with a spatial constraint that results in increased affinity for 

cell binding. Thus, incorporation of cRGD peptides into PEGDA hydrogels can better mimic the 

native RGD loop structure and benefit cell adhesion [80]. 

In another study, Hubble et al. showed that within the adhesion protein fibronectin, the 

tetra-peptide REDV is a more specific ligand for integrin receptor α4β1, which is present on the 

endothelial cell but not the blood platelet. It would be beneficial to use this specificity to develop 
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vascular grafts that support endothelial cell adhesion and migration, while rejecting the adhesion 

of blood platelets [63].  

3.4.2.1.4 Hydrogel stiffness and porosity  
 

The physical properties of hydrogels can be regulated by the chemistry of the polymeric 

backbone, its hydrophilicity, polymer concentration, and crosslinking density. Increasing the 

crosslinking density and/or monomer concentration generally results in increased stiffness and 

reduced degradation rates because of a larger number of bonds that need to be cleaved during 

degradation of the material. The stiffness of hydrogels can be adjusted by varying the percentage 

of polymer used in the solution before the crosslinking procedure and can be controlled by 

adjusting the crosslinking agent and the crosslinking density during hydrogel formation. Increasing 

the number of bonds in the polymer also limits the ability of water molecules to diffuse in and out 

of the material. Thus, the degree of crosslinking of polymer networks can be used to tailor both 

the structural stability and the porosity of the material [81]. As a result, the degree of crosslinking 

is an important aspect in regulating the transport of solutes through hydrogel structures [82]. A 

recent study by West and colleagues showed that hydrogel stiffness affects the degree of 

endothelial tubule formation. In stiffer hydrogels tubule formation was reduced and cell clusters 

remained short and rudimentary, as cells failed to migrate as much as they do in softer matrices 

[62]. Ghajar et al. studied the effect of matrix density on the regulation of 3-D capillary 

morphogenesis and demonstrated a key role for both matrix stiffness and ligand density [83].  

3.6.2.2 Seeding of vascular or vascular-inducing cells in the scaffold  

 
Encapsulation of endothelial cells and supporting cells within biomaterials are common 

strategies that have attracted a great deal of attention. This encapsulation strategy benefits from 
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cell signaling, differentiation, and migration as well as the dynamic interactions between cells that 

provide the biochemical environment beneficial for the ensuing tissue remodeling. For example, 

to mimic skin tissue vascularization, Black et al. co-cultured human umbilical vein endothelial 

cells (HUVECs), human-derived fibroblasts and keratinocytes (skin cells) housed within a 

collagen-based scaffold [84]. Biochemical coordination between the ECM generated by the 

fibroblasts and growth factors such as VEGF and TGF-β secreted by neighboring cells in the 

presence of HUVECs promoted the development of a vascular network both in vitro and in a mouse 

model [85,86]. Furthermore, recent studies highlight the benefits gained from the addition of 

epithelial cells—those that line the body cavities such the gut and lungs—to stabilize and regulate 

the size and formation of capillaries within the vascularized model. Thus, various cell types can 

play complementary roles in tailoring vascularization. 

The idea of implanting a co-culture of endothelial cells with ECM-forming fibroblasts or 

bone-forming osteoblasts in vivo was validated by Alajati et al. HUVECs and osteoblasts were 

encapsulated within a scaffolding material composed of VEGF and FGF-2 in Matrigel (a murine 

tumor–derived ECM), fibrin, and thrombin, and the biomaterial was implanted subcutaneously in 

a severe combined immunodeficiency (SCID) mouse model for up to 20 days. The result was a 

durable perfused vascular network in vivo [87]. In another study, HUVECs were used to promote 

the human MSC differentiation into an endothelial lineage, promoting the formation of 3D 

vascular structures for up to 2 weeks in a Matrigel-based ECM [88]. A mature vascular network 

was also formed by combining HUVECs and human MSCs in a polymeric scaffold in vivo 4 to 7 

days after implantation, thus accelerating the functional remodeling of the implant when used as a 

bone graft [89]. 
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All in all, the scaffold is a crucial component that regulates the dynamic vascularization 

process. Scaffolds used in this area are either natural biodegradable materials, such as collagen 

and Matrigel, or synthetic biodegradable scaffolds, such as poly-L-lactic acid (PLLA) or poly-

D,L-lactic-co-glycolic acid (PLGA). However, because of shortcomings seen in their mechanical 

strength, durability, immunogenicity, and other application-specific requirements, researchers 

continue to develop more suitable scaffolds for endothelial cell–based vascularization for specific 

applications.  

3.6.2.3 Use of microfabrication technologies to engineer branched microfluidic channels 

within biocompatible materials 

Micro-engineered scaffolds containing channels can be used to seed endothelial cells to 

form a confluent endothelium on the walls of the vascular channels [90]. Micro-engineering 

techniques can be categorized into two different groups based on the dimensionality of the 

produced structures: 1) techniques that produce planar structure such as photolithography and 

molding; and 2) techniques that produce 3D structure such as direct ink writing and 

omnidirectional printing. Photolithography is a process that uses light illumination through a mask 

to generate structures from light-sensitive materials, while molding is a process that uses a 

hollowed-out pattern to which a deposited material conforms. Photolithography and molding are 

both planar. A 3D structure can result from stacked 2D structures that comprise channels with 

rectangular cross sections instead of channels with circular cross sections [6]. Raghavan et al. 

developed a novel approach to control endothelial tubulogenesis by spatially patterning cells 

within micro-molded collagen gels. Endothelial cells cultured within microscale channels that 

were filled with collagen hydrogel organized into tubes with lumens within 24–48 h of seeding. 

These tubes extended up to 1 cm in length, and exhibited cell–cell junction formation characteristic 
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of early stage capillary vessels [91]. In another study, a 3D tissue construct composed of 

endothelialized hollow vascular structures was produced using a self-assembled monolayer 

(SAM)–based cell deposition technique and a hydrogel photocrosslinking method to provide a 

robust hydrogel-based scaffold for endothelial cell attachment [92]. 

Direct ink writing and omnidirectional printing within a gel reservoir can create 3D 

vascular structures in vitro. In a recent study by Chen et al., a printing approach was used to 

generate a micropatterned sugar-based sacrificial layer around which cell-laden hydrogels could 

be built. The sugar-based layer was then dissolved, creating a 3D microarchitecture consisting of 

microvascular networks. Moreover, Chrobak et al. validated the hypothesis that the existent flow 

and shear conditions within such microscale channels are favorable for endothelium sustainability 

[58].  

Zheng and co-workers created microvessels that replicated some aspects of angiogenesis 

using silicone molds together with casting gels made out of collagen. The researchers report that 

the microvessels were lined with continuous endothelium and did not leak. Moreover, when 

activated with appropriate biochemical signals the vessels produced new branches and recruited 

mural cells, which normally associate with blood vessels and affect their functions. As such, the 

device not only allowing the researchers to shape the network, but also permits the biological 

elements (cells and their products) to reshape or remodel the system dynamically [90]. Despite 

these substantial advances, new technologies are required to more accurately recreate the 

complexity of native tissues and enable formation of robust, functional micro-capillary networks 

[93].   

3.6.3 Mechanisms for connecting Micro-vessels to Macro-vessels  
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The in vitro formation of mature vessel networks ready to anastomose with the host 

vasculature shortly after implantation has the potential to dramatically improve the rate of oxygen 

and nutrient delivery and waste product removal, and thus increases the viability of larger 

implanted tissues. Rapid (~1 day) anastomosis of engineered vessels with host vasculature is likely 

necessary for the survival and function of tissue specific cells, especially for oxygen-sensitive cells 

such as cardiomyocytes, hepatocytes, and various stem cells, all of which are of tremendous 

interest in the field of regenerative medicine [94]. Limited studies suggest that during embryonic 

vasculogenesis and angiogenesis, anastomosis is accomplished via connection of extended cellular 

processes followed by lumen propagation through intracellular and intercellular vacuole fusion, 

with macrophages playing an accessory role. However, it is not known whether this is the only 

mechanism for connecting vessels. Without a basic understanding of the cellular mechanisms of 

anastomosis, it is difficult to develop strategies for accelerating this critical step for perfusing 

engrafted tissues [95]. This section will describe the different mechanisms that are involved in 

anastomosis, based on a limited range of insights published to date in this area. 

 3.6.3.1 Engineered blood vessel networks connect to host vasculature via wrapping-and-

tapping anastomosis 

Cheng et al. showed that implanted vascular networks anastomose with host vessels 

through a previously unidentified process of “wrapping and tapping” between the engrafted 

endothelial cells (ECs) and the host vasculature. At the host-implant interface, implanted ECs first 

wrap around nearby host vessels and then cause basement membrane and pericyte reorganization 

and localized displacement of the underlying host endothelium. In this way, the implanted ECs 

replace segments of host vessels to divert blood flow to the developing implanted vascular 

network. The process is facilitated by high levels of matrix metalloproteinase-14 and matrix 
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metalloproteinase-9 expressed by the wrapping ECs. These findings open the door to new 

strategies for improving perfusion of tissue grafts and may have implications for other physiologic 

and pathologic processes involving postnatal vasculogenesis. They found that tip cell connections 

and vacuole fusion were not integrally involved in host-implant vascular anastomosis, but instead 

the engrafted endothelial networks wrapped around host vessels at the host-implant interface and 

then replaced sections of the underlying vessel wall to tap into the host blood supply [95]. 

 3.6.3.2 Tensional forces in the collagen matrix control directional capillary sprouting 

and anastomosis 

 

Formation of capillary anastomoses is associated with tensional remodeling of the collagen 

matrix and directional sprouting of outgrowing capillaries towards each other. To analyze whether 

directional sprouting is dependent on cytokine gradients or on endothelial cell-derived traction 

forces transduced through the extracellular matrix, Korff and Augustin designed a matrix tension 

generator that enables the application of defined tensional forces on the extracellular matrix. Using 

this matrix tension generator, causal evidence is presented that tensional forces on a fibrillar 

extracellular matrix such as type I collagen, but not fibrin, were sufficient to guide directional 

outgrowth of endothelial cells [96]. 

3.6.3.3 High density of co-transplanted fibroblasts promotes rapid anastomosis of endothelial 

progenitor cell derived vessels with host vasculature 

Chen et al. have shown that both endothelial progenitor cell-derived endothelial cells (EPC–

ECs) and a high density of fibroblasts significantly accelerate the rate of functional anastomosis, 

and that pre-vascularizing an engineered tissue may be an effective strategy to enhance transport 

of nutrients in vivo. In this study, Chen et al. developed three-dimensional engineered vessel 
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networks in vitro by co-culture of endothelial cells (ECs) and fibroblasts in a fibrin gel for 7 days. 

Vessels formed by cord blood endothelial progenitor cell–derived ECs (EPC-ECs) in the presence 

of a high density of fibroblasts created an interconnected tubular network within 4 days, compared 

with 5–7 days in the presence of a low density of fibroblasts. Vessels derived from human 

umbilical vein ECs (HUVECs) in vitro showed similar kinetics. Implantation of the pre-

vascularized tissues into immune-compromised mice, however, revealed a dramatic difference in 

the ability of EPC-ECs and HUVECs to form anastomoses with the host vasculature. Vascular 

beds derived from EPC-ECs were perfused within 1 day of implantation, whereas no HUVEC 

vessels were perfused at day 1. Further, while almost 90% of EPC-EC–derived vascular beds were 

perfused at day 3, only one-third of HUVEC-derived vascular beds were perfused. In both cases, 

a high density of fibroblasts accelerated anastomosis by 2–3 days [94]. This study and others 

described above emphasizes the critical need to select suitable cell types and engineer surrounding 

microenvironments that optimize vascular network formation and anastomosis with the host in 

vivo.  

3.7 Challenges for future translation of engineered tissue vessels to the clinic 

Balloon angioplasty, stent placement, graft bypass surgery, and use of pharmacological 

agents are current treatment options for vascular diseases. Vascular grafts that are being used in 

patients can be divided into three categories, in order of decreasing diameter. Large and medium 

caliber synthetic grafts are used in the thoracic and abdominal cavities with good long-term 

outcomes. Almost 1,200,000 small-caliber grafts (<6 mm) are used every year for vascular access, 

to relieve lower limb ischemia and for coronary bypass surgery. Autologous veins or arteries are 

being used to replace small caliber arteries, but in 30–40% of patients these are not available due 

to prior harvesting or preexisting conditions. Using synthetic grafts, which provide poor outcomes 
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is often the only option left for those patients. It is reported that ~50% of these synthetic grafts will 

occlude within 5 years, potentially leading to amputation [97].  

Considering the need for vascular graft that is been estimated to be about 1.4 million in the 

US alone [98], there is a need for engineered blood vessels that are non-thrombogenic, withstand 

adequate burst pressure, show appropriate remodeling responses and are vasoactive [99]. Thus, for 

successful clinical translation of biomaterials that we discussed in Section 3.4, it is essential that 

researchers identify parameters that can be controlled to promote and regulate angiogenesis and 

vasculogenesis. The long-term in vivo function of various engineered vascular networks and 

tissue-engineered vessels still need to be further investigated.  

Moreover, it is important that the engineered tissue vessels elicit the least inflammatory 

response. Ideally, a tissue-engineered vessel should not be immunogenic, nor should it induce 

thromboembolic complications or excessive and prolonged inflammation. Unfortunately, few 

biomaterials exist which can be considered biologically inert. For example, Teflon® (expanded 

polytetrafluoroethylene; ePTFE) and Dacron (polyethylene terephthalate; PET) vascular grafts 

function well in large diameter graft applications without endothelial cell coverage but when used 

in peripheral applications, one half of these grafts occlude within the first five years of implantation 

[52,97]. Moreover, preexisting pathology or existing risk factors could affect the long-term success 

of the implants. For example, implantation of a vascular graft in an atherosclerosis-prone patient 

results in decreased patency. So designing new approaches that account for the pathological status 

of the tissue, organ or patient on the engineered tissue vessel could increase the rate of translational 

success of tissue engineered vessels [97,100]. 

It is also important to keep in mind efforts to link in vivo with in vitro research successfully 

in tissue engineering. In vitro culture of tissues and vascular cells provides the basis for our 
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understanding of endothelial cell biology, cell-shape regulation and blood vessel responses to 

physical forces. However, most in vitro models lack the three-dimensional complexity, blood flow, 

cell–cell interactions and proper extracellular (matrix) environment that are typical of living tissues 

[101]. In vitro systems that more faithfully mimic the “context” of the native vasculature may lead 

to more informative in vitro studies.  

After an initial period of hype and hope, we are now closer to clinical application. The 

prospects of using scaffolds, cells, and biochemical or biomechanical stimuli to create functional 

tissues such as valves and arteries are a power previously unimaginable. However, critical 

challenges remain for translation of blood vessel tissue engineering strategies. While the field 

continues to address these challenges, and to further understand the intricate biology of the 

endothelium, novel biomaterials and cell sources will be critical. In view of emerging advances in 

biomaterials synthesis/design and stem cell biology, tissue engineered blood vessels at both the 

macro-scale and the micro-scale may soon impact thousands of patients in need of tissue 

regeneration and repair. 
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Chapter 4: 3-D Culture and Endothelial Cells Improve Maturity of Human 

Pluripotent Stem Cell-Derived Hepatocytes 
 
Elements of this chapter have been published as: 

Hamisha Ardalani, Srikumar Sengupta, Victoria Harms, Vernella Vickerman, James A.Thomson, 

William L. Murphy (2019). "3-D Culture and Endothelial Cells Improve Maturity of Human 

Pluripotent Stem Cell-Derived Hepatocytes." In Acta Biomaterialia 

https://doi.org/10.1016/j.actbio.2019.07.047 
 
 
4.1 Preface 

In Chapter 2, we provided an overview of the current state of the art in approaches to mature 

iPS-ES-derived hepatocytes. While so much progress has been made to improve the 2D 

differentiation protocols by chemical and small molecule screening, the hepatocyte-like cells are 

still far from the primary human hepatocytes. In this chapter, we describe a 3D co-culture strategy 

for improving the metabolic function and CYP450 enzyme activity of human iPS-derived 

hepatocytes. This work demonstrates the value of 3D culture and heterotypic cell-cell interactions 

on improving the maturity of human iPS-derived hepatocyte. 

 
4.2 Abstract 

Human-induced pluripotent stem cell (hiPSC)-derived hepatocytes (iHEP) offer an 

attractive alternative to primary human hepatocytes (PHH) for drug toxicity studies, as PHHs are 

limited in supply, vary in their metabolic activity between donors, and rapidly lose their 

functionality in vitro. However, one of the major drawbacks with iHEP cells in drug safety studies 

is their decreased phenotypic maturity, with lower liver specific enzyme activity compared with 

that of PHH. Here we evaluated the effects of 3D culture and non-parenchymal cells on the 
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maturation of iHEPs. We describe a serum-free, chemically defined 3D in vitro model using iHEP 

cells, which is compatible with automation and conventional assay plates. The iHEP cells cultured 

in this model form polarized aggregates with functional bile canaliculi and strongly increased 

expression of albumin, urea and genes encoding phase I and II drug metabolism enzymes and bile 

transporters. Cytochrome P450-mediated metabolism is significantly higher in 3D iHEP 

aggregates compared to 2D iHEP culture. Furthermore, addition of human liver sinusoidal 

endothelial cells (sECs) and iPS-derived endothelial cells (iECs) improved mature hepatocyte 

function and CYP450 enzyme activity. Also, ECs formed endothelial networks within the hepatic 

3D cultures, mimicking aspects of an in vivo architecture. Collectively, these results suggest that 

the iHEP/EC aggregates described here may have the potential to be used for many applications, 

including as an in vitro model to study liver diseases associated with sinusoidal endothelial cells.  

 

4.3 Introduction 

Pluripotent stem cell-derived liver cells are a promising cell source for in vitro liver models 

and tissue-engineering applications. However, these cells do not replicate the function of primary 

human hepatocytes (PHH). Hepatocyte-like cells differentiated from pluripotent stem cells have 

lower synthetic ability and metabolic enzyme activity compared to primary hepatocytes, and unlike 

primary hepatocytes they consistently express immature hepatic markers such as α-fetoprotein 

(AFP). On the other hand, the use of PHH in applications such as drug toxicity screening [1] is 

limited due to donor to donor variability, limited supply, tendency to de-differentiate and rapid 

loss of hepatocyte-specific functions in conventional 2D monolayer cultures [2–4]. Therefore, 

there is a need for new approaches to mature induced pluripotent stem cell (iPS)-derived or 

embryonic stem cell (ES)-derived hepatocytes [5–7] as a substitute for PHH.  
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Early attempts to mature iPS/ES-derived hepatocytes were focused on two-dimensional (2D) 

differentiation protocols and use of chemical and small molecules [5–8]. More recent studies have 

demonstrated that three-dimensional (3D) culture better recapitulated the complex 3D interactions 

between cell-cell and cell-extracellular matrix (ECM) in the liver [9,10]. 3D cell culture systems, 

such as collagen matrices [11], micropatterned formats [12] or spheroid culture [13–15], have been 

used to recreate cell-cell junctions and mimic liver architecture more effectively than traditional 

sandwich cultures, leading to enhanced iPS-derived hepatocyte function. Limitations of these 

previous cell cultures include limited scalability, drug absorption/adsorption to the ECM, and 

batch-to-batch differences in 3D ECMs [16]. 3D spheroids may circumvent these limitations. 

However, 3D spheroid cultures that include non-parenchymal cells (NPCs) have typically been 

conducted with mouse primary cells [15], which do not recapitulate human liver physiology.  

In this work, we evaluated the effect of heterotypic co-cultures on hiPS-derived hepatocyte 

(iHEP) function in a 3D culture format, in which all cells were of human origin. We describe a 

serum-free, chemically defined 3D in vitro model using iHEP cells, which is compatible with 

automation and conventional assay plates. iHEP cells cultured in this model form polarized 

aggregates with functional bile canaliculi and strongly increased expression of albumin, urea and 

genes encoding phase I and II drug metabolism enzymes and bile transporters. Cytochrome P450-

mediated metabolism was significantly higher in 3D iHEP aggregates compared to 2D culture. 

Furthermore, we found that the addition of human liver sinusoidal endothelial cells (sECs) or iPS-

derived endothelial cells (iECs) improved mature hepatocyte function and CYP450 enzyme 

activity of iHEPs. Also, we observed that each of the EC types formed endothelial networks within 

the hepatic 3D cultures, mimicking aspects of an in vivo architecture. Collectively, these results 

suggest that the iHEP/EC aggregates that described here may have potential to be used for many 
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applications, including as in-vitro model to study liver diseases associated with sinusoidal 

endothelial cells.  

 

4.4 Materials and Methods 

4.4.1 Hepatocyte cell culture 

 iCell Hepatocyte 2.0 (from Cellular Dynamics International) was thawed and plated into 

collagen I-coated 24 and 96-well plates at a 3x105 cells/cm2. Plating volumes for 24 and 96-well 

plates were 0.57 ml and 0.1 ml, respectively. Maintenance medium used for 2D culture of 

hepatocytes was DEME/F12 medium, no phenol red supplemented with B27 supplement (1x), 

Dexamethasone (0.1 μM) and Oncostatin M (20 ng/ml). On day 1 through day 4 post-plating, spent 

medium is replaced daily. On day 5, medium is replaced with Maintenance medium minus 

Oncostatin and spent medium is replaced every two days thereafter.  

4.4.2 Non-parenchymal cell culture 

 Human hepatic stellate cells were from ScienCell Research laboratories (Cat# 5300). Cells 

were thawed and cultured on poly-L-lysine coated plates and recommended media based on the 

manufacturer’s protocol. Human cholangiocyte primary cells were from CELPROGEN stem cell 

research and therapeutics. Cells were thawed and cultured on the proprietary coated plates and 

medium recommended by the company. Human liver sinusoidal endothelial cells were from Cell 

Systems. The cells were cultured and expanded on plates coated with proprietary cell attachment 

factor coated plates and the recommended medium.  
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Human induced pluripotent stem cell-derived endothelial cells (iEC) (from Cellular Dynamics 

International) were cultured according to the manufacturer’s protocol on fibronectin-coated plates 

in VascuLife Medium (Lifeline Cell Technologies). 

4.4.3 Aggregate formation and maintenance  

iHEP spheroid culture. On day 5-7 post iHEP 2D culture Accutase was used to dissociate 

iHEPs. Cells were seeded into ultra-low attachment (ULA) 96-well plates (Corning) at 1500 viable 

cells per well and subsequently centrifuged at 100 ×g for 2 min. Cells were seeded in iHEP 

Maintenance medium (Section 4.4.1) minus Oncostatin M. Aggregates were maintained in serum-

free medium with 50% medium change every 48-72 h. The cells formed spheroids within 24-48 

hours after transfer to the ULA plates (Fig. 4.1a). 

Co-culture spheroids. When used, co-culture of iHEP and non-parenchymal cells originating 

from human were seeded at a ratio of 1:0.7:0.2:0.1 (iHEP:EC:hSC:CC) and 1500:1050:300:150 

viable cells per well into ultra-low attachment plates. The ratios are adapted from a well-cited 

published study demonstrating formation of liver bud from human induced pluripotent stem cells 

[17]. Aggregates that were co-cultured with ECs were maintained in a medium supplemented with 

40 ng/ml VEGF.  

4.4.4 RNA isolation and RT-qPCR analysis   

Cells were lysed with ice-cold RLT plus buffer supplemented with b-Mercaptoethanol and 

total RNA was extracted using the RNeasy Micro plus Kit (Qiagen). The total RNA concentration 

was quantified using Nanodrop spectrophotometer. Conversion of total RNA to cDNA was carried 

out using the SuperScriptTM IV ViloTM Master Mix (Invitrogen). qPCR was performed on the 

Applied Biosystems instruments in 384-well format using TaqMan universal master mix II 
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(Applied Biosystems). The data were analyzed using the 2-ΔΔCt methods. All genes were normalized 

to the geometric mean of GAPDH and ACTB using the ΔCt method and were normalized to the 

expression of fresh iHEP using the ΔΔCt method unless stated otherwise. Fresh iHEP refers to 

freshly thawed hepatocytes that were not cultured in 2D or 3D format. Pre-designed TaqMan 

primers were purchased from ThermoFisher Scientific. Taqman primers used in this study can be 

found in Table S4.1. 

4.4.5 Immuno-staining and imaging 

Aggregates were fixed for 30 minutes with 4% paraformaldehyde and washed 3 times with 

DPBS. Samples were permeabilized and blocked with 0.1% Triton X-100 and 10% donkey serum 

for 30 minutes, respectively. The samples were then incubated with the following primary 

antibodies diluted in 1% donkey serum overnight at 40C: ALB (1:100; SC69873, Santa Cruz and 

NBP1-32458, Novus Biologics), Desmin (1:100; SC-7559, Santa Cruz), Vimentin (1:100; NB300-

223SS, Novus Biologics), S1004A (1:100; NBP1-89402, Novus Biologics), MRP2 (1:100; 

MAB4150, MDS-Millipore Sigma), CYP3A4 (1:100; AB1254, MDS-Millipore Sigma), and 

PECAM (1:100; M082301-2, DAKO), and Alexa FluorTM 568 Phalloidin (1:100; A12380, R&D 

Systems) for F-actin staining. Cells were washed three times with PBS for 30 minutes each. Cells 

were incubated for 2 hours at room temperature with appropriate secondary antibodies diluted in 

1% donkey serum: Alexa Fluor 488 series (1:500; Life Science), and Alexa Fluor 568 series 

(1:500; Life Science). Nuclei were stained using 4,6-diamidino-2-phenylindole (DAPI) or Hoechst 

3342 (1:10000 in DPBS; Sigma) for 30 minutes. Cells were then washed three times with PBS for 

30 minutes each and then imaged using a Nikon A1R laser scanning confocal microscope with 

Plan Apo 10×, Plan Fluor 20×Ph1 DLL, or Plan Apo 20×DIC M objectives (0.95–3.35 µm z-

steps).  
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4.4.5.1 Bile canaliculi staining  

 Aggregates were washed three times with PBS and incubated with 5(6)-carboxy-2’,7’-

dichlrofluoroscin diacetate (CFDA) at a final concentration of 10 μg/ml for 30 minutes at 37°C. 

Cultures were subsequently rinsed several times with ice-cold PBS containing calcium and 

magnesium and imaging was performed with confocal microscopy (Nikon). Images were acquired 

at excitation/emission λ: 495/520 nm.  

4.4.7 Biochemical Assays 

4.4.7.1 ALB and Urea Secretion  

Albumin and urea secretion were analyzed by measuring the concentration of albumin and urea 

in culture medium. Culture supernatants were assayed for albumin levels using an enzyme-linked 

immunosorbent assay (ELISA) kit (E88-129, Bethyl Laboratories). Urea concentration was 

measured using a calorimetric assay kit from Bioassay Systems (DIUR-100).  

4.4.7.2 Cytochrome P450 

Luminescence-based assays (Promega, Madison, WI) for CYP2C9 (luciferin-H), CYP3A4 

(luciferin-IPA) and CYP1A2 (luciferin-1A2) were used to measure CYP450 activity. Briefly, 

cultures were rinsed in phenol red-free culture medium and incubated with luminescent substrates, 

diluted in same medium, for 1 hour (3μM luciferin-IPA) or 3 hours (100μM luciferin-H) at 37oC. 

For CYP1A2 cultures were rinsed with PBS and incubated with luminescent substrate diluted in 

PBS for 1 hour (6μM luciferin-1A2). Following incubation, supernatant was processed according 

to manufacturer instructions and luminescence was measured using luminometer (Promega 

GloMax plate reader).  
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Drug dosing. For CYP450 induction studies, cultures were treated in serum-free culture 

medium with rifampicin (25 μM) or 0.1% vol/vol DMSO control dissolved in culture medium for 

3 days, followed by quantitation of CYP3A4 and CYP2C9 activities using the luminescent assays 

described above. Analogously, cultures were treated with omeprazole (100 μM) and 

dexamethasone (50 μM) for 3 days, followed by quantitation of CYP1A2 activity and CYP3A4 

activity, respectively. Since dexamethasone is a known inducer of cytochrome P450 3A4, 

dexamethasone was extracted from the medium to lower CYP3A4 basal activity.   

 

4.4.7.3 ATP viability and Toxicity assays and DNA Quantification 

Cell viability was assessed by determining the ATP content of aggregates with CellTiter-Glo 

3D Cell Viability Assay (Promega). DNA within the resulting lysates was measured by reading 

fluorescein at 485/535 nm using Quant-itTM PicoGreen dsDNA kit (Invitrogen). Known 

concentration of iHEP mono/co-cultured aggregates was used to construct a standard curve and 

correlate DNA concentration to cell number. Estimated DNA content was used to normalize the 

readout data for assays mentioned earlier. 

At the same time-points, cell culture medium was collected to assess the cytotoxicity effect of 

drugs on aggregates. Cytotoxicity was measured using the Cytotox 96 Non-Radioactive 

Cytotoxicity Assay (Promega).  

4.4.8 Statistical analysis 

 Experiments were repeated 2-3 times with 4-6 replicate samples for each condition. Data from 

representative experiments are presented, whereas similar trends were seen in multiple repeats. 

Statistical significance was determined using Unpaired Two-tailed t-test with Welch’s correction 
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(GraphPad Prism version 8.0C for Mac, GraphPad Software, La Jolla California USA). All error 

bars represent standard deviation. P-values below 0.05 were considered significant for this study.  

 

 4.5 Results 

4.5.1 Mature hepatocyte markers were enhanced in 3D-cultured iHEP aggregates 

Real time PCR analysis showed that expression of genes representing the liver maturation 

factors ALB (albumin), AAT (alpha-1 antitrypsin deficiency, also known as SERPINA1) and 

HNF4α (hepatocyte nuclear factor 4 alpha) was higher in 3D iHEP aggregates when compared to 

2D iHEP cultures. mRNA transcript levels of these genes decreased after 11 days in 2D culture, 

while they were significantly higher in 3D aggregates (Fig. 4.1b (I, III, IV)). Alpha-fetoprotein 

(AFP) was still detected in 3D iHEP aggregates, but 3D iHEP aggregates showed greater decrease 

in AFP expression during cell culture when compared to 2D iHEP cultures (Fig. 4.1b (II)). 3D 

iHEP aggregates had a higher ALB/AFP ratio compared with cells grown in 2D on day 11 (Fig. 

4.1b (V)), suggesting an improvement in maturation. In addition, albumin protein levels were 

3000-fold higher in 3D iHEP cultures compared to 2D cultures (Fig. 4.1b (VI)). Albumin protein 

levels was stable from day 7 to day 11 in 3D iHEP aggregates unlike 2D iHEP cultures. Similarly, 

immunostaining of 3D iHEP aggregates showed presence of albumin both in 2D and 3D (Fig. 4.1b 

(VII)). Urea production was higher in 3D aggregates compared to 2D culture (Fig. 4.1b (VIII)). 

Taken together, these data suggest that iHEP cultured in 3D are more mature than iHEPs cultured 

in 2D.  

4.5.2 Metabolic competence was enhanced in 3D-cultured iHEP aggregates 
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Real time PCR analysis showed higher expression of various phase I and II metabolic enzymes 

and bile transporters in 3D iHEP aggregates compared to 2D cultures (Fig. 4.2a (I-III)). mRNA 

transcript levels of phase I xenobiotic metabolizing enzymes CYP3A4, CYP1A2 and CYP2C9 

were analyzed over a period of 11 days. Expression level of CYP3A4 decreased after 11 days in 

2D iHEP cultures. Notably, CYP1A2 and CYP2C9 were nearly undetectable in iHEP cells cultured 

in 2D. However, the expression levels of those genes, which represent major phase I metabolizing 

enzymes, were increased in 3D aggregates compared to 2D cultures (Fig. 4.2a (I, II and III)). 

Similarly, the mRNA levels of phase II xenobiotic metabolizing enzymes UGT1A1 and UGT1A6 

also increased in 3D iHEP cultures (Fig. 4.3a (I-II)).  

To evaluate whether increased mRNA levels of metabolic enzymes correlated with increased 

functional metabolism, we compared the basal activity of CYP450 enzymes in iHEPs cultured in 

2D and 3D. Basal activity of phase I metabolizing enzymes measured after 11 days was higher in 

3D versus 2D cultures (Fig. 4.2a (IV)). Immunostaining of 3D iHEP aggregates showed presence 

of CYP3A4 both in 2D and 3D (Fig. 4.2b). Together, these data showed that the increased 

expression of numerous Phase I, II and III enzymes and increased xenobiotic metabolic 

competence were associated with 3D aggregate culture.  

4.5.3 Functional bile canaliculi were formed in 3D iHEP aggregates 

The gene expression levels of bile canaliculi transporters (MRP2 and BSEP) were increased in 

3D iHEP cultures compared with 2D iHEP cultures (Fig. 4.3b (I, II)). Bile salts are transported by 

hepatocytes into the bile canaliculi, and perturbation of this process is often associated with drug-

induced liver injury. Immunofluorescence staining for F-Actin as a cytoskeleton marker confirmed 

the presence of polarized epithelial structures in the 3D iHEP aggregates (Fig. 4.3c (II)). 

Intracellular localization of F-actin indicated a polarized cellular organization. In particular, F-
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actin enrichment at cellular junctions resembled biliary-like structures, which mimicked the 

interconnectivity between bile canaliculi.  

CFDA (5-(and-6)-carboxy-2’,7’-dichlorofluorescein diacetate) accumulated in canaliculi 

structures of 3D iHEP aggregates, suggesting that 3D iHEP aggregates formed rudimentary 

canaliculi (Fig. 4.3d (I)). In contrast, there was less accumulation of CFDA in 2D iHEP cultures 

(Fig. 4.3d (II)). Uptake of non-fluorogenic CFDA into hepatocytes in human liver is mediated by 

phase II esterases into fluorogenic carboxy fluorescein (CF) and excreted into canaliculi via phase 

III transporters including MRP2 [18]. Immunostaining clearly showed MRP2 on iHEP aggregates 

in the apical regions (Fig. 4.3c (I)). The mRNA level of MRP2 was also found to be 130-fold 

higher in 3D iHEP aggregates compared to 2D iHEP cultures after 11 days (Fig. 4.3b (I)). These 

results suggest that 3D iHEP aggregates were able to take up bile salts actively and transport them 

into canalicular structures. 

4.5.4 Endothelial cells improved the maturity of 3D iHEP aggregates 

iHEP/EC aggregate co-cultures showed increased hepatocyte function when compared to 

iHEP aggregate monocultures. Albumin and urea secretions in iHEP/EC aggregate co-cultures 

were greater (2𝑋-50𝑋) than in iHEP aggregate monocultures (Figs. 4.4a, 4.4b). Without the 

support of ECs, albumin secretion from iHEP aggregates remained at 604 ±116 pg and in case of 

CC quickly decreased to 69±26 pg after 7 days of culture in 3D. However, addition of hSC and 

ECs significantly improved albumin secretion of iHEP/hSC, iHEP/sEC, iHEP/iECs and 

iHEP/hSC/sEC aggregates, which increased during 7 days of culture and was stable until 11 days 

(Fig. 4.4a). Although, albumin secretion of iHEP/sEC aggregates declined after 11 days it was still 

2.7-fold higher than that of iHEP aggregate on day 11. All cell aggregates positively stained with 

Albumin (Fig. 4.5a, b). The addition of sECs also led to a significant increase in urea secretion 
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across the time course of experiment (Fig. 4.4b). Although iECs did not increase the urea levels 

compared to iHEP monoculture on day 7, iEC support maintained the urea levels until day 11. 

Although, iHEP/sECs showed decrease in urea secretion on day 11, it was still higher than iHEP 

monoculture on day 11 (Fig. 4.4b). Addition of hSCs led to a significant decrease in urea secretion 

compared to iHEP monoculture aggregates. Similarly, addition of CCs, led to significant decrease 

in both albumin and urea production of iHEP aggregates.  

4.5.5 CYP450 basal activity and induction were enhanced in 3D iHEP aggregates co-cultured 

with ECs 

Basal activity of CYP450 enzyme in iHEP/EC aggregates were higher compared to iHEP 

aggregates (Fig. 4.4c-e). Activity of CYP3A4, CYP1A2 and CYP2C9 in iHEP/sEC aggregates 

were 1.7-fold, 1.7-fold and 2.2-fold higher than that in iHEP monoculture, respectively, and 

activity of each enzyme was 1.5-fold higher than that in iHEP/hSC aggregates. Similarly, activity 

of CYP3A4, CYP1A2 and CYP2C9 in iHEP/iEC aggregates were 1.7-fold, 3.1-fold and 1.6-fold 

higher than that in iHEP aggregates, and 1.5-fold, 2.9-fold and 1.2-fold higher than that in 

iHEP/hSC aggregates.  

Rifampicin and dexamethasone induced CYP3A4 activity by at least 2-fold in all the 

conditions, with slightly more induction of CYP3A4 in iHEP/sEC aggregates than in iHEP 

aggregates on day 11. CYP3A4 activity was 2-fold higher with rifampicin induction in 

iHEP/sEC/hSC aggregates when compared to dexamethasone induction (Fig. 4.4c). However, 

induction of CYP2C9 by rifampicin was modest compared with CYP3A4 in iHEP, iHEP/sEC, 

iHEP/hSC and iHEP/sEC/hSC (Fig. 4.4d). CYP2C9 activity was not induced for iHEP/sEC/hSC 

aggregates or iHEP/CC aggregates (Fig. 4.4d). Omeprazole increased basal activity of CYP1A2 

by 2.3-fold in iHEP aggregates and iHEP/sEC aggregates, and by 1.4-fold in iHEP/iEC aggregates. 
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CYP1A2 activity in iHEP/hSC aggregates did not change after induction with omeprazole (Fig. 

4e). CYP2C9, 3A4 and 1A2 levels in iHEP/CC aggregates were each significantly lower than that 

in iHEP aggregates. This may be attributed to increased growth of CCs and their dominance in the 

3D co-culture with iHEP cells. Drugs at chosen concentration did not have any cytotoxic effects 

on 3D iHEP co-cultures (Fig. S4.3). Taken together, activity of CYP1A2, CYP2C9 and CYP3A4 

in iHEP aggregates tended to increase more with the support of sECs and iECs. 

4.5.6 Morphology of 3D iHEP aggregates co-cultured with ECs, hSCs and CCs 

Nonparenchymal cells were clearly detectable after aggregate formation (Figs. 4.5a, 4.5b). 

Endothelial cells were detected within the iHEP/sECs and iHEP/iECs aggregates and instead of 

randomly distributed within the aggregates they were organized in capillary like structures 

evidenced by CD31 staining after 11 days (Fig. 4.5a). Co-staining with desmin (hSC marker) and 

CD31 (EC marker) in iHEP/sEC/hSC aggregates showed hSCs are located where sECs existed. A 

z-stack series from iHEP/sEC aggregates on day 8 showed a lack of sEC organization into 

capillary-like structures (Movie S4.1), suggesting organization of ECs in iHEP/ECs aggregates 

happened between 8 and 11 days of culture. Moreover, mesh-like structures observed in scanning 

electron micrographs of 3D co-cultures was an indicative of extracellular matrix deposition within 

the aggregates (Fig. S4.1a). 

Phase contrast images taken from the co-culture conditions that included CCs showed large 

aggregates and loss of clear, defined boundaries, unlike co-culture with ECs and hSCs (Fig. S4.1b). 

Co-staining against S1004A and vimentin as activated CC markers and ALB as iHEP marker in 

iHEP/CC showed presence of both iHEP and CCs, however there were more CCs than iHEPs 

contrary to the starting cell numbers, where the number of CCs were 1/10th of the iHEPs (Fig. 

4.5b). Moreover, the expression of transcription factors and genes attributed to activated CCs were 
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significantly higher in iHEP/CC aggregates compared to other 3D co-cultured aggregates (Fig. 

S4.2). Therefore, overgrowth of iHEP/CC aggregates could be due to the CC activation. 

Similar to 3D iHEP aggregates, uptake and transformation of non-fluorogenic CFDA to 

fluorogenic CF in iHEP/sECs, iHEP/hSCs and iHEP/sECs/hSCs indicated that phase II esterases 

existed in those aggregates. However, localization of fluorogenic CF dye in cell-cell junctions was 

only observed in iHEP/sECs (Fig. 4.5c), suggesting of phase III transporters and rudimentary bile 

canaliculi in iHEP/sEC and their lack in iHEP/hSCs and iHEP/sECs/hSCs aggregates (Fig. 4.5c).  

4.6 Discussion 

One of the major drawbacks with human pluripotent stem cell derivatives, including 

hepatocyte-like cells, is their decreased phenotypic maturity with lower liver-specific enzyme 

activities compared with PHH. This limited maturity has limited their utility in drug safety 

evaluation studies. Thus, in vitro culture protocols need to be improved to further mature iHEPs 

towards the adult PHH phenotype. Here, we studied the effect of heterotypic cell interactions 

(iHEP and liver non-parenchymal cells) and 3D culture on the maturation of iHEPs. Unlike 

previous studies, all the cells used in this study are of human origin, and this is important due to 

differences in drug metabolism and toxicity pathways between rodents and humans [19–22]. 3D 

aggregates presented here were also maintained in chemically-defined, serum-free conditions (Fig. 

4.1a). This is important for studies in which binding of drugs or drug metabolites to serum proteins 

may confound the interpretation of data. In addition, the compatibility with standard assay plates 

and automation equipment in our current study makes the approach potentially suitable for high-

throughput toxicity screening.  

The iHEP aggregates described here outperformed iHEPs cultured in 2D, as expected. In 

particular, the levels of hepatocyte functions, such as ALB secretion, urea secretion, hepatocyte 
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related gene expression (Fig. 4.1b) and CYP450 basal activity (Fig. 2) of 3D iHEP aggregates 

were higher than those of iHEP 2D cultures. This performance improvement can perhaps be 

attributed to the preserved structural and functional polarity of 3D iHEP cultures (Fig. 4.3c). 

Previous studies have also shown that a 3D culture conditions could maintain the hepatic 

characteristics of differentiated hepatocytes [9–11,14]. When we analyzed key proteins for bile 

transport in iHEP aggregates, we found that the bile acid pump BSEP and bile exporter pump 

MRP2 are expressed at higher levels after 11 days (Fig. 4.3b) when compared to 2D iHEP cultures, 

suggesting that molecular machinery involved in bile acid circulation was functional in 3D iHEP 

aggregates. Thus, 3D iHEP aggregates have the potential to be used as in vitro systems for 

evaluation of cholestasis and steatosis, understanding the underlying disease mechanism or the 

pharmacological action of new drugs.  

Next, we created cocultures of iHEP, primary human stellate cell and endothelial cells. We 

evaluated both primary human liver sinusoidal endothelial cells and human iPS- derived 

endothelial cells. The source of cells used in in vitro liver models has a significant impact on 

observed biological responses, as well as the relevancy of those models to human liver physiology. 

As shown in Fig. 4.4c-d, cell aggregates of iHEP/ECs have increased CYP450 activities. We found 

that sECs improved maturation of iHEP cells, as evidenced by increased secreted albumin and urea 

(Fig. 4.4a, b). Our observations with iHEP/EC co-cultures are generally consistent with previously 

published data on self-assembled spheroid/organoids models [10,23,24]. However, the endothelial 

cells used in previous studies were either immortalized human liver endothelial cells (TMNK) or 

human umbilical vein endothelial cells (HUVEC) instead of primary human liver sinusoidal 

endothelial cells [25,26]. The immortality of the produced cell lines makes them susceptible to 

react differently than primary sECs. Ware et al. [27] has shown that TMNK cells cause severe 



 
 

 

103 

decline in PHH morphology and functionality, likely because of overgrowth. Our observations are 

also consistent with previously published data in co-culture of rat hepatocyte and endothelial cells, 

which has shown relatively stable hepatocyte function for several weeks [28,29]. 

3D aggregates containing sECs also displayed endothelial organization into a network of 

capillary-like structures, reminiscent of liver sinusoids (Fig. 4.5a). To the best of our knowledge, 

this is the first demonstration of self-assembly of endothelial networks within 3D iHEP aggregates. 

Our aggregates can potentially be integrated with perfusable vascularized networks using 

microfluidic platforms, which may further improve the nutrient and oxygen delivery to the core of 

the aggregates and create larger-sized aggregates. The perfusion in such a system would expose 

endothelial cells to shear stress while protecting the iHEP cells from shear stress, much like an in 

vivo environment. Furthermore, the aggregate co-cultures described here may be used to evaluate 

the reciprocal interactions between endothelial cells and iHEPs in physiological and 

pathophysiological conditions. For example, some drugs like azathioprine are known to be more 

toxic to sECs, which can lead to downstream effects in PHH cells due to release of apoptotic 

factors from sECs [30–32]. Our co-cultures have the potential to study such cellular cross-talk 

during and after drug exposure.  

Contrary to ECs, addition of cholangiocytes to iHEPs resulted in a diminished metabolic 

activity, urea and albumin secretion, likely because of CC overgrowth (Figs. 4.4, 4.5b and S4.1b). 

CC activation has been reported in cholestatic liver diseases, such as inherited diseases (Agile 

syndrome and cystic fibrosis), autoimmune cholangitis, and primary biliary cirrhosis [33–35]. 

Activated cells typically lose their cell-cell contact and acquire a motile phenotype, similar to what 

we observed in iHEP/CC aggregates (Figs. 4.5b and S4.1b). Real time PCR analysis showed higher 

expression of known activated CC markers (vimentin and S1004A (also known as FSP-1)) [33,36–
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42] and activated transcription factors (ZEB and TWIST) [39–42] in iHEP/CC aggregates 

compared to other conditions (Fig. S4.2). Immunostaining for vimentin and S1004A also 

confirmed the presence of those activated markers at protein level (Fig. 4.5b). Our results suggest 

that CC-containing aggregates may be adopting a liver disease relevant phenotype. However, more 

experiments are necessary to decipher the mechanism of CC activation for use in liver disease 

modeling.  

 

4.7 Conclusions 

In summary, we presented a 3D hepatic co-culture model, in which we showed that hiPSC-

derived hepatocytes co-cultured with ECs improve hepatic functionality. In 3D co-cultures, the 

hepatocytes demonstrated a polarized phenotype, formed bile canaliculi, and the ECs formed 

capillary-like structures reminiscent of liver sinusoids. Heterotypic 3D co-cultures with ECs also 

showed an improved metabolic and enzyme activity. Although iHEPs in 3D co-cultured with ECs 

were significantly more mature than iHEPs in monoculture, they still express fetal markers and do 

not approach the maturity of adult PHHs. To further promote iHEP differentiation towards the 

adult PHH phenotype, alternative approaches should be explored, such as stimulation with small 

molecules or culturing iHEP cells in ECMs derived from the liver.  
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4.11 Figures 
 

 
Figure 4.1 Functionality of iPS-derived hepatocyte is enhanced in a 3D aggregate format. (a) 

Schematic depicting the experimental procedure for iHEP culture and 3D aggregate formation. (b(I-V)) 
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Comparison of mature hepatic markers in 2D versus 3D at transcript level. Relative mRNA expression of 

noted genes was quantitated by qPCR. Fold change is relative to values obtained for fresh iHEP. (b(VI and 

VIII)) Comparison of albumin and urea secretion in 2D versus 3D. (b(VII)) Immunofluorescence staining 

of iHEP cells after 11 days with epithelial cell marker albumin in 3D and 2D culture, counterstained with 

Hoechst dye for nuclei; * = p < 0.05, ** = p < 0.01 compared to iHEP (3D) at 7 days and 11 days.  
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Figure 4.2 Metabolic competence is enhanced in 3D-cultured iHEP aggregates (a(I-III)) Comparison 

of CYP450 enzymes in 2D versus 3D at transcript level; * = p < 0.05, ** = p < 0.01 compared to iHEP 

(3D) at 11 days (a(IV)) Comparison of basal level of CYP450 activities in 3D versus 2D after 11 days; * = 

p < 0.05, ** = p < 0.01 compared to CYP450 enzyme activity of iHEP (3D) 

(b) Immunofluorescence staining of iHEP cells after 11 days with CYP3A4 antibody in 3D and 2D culture.  
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Figure 4.3 Functional bile canaliculi are formed in 3D iHEP aggregates (a & b) Comparison of Phase 

II metabolic genes and bile transporter genes in 2D versus 3D at transcript level. (c) Immunofluorescence 

staining of iHEP cells after 11 days with MRP2 (red), albumin (green) and phalloidin for F-actin and 

Hoechst for nuclei (d) Functional bile canaliculi (green stain, assessed by CFDA excretion) in 3D iHEP 

culture as described in the methods; * = p < 0.05, ** = p < 0.01 compared to iHEP (3D) at 11 days.  
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Figure 4.4 Endothelial cells improved the maturity of 3D iHEP aggregates (a) Albumin secretion in 

iHEP co-cultures (b) Urea secretion in iHEP co-cultures; * = p < 0.05, ** = p < 0.01 compared to 11 days; 
# = p < 0.05, ## = p < 0.01 compared to the corresponding day of iHEP (3D) (c) Evaluation of CYP3A4 

basal activity and induction by dexamethasone and rifampicin in iHEP co-cultures after 11 days (d) 

Evaluation of CYP2C9 basal activity and induction by rifampicin in iHEP co-cultures after 11 days (e) 

Evaluation of CYP1A2 basal activity and induction by omeprazole in iHEP co-cultures after 11 days; * = 

p < 0.05, ** = p < 0.01 compared to DMSO and No drug condition within each group; # = p < 0.05, ## = p 

< 0.01 compared to the corresponding condition of iHEP (3D). 
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Figure 4.5 Morphology of 3D iHEP aggregates co-cultured with ECs, hSCs and CCs (a) 

Immunostaining of iHEP aggregates co-cultured with ECs and hSCs  with anti-CD31 (ECs), anti-albumin 

(iHEP) and anti-desmin (hSC) and Hoechst (nuclei) after 11 days (b) Immunostaining of iHEP/CC 

aggregates with anti-vimentin and anti S1004A (activated CC) and anti-albumin (iHEP) after 11 days (c) 

Assessment of bile canaliculi formation  (green stain, assessed by CFDA excretion) in 3D iHEP co-cultures. 
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4.12 Supplementary Figures and Table 

 
                          (a) 
 
 
 
 
 
 
 
             (b) 

 

Figure S4.1 Phenotypic characterization of 3D iHEPs cultured with nonparenchymal cells (a) 

Scanning electron micrograph of iHEP aggregates co-cultured with ECs at higher magnification after 11 

days illustrating extracellular matrix deposition. Scale bar is 2 µm. (b) Phase contrast image of iHEP 

aggregates cocultured with ECs, hSCs and CC. 
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Figure S4.2 The irregular proliferation of iHEP aggregates with CC might be due to activated CC 

(a) Expression levels of the genes associated with activated CCs in the co-cultured aggregates after 11 

days (b) Transcription factors associated with activated CC and EMT after 11 days. Relative mRNA 

expression of noted genes was quantitated by qPCR. GAPDH is used as the housekeeping gene. 
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Figure S4.3 Assessment of cytotoxicity of drugs on iHEP cocultures over three days 
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(a) iHEP/sEC (8 days)                                                         (b) iHEP/sEC (11 days) 
 

 
 
 
  

Movie S4.1 Formation of capillary-like structures by sECs (a) Movie of z-stack series from iHEP/sEC aggregates 
after 8 days illustrating PECAM (red) and ALB (green). (b) Movie of z-stack series from iHEP/sEC aggregates 
after 11 days illustrating PECAM (red) and ALB (green). 
 
Supplementary movie S4.1 can be found online at https://doi.org/10.1016/j.actbio.2019.070.047. 
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Table S4.1 List of TaqMan primers from ThermoFisher Scientific 

Gene Name Taqman Assay ID- Thermofisher Scientific 
AAT(SERPINA1) Hs00165475_m1 

ACTB Hs01060665_g1 
ALB Hs00910225_m1 
AFP Hs00173490_m1 

BSEP(ABCB11) Hs02513517-s1 
CYP3A4 Hs00604506_m1 
CYP1A1 Hs01054794_m1 
CYP1A2 Hs00167927_m1 
CYP2C9 Hs00426397_m1 
FOXA2 Hs00232764_m1 
GADPH Hs02758991_g1 
HNF4a Hs00230853_m1 

MRP2 (ABCC2) Hs02510929_s1 
PECAM Hs01065279_m1 

TTR Hs00174914_m1 
UGT1A6 Hs01592477_m1 
UGT1A1 Hs02511055_s1 
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Chapter 5: Synthetic Hydrogel that Is Permissive for Vascular Morphogenesis  
 
Elements of this chapter have been published as: 

Hamisha Ardalani*, Matthew R. Zanotelli*, Jue Zhang, Zhonggang Hou, Eric H. Nguyen, Scott 

Swanson, Bao Kim Nguyen, Jennifer Bolin, Angela Elwell, Lauren L. Bischel, Angela W. Xie, 

Ron Stewart, David J. Beebe, James A. Thomson, Michael P. Schwartz, William L. Murphy 

(2016). " Stable engineered vascular networks from human induced pluripotent stem cell-derived 

endothelial cells cultured in synthetic hydrogels" In Acta Biomaterialia 

*Equal Contribution. 

 

5.1 Preface 

In Chapter 3, we describe an overview of the current state of the art in the design and 

development of synthetic biomaterial for modeling angiogenesis and vasculogenesis in vitro. 

While so much has been done, most of the previous studies relied on the help of mural cells 

(pericyte) to be able to create a vascular model that is stable for long term culture. Here, we 

combined the advantages that microfluidic platforms offered with synthetic biomaterials and 

showed that we could create a stable capillary network from iPS-derived endothelial cells that is 

stable for over 14 days. We did not use any mural cells in this study and showed that providing 

additional mechanical support to iPS-derived ECs encapsulated in synthetic PEG hydrogels 

outside of the microfluidic platforms, can stabilize the capillary networks for over 14 days. This 

work demonstrates the value of synthetic biomaterials, microfluidics, and novel technologies like 

RNA-seq to deconstruct the complex role of ECM on stem cell fate. The work described here is 

an essential building block towards developing vascularized in vitro liver models, discussed further 

in chapter 7.  
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5.2 Abstract 

Here, we describe an in vitro strategy to model vascular morphogenesis where human 

induced pluripotent stem cell-derived endothelial cells (iPSC-ECs) are encapsulated in peptide-

functionalized poly (ethylene glycol) (PEG) hydrogels, either on standard well plates or within a 

passive pumping polydimethylsiloxane (PDMS) tri-channel microfluidic device. PEG hydrogels 

permissive towards cellular remodeling were fabricated using thiol-ene photopolymerization to 

incorporate matrix metalloproteinase (MMP)-degradable crosslinks and CRGDS cell adhesion 

peptide. Time lapse microscopy, immunofluorescence imaging, and RNA sequencing (RNA-Seq) 

demonstrated that iPSC-ECs formed vascular networks through mechanisms that were consistent 

with in vivo vasculogenesis and angiogenesis when cultured in PEG hydrogels. Migrating iPSC-

ECs condensed into clusters, elongated into tubules, and formed polygonal networks through 

sprouting. Genes upregulated for iPSC-ECs cultured in PEG hydrogels relative to control cells on 

tissue culture polystyrene (TCP) surfaces included adhesion, matrix remodeling, and Notch 

signaling pathway genes relevant to in vivo vascular development. Vascular networks with lumens 

were stable for at least 14 days when iPSC-ECs were encapsulated in PEG hydrogels that were 

polymerized within the central channel of the microfluidic device. Therefore, iPSC-ECs cultured 

in peptide-functionalized PEG hydrogels offer a defined platform for investigating vascular 

morphogenesis in vitro using both standard and microfluidic formats. 
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5.3 Introduction  

The lack of a functional vasculature and pathological disruption of circulation are 

unresolved challenges that have limited the success for many tissue engineering and wound healing 

approaches [1-3]. Furthermore, the incorporation of a vascular component is expected to improve 

human cellular models by recapitulating cell-cell interactions during tissue formation [4, 5] and by 

supporting the function of model organ systems [6, 7].  Finally, while target organs such as the 

heart, liver or central nervous system have been the focus for many in vitro toxicity screening 

strategies [8], vascular models have also been identified as a promising tool for predictive 

toxicology [9, 10]. Therefore, several emerging applications would benefit from in vitro assays 

that enable systematic investigation of factors that promote blood vessel formation and 

stabilization [1-3]. 

Endothelial cells cultured in vitro will spontaneously “self-assemble” into organized 

networks [11-17], and several studies have demonstrated that capillary tubules can be perfused 

when subjected to flow [18-23]. While extracellular matrix (ECM) components such as collagen 

or Matrigel are often used as culture substrates when modeling vascular morphogenesis in vitro 

[12-14, 16, 17], these materials can be limiting for screening approaches due to batch variability, 

properties that are sensitive to reaction conditions, and poorly-defined compositions [24-26]. To 

address these limitations, synthetic strategies have increasingly been applied to investigate factors 

that instruct endothelial phenotypes [27-35]. Hydrogels formed via thiol-ene photopolymerization 

represent an emerging class of cell culture materials [36, 37] that are formed through a radical-

initiated step-growth mechanism that couples thiols and alkenes with high specificity [38]. A 

growing body of literature has demonstrated the versatility of thiol-ene photochemistry for 

incorporating biomolecules such as peptides, growth factors, gelatin, and hyaluronic acid into 

synthetic hydrogels [4, 35-37, 39-47]. Hydrogels formed via thiol-ene photopolymerization enable 
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spatial patterning of biochemical and mechanical properties [35, 39-41], sequestering and 

controlled release of growth factors [45], rapid photopolymerization for 3D bioprinting of 

encapsulated cells [44], and protein-free backgrounds for identifying ECM components deposited 

in the matrix during cellular remodeling [47]. Thus, thiol-ene chemistry offers a potentially 

powerful tool for modeling vascular morphogenesis by providing control over a wide range of 

matrix properties relevant to blood vessel formation [4, 35].  

While engineering platforms provide control over the 3D microenvironment when 

modeling vascular morphogenesis [1-3], the heterogeneity and donor-to-donor variability of 

primary human endothelial cells may be limiting for applications that require standardization or 

scale-up [1, 48]. Human umbilical vein endothelial cells (HUVECs) can be used for standardized 

screening of angiogenesis inhibitors in vitro, but require processing and pre-validation to identify 

donor sources with similar function [10]. Human pluripotent stem cells [49-51] offer promise for 

predictive toxicology [8], and have been used to derive endothelial cells that form vascular 

networks in vitro and functional blood vessels in vivo [23, 30, 52, 53]. Importantly, human induced 

pluripotent stem cell-derived endothelial cells (iPSC-ECs) can be produced with high batch 

uniformity [23], which may be beneficial for vascular disease models or screening approaches that 

require standardization or scale-up [9, 54].  

The strategy reported here combines a uniform endothelial cell source [23], a tunable 

synthetic ECM [36], and a tri-channel microfluidic device [55] to model vascular morphogenesis 

in vitro. Thiol-ene photopolymerization was used to fabricate peptide functionalized PEG 

hydrogels permissive towards cellular remodeling [36] and the iPSC-ECs were previously 

characterized by high lot-to-lot purity to at least 6 passages [23]. The passive flow concept that is 

the essence of the microfluidic device described here uses standard culture techniques for loading 
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cells and exchanging media [55], and therefore provides an accessible format that takes advantage 

of microscale features such as decreased requirements for reagents and cells [56].  Our combined 

results provide evidence that iPSC-ECs self-assemble into vascular networks through 

physiologically-relevant mechanisms when cultured in PEG hydrogels, and capillary tubules with 

lumens were stable for at least two weeks when the hydrogels were polymerized within the 

microfluidic device.  

 

5.4 Materials and Methods 

5.4.1 Cell culture.  

Human induced pluripotent stem cell-derived endothelial cells (“iPSC-ECs”, Cellular 

Dynamics, iCell® Endothelial Cells) were cultured according to the manufacturer’s protocol. 

Briefly, iPSC-ECs were expanded to passage 3 and cryopreserved for additional use.  Passage 3 

iPSC-ECs were thawed and plated at 10,000-15,000 iPSC-ECs/cm2 onto tissue culture plates 

treated with 3 µg/cm2 fibronectin (Invitrogen) and passaged every 3 to 4 days with TrypLE 

(Invitrogen).  The manufacturer’s recommenced growth medium was used for culturing iPSC-ECs, 

which consists of VascuLife VEGF Medium (Lifeline Cell Technologies) that was modified as 

follows: 10 mL glutamine supplement was added to 500 mL medium (rather than the 25 mL 

provided) and the FBS supplement was replaced with iCell® Endothelial Cells Medium 

Supplement (Cellular Dynamics).  Cells were incubated at 37°C and 5% CO2 for all experiments.  

Microfluidic channels. Microfluidic experiments were conducted using iPSC-ECs cultured in the 

growth medium described above (“Control”), or in growth medium supplemented within 100-1000 

ng/mL VEGF-165 (Catalog # 293-VE, Lot 114714051, 97% purity from R&D), as described in 
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Results and Discussion. The iPSC-ECs were encapsulated in PEG hydrogels that were 

polymerized within the central channel of the tri-channel device (see details below).  All fluid was 

removed from both outer channels daily and replaced with a total of 10 μL of fresh medium.  

5.4.2 Microfluidic Device Fabrication.  

The tri-channel microfluidic device was fabricated as previously described without 

modification [55]. Briefly, polydimethylsiloxane (PDMS, Sylgard 184 Silicone Elastomer Kit, 

Dow Corning) elastomer base and curing agent were mixed at a 10:1 ratio and degassed under 

vacuum for 45 min (room temperature). The degassed PDMS was poured over SU-8 master molds, 

which were generated using standard soft lithography methods [57]. The PDMS was cured for 4 

hr (80°C), allowed to cool to room temperature, and removed from the master mold. The PDMS 

device was autoclaved for 20 min at 120° C. Six hours before loading the cell/monomer solution, 

devices were oxygen-plasma-treated to bond the PDMS channels to the inside of a glass-bottom 

Petri dish (MatTek).  

5.4.3 Poly (ethylene glycol) (PEG) hydrogel preparation.  

Poly(ethylene glycol) (PEG) hydrogels were formed using thiol-ene photopolymerization 

chemistry (Fig. 1A) [36]. For most experiments, 8-arm PEG-norbornene was purchased from a 

commercial source (JenKem USA: 20,000 MW, 8ARM (TP)-NB-20K). For some experiments, 8-

arm PEG-NB monomer was synthesized as previously described [35]. Stock PEG solutions were 

prepared by adding 0.8 mL 1X PBS to 300 mg lyophilized 8-arm PEG-NB powder (final volume 

= 1 mL) and filtered through a 0.2 μm nylon syringe filter (Fisher) for a final concentration of 300 

mg/mL sterile monomer. Monomer solutions for cell encapsulation were prepared in 1X PBS with 

40 mg/mL 8-arm PEG-NB in which 40-60% of the available norbornene arms were cross-linked 
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with a matrix metalloproteinase (MMP)-degradable peptide with cysteines flanking the active 

sequence (KCGGPQG*IWGQGCK, GenScript; active sequence in bold; * = cleavage site) [58, 

59]. To promote cell adhesion [60], 2 mM CRGDS (GenScript, active sequence in bold) was 

incorporated as a pendant group through the terminal cysteine.  

5.4.4 Quantification of Shear Modulus.  

To measure the shear modulus of PEG hydrogels, 72 μL precursor solutions were pipetted 

into 8.0 mm diameter, 1.2 mm depth Teflon wells and cured for 8 sec using 365 nm UV light at a 

dose rate of 90 mW/cm2. The resulting hydrogels were swollen to equilibrium in 1X PBS for 24 

hr. The samples were tested using an Ares-LS2 rheometer (TA Instruments). A 20 g force was 

applied to the samples via parallel plate crossheads and a strain sweep test at 1 Hz fixed frequency 

was performed from 0.1 to 20% strain. If the sample was not robust enough to withstand a 20 g 

force the gap between the parallel plates of the rheometer was set to 1.0 mm distance. 

Measurements for complex shear modulus for each hydrogel formulation were taken at 1 Hz, 2–

20% strain. 

5.4.5 Cell encapsulation and polymerization of PEG hydrogels.   

Cells pellets were re-suspended in a 2X photoinitiator solution (0.1 % wt./wt. Irgacure 

2959) and mixed 1:1 with a 2X PEG monomer solution. For experiments using standard plates, 5 

µL of the cell/monomer solution was pipetted onto tissue culture treated surfaces and polymerized 

for 2 min using ~5-10 mW/cm2 UV light centered at ~365 nm (multiwell plates were placed on 

the top shelf of the exposure stand for a UVP XX-15L series UV lamp, Fisher). Microfluidic 

device. For microfluidic experiments, 2.5 µl of the cell/monomer solution was polymerized in the 

middle channel of the tri-channel device.  



 
 

 

127 

5.4.6 Microscopy.  

Immunofluorescence images were collected using a Nikon A1R laser scanning confocal 

microscope with Plan Apo 10x, Plan Fluor 20x Ph1 DLL, or Plan Apo 20x DIC M objectives 

(0.95-3.35 μm z-steps) unless otherwise noted. Some confocal z-stacks were drift corrected before 

creating maximum projection images using the “Align Current ND Document” command in NIS 

Elements. Time-lapse and viability images were collected using a Nikon TI Eclipse fluorescence 

microscope (20 μm z-steps). For time-lapse imaging, cells were housed in a Nikon environmental 

chamber with external heater (in vivo Scientific) and CO2 regulator (in vivo Scientific) to control 

temperature and CO2 levels. Some time-lapse images were drift corrected using the StackReg 

plugin [61] for ImageJ [62, 63]. 

5.4.7 Quantification of cell viability.  

Cell viability was quantified for iPSC-ECs encapsulated in PEG hydrogels using the 

LIVE/DEAD® Viability/Cytotoxicity kit (Life Technologies). Cells were rinsed with 1X PBS and 

stained with calcein AM and ethidium homodimer-1 for 30 min using the manufacturer’s 

recommended dilutions. Samples were then washed with 1X PBS and fixed in 10% buffered 

formalin (4% formaldehyde, Fischer) for 30 min. Following fixation, cell nuclei were stained with 

1:500 DAPI (Sigma-Aldrich) for 30 min. The fraction of dead cells was quantified by determining 

the ratio of ethidium homodimer+ nuclei to total nuclei.  

5.4.8 Immunofluorescence (IF) imaging.  

Standard well plates. Antibody dilutions were 1:200 mouse anti-CD31 (MAB2148, R&D 

Systems or M082301-2, DAKO), 1:100 goat anti-VE cadherin (AF938, R&D Systems), and 1:200 

secondary antibodies (Alexa fluor 488 donkey anti-mouse, A-21202 or Alexa fluor 568 donkey 
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anti-goat, A-11057, Life Technologies). Cells encapsulated in PEG hydrogels were fixed in 10% 

buffered formalin (4% formaldehyde, Fischer) for 30-60 min. Following fixing, samples were 

rinsed 2 x 15 minutes with wash buffer (0.05% Triton-X 100 in PBS). Cells were then 

permeabilized and blocked for at least 60 min using 0.25% Triton X-100 and 1% (wt/wt) bovine 

serum albumin (BSA, Fisher Scientific) in PBS, followed by an additional two rinses with wash 

buffer. Samples were then incubated with primary antibody in incubation buffer (0.05% Triton 

X100 and 1% BSA in PBS) for 4 hr at room temperature or overnight at 4°C. After rinsing 2 x 15 

min and once for at least 30 min in wash buffer, samples were incubated with secondary antibody 

and 1:500 DAPI (Sigma-Aldrich) in incubation buffer for 4 hr at room temperature or overnight 

at 4°C. Samples were rinsed 2 x 15 min in wash buffer and stored in PBS at 4°C until imaging (at 

least overnight). Microfluidics device. Cells encapsulated within microfluidic devices were fixed 

with 4% paraformaldehyde (PFA) for 30 min. Samples for immunofluorescence imaging of CD31 

and VE-Cadherin were prepared as described above. For experiments that illustrate f-actin only, 

samples were rinsed with PBS and then incubated with 1:1000 DAPI and 1:50 phalloidin in PBS 

(added to the side channels) for 1 hr at room temperature, followed by at least 2x15 min incubation 

in PBS.  All samples were stored in PBS until imaging. 

5.4.9 RNA sequencing.   

Total RNA was isolated using the RNeasy Kit (Qiagen) and included lysing in 350 μL RLT 

lysis buffer and the optional DNase treatment. cDNA libraries were prepared from 50 nanograms 

of total RNA and indexed with Illumina’s TruSeq RNA Sample Preparation Kit v2 (RS-122-2001 

and RS-122-2002).  Final indexed cDNA libraries were pooled with 12 uniquely indexed TruSeq 

cDNA libraries for a total of 6 samples per lane.  Multiplexed samples were sequenced on an 

Illumina HiSeq 2500 with a single 51 bp read and a 7 bp index read. Base-calling and 
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demultiplexing were performed using Casava (v1.8.2). Sequences were filtered and trimmed to 

remove low quality reads, adapters, and other sequencing artifacts. The remaining reads were 

aligned to 19084 Refseq genes extracted from the Illumina iGenomes reference, selecting only 

those with ‘NM_’ annotations.  Bowtie (v 0.12.9) was used for alignment, allowing two 

mismatches in a 28 bp seed [64]. Reads with more than 200 alignments were excluded from further 

analysis. RSEM (v1.2.3) was used to estimate isoform and relative gene expression levels 

(transcripts per million or “TPM”) [65]. LOG-fold changes are calculated as LOG2[(iPSC-EC 

TPM+1)/ (iPSC TPM +1)] to avoid calculation errors associated with samples that have zero 

expression. Differential gene expression. Differentially expressed genes between individual 

samples were calculated from RSEM expected read counts (EC) using EBSeq (v1.5.3)[66], with 

median quantile normalization of EC and a maximum False Discovery Rate of 0.005. 

Differentially expressed genes between individual samples were calculated in EBSeq using 

expected read counts and the False Discovery Rate cutoff was set at FDR ≤ 0.005.  Gene Ontology 

analysis. The DAVID Bioinformatics Database Functional Annotation Tool (v6.7) was used to 

identify Gene Ontology terms [67-70] from differentially expressed genes. DAVID analysis was 

done using the following settings: Gene Ontology category GOTERM_BP_FAT; Threshold 

options: Counts = 10, EASE = 0.001.  GO lists presented in Tables S5.2-S5.3 were limited to the 

Top 25 GO terms and Benjamini corrected p-value ≤ 0.05 (thus, some lists included fewer than 25 

terms). Code availability (EBSeq).  Details about the EBSeq algorithm were previously described 

in detail [66]. EBSeq download and documentation is available at:  

http://www.bioconductor.org/packages/devel/bioc/html/EBSeq.html  

Additional files and instructions for downloading the user interface and instructions for installing 

the EBSeq toolshed for Galaxy are available at: 
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https://www.biostat.wisc.edu/~kendzior/EBSEQ/ 

5.4.10 Statistical analysis 

Statistical significance for data in Fig. S5.5 was calculated using a one-way ANOVA with a post 

hoc Tukey-Kramer test for individual comparisons (α = 0.05). 

 

5.5 Results and Discussion 

Induced pluripotent stem cell-derived endothelial cells (iPSC-ECs) were encapsulated in 

peptide-functionalized PEG hydrogels to establish an in vitro vascular model using a uniform cell 

source [23] and a synthetic extracellular matrix (ECM) [36]. Thiol-ene photopolymerization was 

used to incorporate protease-degradable peptide crosslinks [58] and cell adhesion peptides [60] 

into PEG hydrogels to provide a synthetic ECM permissive towards cellular remodeling (Fig. 

5.1A) [36]. The iPSC-ECs were previously characterized by uniform purity between lots and 

functional characteristics that included thrombin-dependent barrier function, TNF-α 

responsiveness, and shear stress-induced alignment [23]. Here, calcein/ethidium homodimer 

staining (Fig. 5.1B-C) and time-lapse microscopy (Suppl. Fig. S5.1, Suppl. Movie S5.1) 

demonstrated that iPSC-ECs were viable and self-assembled into interconnected vascular 

networks during the first three days of culture in peptide-functionalized PEG hydrogels. After 

encapsulation, iPSC-ECs condensed into clusters, elongated, and extended protrusions to establish 

connections (Suppl. Fig. S5.1A, Suppl. Movie S5.2), which resembled vasculogenic sprouting in 

vivo [71, 72]. Sprouting from existing tubules played a dynamic role during iPSC-EC assembly 

(Suppl. Fig. S5.1B, Suppl. Movie S5.1), as sprouts often retracted before establishing new 

connections or formed tubules that later disassembled (Suppl. Movie S5.3). Vacuoles also 

appeared to play a role in tubule formation by iPSC-ECs (Suppl. Movie S5.4), such as previously 
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observed in vitro and in vivo [73]. By day 3, capillary networks with polygonal organization were 

evident throughout the hydrogel spot (Suppl. Fig. S5.1C), which resembled mechanisms described 

for endothelial cells in naturally-derived matrices in vitro [15-17] and blood vessel development 

in vivo [71, 72].  

RNA-Seq was used to analyze global gene expression for iPSC-ECs during vascular 

network formation in PEG hydrogels (Suppl. Table S5.1). Immunofluorescence imaging 

demonstrated that iPSC-EC networks in PEG hydrogels were CD31+ and VE-Cadherin+ by 

immunofluorescence (Fig. 5.2A-C), and both genes were highly expressed by RNA-Seq for 2D 

and 3D culture (Fig. 5.2D-E). Normalized gene expression was ranked for iPSC-ECs within the 

Gene Ontology (GO) categories vasculature development (GO:0001944) and biological adhesion 

(GO:0022610) (Suppl. Fig. S5.2), which are functional terms from the Gene Ontology Consortium 

[69, 70] chosen for their relevance to mechanisms that guide vascular morphogenesis [17, 74, 75]. 

Genes that were highly expressed by iPSC-ECs included many regulators of vascular function, 

such as cell-matrix and cell-cell adhesion genes (e.g., KDR/VEGFR-2, CD99, MCAM/CD146, 

CLDN5/claudin-5, integrins, etc.) and genes relevant to matrix remodeling (e.g., laminins, 

collagens, TIMPs, and MMPs; Suppl. Fig. S5.2) [17, 74]. Thus, iPSC-ECs were characterized by 

gene expression profiles and cell-cell adhesions that are characteristic of an endothelial phenotype, 

which agrees with previous results using the same cell line [23].  

EBseq [66] was then used to identify differentially expressed genes for iPSC-ECs 

compared to undifferentiated iPS cells (Suppl. Table S5.2) or iPSC-ECs in 3D (PEG hydrogels) 

relative to 2D (TCP) culture (Suppl. Table S5.3). Differentially expressed genes were further 

analyzed for functional properties by identifying GO terms using the DAVID Functional 

Annotation Tool [67-70]. Genes upregulated by iPSC-ECs relative to iPS cells were enriched 
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within GO categories that included vasculature development (Fig. 5.3), biological adhesion, cell 

motion (GO:0006928), and others that were relevant to vascular morphogenesis (see Suppl. Table 

S5.2 for full lists). EBSeq identified 23 upregulated and 16 downregulated vasculature 

development genes for iPSC-ECs in 3D relative to 2D culture (Fig. 5.4A; at least one time point). 

Genes that were upregulated by iPSC-ECs in 3D culture also included 20 regulation of locomotion 

genes (GO:0040012) and 19 responses to hypoxia genes (GO:0001666), whereas genes 

upregulated in 2D culture were predominantly enriched within GO categories related to 

proliferation (e.g., 127 cell cycle genes) (Suppl. Table S5.3). Upregulated genes in 3D culture also 

included Notch signaling genes, adhesion genes, and others that regulate mechanisms such as tip 

and stalk cell specification and branching during angiogenesis (Fig. 5.4B; NOTCH4, GJA4, GJA5, 

CLDN5, UNC5B, etc.) [74, 76], which is consistent with observations by time-lapse microscopy. 

Vascular morphogenesis is dependent on coordinated interactions between endothelial 

cells and the ECM, which includes proteolytic matrix remodeling, a balance of cell-cell and cell-

matrix adhesions, and deposition of matrix components such as collagens and laminins (e.g., for 

basement membrane assembly) [16, 17, 74]. Genes that were upregulated by iPSC-ECs in 3D 

relative to 2D culture included COL1A1, COL1A2, COL6A3, and ITGA1, which encode the α1 

and α2 subunits of type I collagen, the α3 subunit of type VI collagen, and integrin α1, respectively 

(Fig. 5.4, Suppl. Table S5.3). Integrin α1 is a cell adhesion receptor for interstitial collagens, as 

well as ECM components of the basement membrane (collagen IV and laminin-1 [77, 78]) and 

vascular subendothelium (collagen VI [79, 80]) [81]. Further, endothelial cells have been 

characterized by increased expression of collagen I during tube formation in vitro [82-85] and α1 

integrin during angiogenesis in vivo [86, 87] and vascular morphogenesis in vitro [88]. Additional 

genes that have been implicated in ECM remodeling during vascular morphogenesis and were 
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upregulated for iPSC-ECs in 3D culture included MMP9 (matrix metalloproteinase 9), TIMP3 

(tissue inhibitor of metalloproteinase-3) and NID2 (nidogen-2) [17] (Suppl. Table S5.3), while 

other related matrix remodeling and cell adhesion genes were highly expressed in both 2D and 3D 

culture (Suppl. Fig. S5.2). Our combined results demonstrate that iPSC-ECs self-assemble in PEG 

hydrogels through mechanisms that are consistent with in vitro and in vivo vascular morphogenesis 

[16, 17, 71, 74].  

Finally, vascular network formation was investigated for iPSC-ECs encapsulated in PEG 

hydrogels that were polymerized within a tri-channel microfluidic device (Figs. 5.5A) [55]. The 

passive flow microfluidic format uses standard pipetting to introduce cells and exchange media 

[55], and such “tubeless” designs can be arrayed and interfaced with automated liquid handlers for 

enhanced-throughput applications [89]. Vascular network formation was investigated within PEG 

hydrogels with shear moduli ranging from 183 ± 10 – 1612 ± 95 Pa, which were fabricated by 

maintaining a constant concentration for the PEG-NB backbone (2 mM 8-arm PEG-NB, 16 mM 

available norbornene groups) while varying the fraction of MMP-degradable peptide crosslinks 

(40-60% molar ratio thiol:norbornene) (Fig. 5.5B). Only limited tubule formation was evident after 

eight days when 1x107 iPSC-ECs per mL were encapsulated in 40-60% crosslinked hydrogels and 

cultured in basal medium (“Control”, includes 5 ng/mL VEGF, Fig. 5.5C,E,G). Vascular network 

formation was improved for each PEG formulation when iPSC-ECs were cultured in basal medium 

supplemented with 200 ng/mL VEGF (“200 VEGF”, Fig. 5.5D,F,H), and further optimization for 

iPSC-ECs encapsulated in 50% crosslinked PEG hydrogels demonstrated that vascular networks 

were most pronounced at intermediate VEGF concentrations (Suppl. Fig. S5.3). The optimal 

VEGF dose qualitatively increased when iPSC-ECs were encapsulated in PEG hydrogels at higher 

cell density (8.5x107 iPSC-ECs per mL), and vascular network formation was completely 
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disrupted at the highest VEGF concentration (1000 ng/mL) (Suppl. Fig. S5.4). Importantly, 

capillary tubules with lumens were stable to at least 14 days in the microfluidic device when 1x107 

iPSC-ECs per mL were encapsulated in 50% crosslinked PEG hydrogels and cultured in medium 

that was supplemented with 100 ng/mL VEGF (Fig. 5.6). Thus, vascular network formation by 

iPSC-ECs depended on an optimal VEGF concentration that was cell density-dependent, which is 

consistent with the role for VEGF during vascular morphogenesis in vitro [17, 90] and in vivo [74, 

91].  

Previous studies have demonstrated that endothelial cells will self-assemble into vascular 

networks within engineered matrices under static conditions, but these networks often regress 

within a few days in the absence of mural cells such as fibroblasts, mesenchymal stem cells, or 

pericytes [29-34]. The absence of pericytes in PDGF-B and PDGFR-β knockout mouse models 

leads to hyperplasia and other blood vessel abnormalities, but microvessel density, length, and 

branching are similar to wild type mice and the mutant animals survive into adulthood [92]. Thus, 

in vivo capillaries retain some level of function even in the absence of pericytes [92], which 

suggests that a lack of mural cells does not entirely account for regression of vascular networks in 

vitro. HUVECs form in vitro networks that are stable for at least five days in collagen when soluble 

factors are optimized [15], and up to 10 days in starPEG-heparin hydrogels that sequester VEGF, 

bFGF, and SDF1α during encapsulation [34]. Here, iPSC-ECs in PEG hydrogels formed capillary 

tubules with lumens that were stable for at least 14 days in microfluidic channels when VEGF 

concentration was optimized (Fig. 5.6). Vascular network stability could also be improved for 

iPSC-ECs in PEG hydrogels in standard well plates by adding a second cell-free hydrogel layer to 

provide mechanical support after initial cellular self-assembly (Suppl. Fig. S5.5). These combined 
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results demonstrate the value of engineering approaches for extending the stability of in vitro 

vascular networks using endothelial cell monocultures.  

 

5.6 Conclusions 

The aim of the present study was to develop a vascular model by encapsulating human 

iPSC-ECs [23] in a synthetic extracellular matrix (ECM) formed via thiol-ene 

photopolymerization [36]. Time-lapse microscopy, immunofluorescence imaging, and RNA-

sequencing (RNA-Seq) demonstrated that iPSC-ECs encapsulated in PEG hydrogels self-

assembled into capillary networks through mechanisms that are consistent with in vitro and in vivo 

vascular morphogenesis. Capillary tubules with lumens were stable for at least 14 days when iPSC-

ECs were encapsulated in PEG hydrogels that were polymerized within a passive flow microfluidic 

device. Thus, the in vitro model described here mimics important aspects of vascular 

morphogenesis by incorporating iPSC-ECs into chemically-defined PEG hydrogels using standard 

and microfluidic formats. 
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5.10 Figures 

 
Figure 5.1 Synthetic extracellular matrix (ECM) formulations for culturing iPSC-ECs. (A) Peptide-

functionalized poly (ethylene glycol) (PEG) hydrogels were fabricated as a synthetic extracellular matrix 

(ECM) permissive towards cellular remodeling. Thiol-ene photopolymerization chemistry was used to 

crosslink 8-arm poly PEG-norbornene molecules with cysteine flanked matrix metalloproteinase (MMP)-

degradable peptide (active sequence in bold, cleavage site denoted by *) and to incorporate CRGDS cell 

adhesion peptide through the terminal cysteine. (B) Calcein (live cells, green) and ethidium homodimer 

(dead cells, red) staining (Scale bars: 200 μm) and (C) the fraction of live cells (Mean ± S.D., 3 replicate 

experiments) for iPSC-ECs during the first three days of culture in 50% crosslinked PEG hydrogels.  
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Figure 5.2 Expression of characteristic adhesion components by iPSC-ECs cultured in PEG 

hydrogels. Maximum intensity z-projection images for iPSC-ECs after three days of culture in 50% 

crosslinked synthetic ECM illustrating (A) CD31 (green), VE-Cadherin (red), and DAPI (nuclei, blue) 

expression and single channels for (B) CD31 and (C) VE-Cadherin. Scale bar: 100 μm. (D-E) Normalized 

gene expression (“transcripts per million” or “TPM”) for undifferentiated iPS cells (iPSC), iPSC-ECs in 

2D culture on tissue culture polystyrene (TCP), or 3D culture in PEG hydrogels at different time points 

(Days 1, 2, 3, and 5): (G) PECAM/CD31 and (H) CDH5/VE-Cadherin.  
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Figure 5.3 Differentially expressed vasculature development genes for iPSC-ECs relative to 

undifferentiated iPS cells. LOG2-fold changes in gene expression for iPSC-ECs relative to 

undifferentiated iPS cells. All differentially expressed genes from the GO category “vasculature 

development” (GO:0001944) with an EBseq FDR ≤ 0.005 for at least one time point were included. The 

iPSC-ECs were cultured on tissue culture polystyrene (TCP) or in PEG hydrogels at different time points 

(Days 1, 2, 3, and 5). 
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Figure 5.4 Differentially expressed vasculature development genes for iPSC-ECs in 2D and 3D 

culture. (A) Heatmap illustrating LOG2-fold changes in normalized expression for iPSC-ECs in synthetic 

ECM (3D) relative to cells cultured on TCP (2D). All differentially expressed genes from the GO category 

“vasculature development” (GO:0001944) with an EBseq FDR ≤ 0.005 for at least one time point were 

included. (B) Normalized gene expression (“transcripts per million” or TPM) for undifferentiated iPS cells 

(iPSC), iPSC-ECs in 2D culture on tissue culture polystyrene (TCP), or 3D culture in PEG hydrogels at 

different time points (Days 1, 2, 3, and 5). Select genes relevant to vascular morphogenesis that were 

upregulated by iPSC-ECs in 3D culture are shown (* = FDR ≤ 0.005 relative to 2D culture on TCP).  
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Figure 5.5 Vascular network formation as a function of crosslinking density for iPSC-ECs cultured 

in PEG hydrogels that were polymerized within a microfluidic device. (A) A passive pumping tri-

channel microfluidic device was fabricated in polydimethylsiloxane (PDMS) (see Bischel et al, 

Biomaterials 34(5):1471-1477). 1x107 iPSC-ECs / mL were suspended in a PEG monomer and polymerized 

within the central channel of the device. (B) The PEG hydrogel shear modulus was tuned from 183±10 Pa-

1612±95 Pa by maintaining a constant PEG-norbornene concentration while varying the crosslinking 

density from 40-60% molar ratio thiol:norbornene. (C-H) Maximum intensity projection confocal z-stacks 

illustrating phalloidin (F-actin, red) and DAPI (nuclei, blue) staining for iPSC-ECs encapsulated in (C, D) 

40%, (C, D) 50%, or (C, D) 60% crosslinked PEG hydrogels.  Encapsualted iPSC-ECs were cultured in 

(C, E, G) basal medium (Control, includes 5 ng/mL VEGF) or (D, F, H) basal medium supplemented with 

200 ng/mL VEGF (200 VEGF).  Scale bars: 250 μm. 
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Figure 5.6 Capillary networks with lumens for iPSC-ECs after 14 days of culture in PEG hydrogels 

that were polymerized within a microfluidic device. CD31 (green), VE-Cadherin (red) and DAPI (nuclei, 

blue) expression for 1x107 iPSC-ECs/mL that were suspended in a 50% crosslinked PEG hydrogel and 

polymerized in the central channel of a tri-channel microfluidic device. Cells were cultured for 14 days in 

basal medium supplemented with 100 ng/mL VEGF.  (A) A maximum intensity z-projection (45 μm 

thickness) in the central region of a microfluidic channel. (B) A 1 μm thick z-slice within the boxed region 

shown in A. Slice View images through the XZ and YZ planes along the dashed lines are shown to illustrate 

the organization through the thickness of the channel (45 μm thickness shown). (C) Zoomed image from 

region where dashed lines intersect in B illustrating lumen diameter for a larger capillary tubule. Scale 

bars: (A) 250 μm; (B) 100 μm. 
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5.11 Supplementary Figures, tables and movies  

 
 
  

Day 3 C 

A 

B 

Figure S5.1 Vascular network formation by endothelial cells cultured in synthetic ECM.  
(A) Tubule formation from condensing clusters, (B) sprouting, and (C) macroscopic 
interconnectivity after 3 days for iPSC-ECs cultured in 50% crosslinked PEG hydrogels. Also 
see Supplemental Movies 1-3. Scale bars: (A) 50 μm; (B) 100 μm; (C) 500 μm. 
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Biological Adhesion (GO:0022610)  
Gene.ID iPSC TCP Day 1 Day 2 Day 3 Day 5 Scale

FN1 7 0 8 1 0 1 8 0 4 0 6 7 8 8 7 7 9 0 7 8 9 8 1000
APP 6 2 3 1 3 2 1 2 4 6 7 2 6 8 1 2 8 7 1 2 6 0 0 900

CTGF 1 9 4 4 3 1 5 1 0 9 5 1 2 8 6 2 0 7 2 2 4 1 3 800
RPSA 3 9 0 3 2 5 7 2 2 4 4 8 2 0 0 0 1 7 1 8 1 8 5 3 700
THBS1 3 5 2 5 2 2 1 7 7 5 1 7 2 6 2 2 1 6 2 0 1 1 600

CD99 9 0 1 5 8 1 2 2 0 0 2 1 3 7 2 0 8 5 2 0 2 7 500
ITGB1 3 4 9 1 7 7 4 1 9 1 0 1 5 6 2 1 8 3 2 1 8 7 9 400

HSPG2 3 4 1 2 2 7 1 4 8 2 1 2 1 5 2 0 3 9 1 7 8 2 300
ITGA5 3 1 1 8 8 4 1 2 1 7 1 2 0 6 1 6 2 5 1 6 3 8 200
CDH5 0 1 2 6 0 1 3 4 7 1 2 5 3 1 4 5 4 1 4 0 2 100

M CAM 3 1 1 4 0 8 9 8 2 1 2 3 4 1 4 3 4 1 2 3 1 0
M SN 2 4 9 1 7 5 7 9 4 8 9 8 0 1 1 4 5 1 0 8 9

ENG 5 1 4 8 9 9 0 3 1 0 3 0 1 1 8 3 1 1 9 6

M YH9 2 8 2 1 4 7 7 9 9 0 9 2 5 1 1 8 9 1 1 1 3

COL18A1 3 2 0 6 8 2 9 4 0 1 0 9 7 1 3 1 9 1 1 9 1

RHOA 5 6 1 8 3 8 7 9 8 8 5 4 9 1 7 8 7 8

CD151 9 8 9 5 6 6 4 2 6 4 8 9 0 1 9 7 4

CD93 0 4 9 7 6 4 1 8 1 5 9 7 1 8 0 8

CD9 1 5 8 7 4 3 7 8 8 6 5 3 6 4 8 5 8 3

TGFBI 8 1 3 2 5 7 3 9 3 8 5 3 4 5 6 1 6

SRPX 9 5 6 6 5 4 3 6 3 3 7 5 3 8 7 4

LAM B1 2 9 5 4 6 6 5 3 6 5 3 7 6 1 6 8 7

ESAM 1 4 0 2 4 9 8 6 2 0 8 3 7 8 5 7

COL5A1 1 0 7 6 4 4 5 5 4 0 0 5 0 8 6 0 4

ZYX 3 8 1 7 3 0 4 0 8 4 7 1 5 6 9 5 4 3

RHOB 3 1 5 8 0 4 3 8 4 9 8 4 8 3 5 1 9

IGFBP7 4 8 1 3 5 8 3 3 0 6 3 1 5 4 5 2

PECAM 1 1 2 7 8 4 8 8 5 0 0 5 2 1 4 7 6

LAM C1 8 4 3 4 8 3 6 1 3 8 8 5 1 7 4 9 4

ACTN1 3 2 8 7 7 8 2 2 5 2 4 0 3 4 7 4 4 9

CTNNB1 3 9 3 3 3 1 4 2 5 3 9 5 4 3 8 3 6 9

RAB13 3 6 0 1 7 7 4 4 5 4 8 2 4 0 5 3 9 6

ICAM 2 0 3 1 7 3 1 9 3 9 0 4 1 4 4 0 3

CTNNA1 3 5 2 3 5 5 3 1 5 3 6 1 3 9 4 3 8 6

RAC1 2 9 3 3 2 2 3 5 6 3 6 0 3 7 4 3 6 7

FBLIM 1 8 1 3 7 8 3 1 2 3 2 0 3 7 1 3 5 0

STAB1 0 3 2 7 2 8 0 3 0 4 4 0 2 3 8 6

CYR61 1 9 9 8 0 9 1 4 6 1 7 7 2 2 8 3 3 4

JUP 1 5 3 3 2 5 3 6 9 3 1 8 3 5 5 3 2 0

IL32 1 0 2 2 8 2 8 1 3 2 8 3 8 9 3 6 6

LOXL2 5 0 3 7 4 2 9 0 2 1 4 2 9 9 3 7 1

LAM A4 1 2 4 2 3 1 7 2 8 6 3 2 6 2 9 2

PXN 1 4 6 3 0 0 2 5 3 2 5 7 2 9 6 2 8 4

NID1 3 5 1 6 9 2 6 4 2 8 5 3 4 8 3 1 1

PCDH1 1 2 5 2 4 7 2 7 9 2 4 8 3 0 0 2 4 2

CD164 7 3 1 7 4 2 7 9 2 4 4 2 6 3 2 5 8

PVRL2 1 7 5 2 5 8 1 8 0 2 1 6 2 6 3 2 8 5

ADAM 15 2 6 2 0 9 1 6 2 2 1 9 2 8 6 3 1 2

VCL 4 9 6 3 4 7 1 5 3 1 7 9 2 2 3 2 3 8

NRP2 3 0 2 4 5 2 3 5 1 9 6 2 3 1 2 2 0

Vasculature Development (GO:0001944)  
Gene.ID iPSC TCP Day 1 Day 2 Day 3 Day 5 Scale
ANXA2 6 5 3 3 7 7 5 3 2 1 6 3 0 1 5 3 1 9 3 3 4 8 5 1000

CTGF 1 9 4 4 3 1 5 1 0 9 5 1 2 8 6 2 0 7 2 2 4 1 3 900
THBS1 3 5 2 5 2 2 1 7 7 5 1 7 2 6 2 2 1 6 2 0 1 1 800
CDH5 0 1 2 6 0 1 3 4 7 1 2 5 3 1 4 5 4 1 4 0 2 700

EGFL7 3 6 5 7 7 1 2 2 7 1 4 6 8 1 4 9 0 1 4 1 6 600
GPX1 4 0 2 1 0 9 4 1 3 7 2 1 3 2 4 1 1 6 5 1 0 6 1 500
ENG 5 1 4 8 9 9 0 3 1 0 3 0 1 1 8 3 1 1 9 6 400

M M P14 1 0 4 9 7 3 1 4 1 2 1 3 3 9 1 1 7 7 8 0 7 300
M YH9 2 8 2 1 4 7 7 9 9 0 9 2 5 1 1 8 9 1 1 1 3 200

COL18A1 3 2 0 6 8 2 9 4 0 1 0 9 7 1 3 1 9 1 1 9 1 100
ANGPTL4 1 5 1 5 1 3 7 4 8 7 0 8 1 0 9 7 0 0

ATP5B 1 1 3 9 9 6 1 5 9 7 6 7 0 6 6 3 6 9 3

PLXND1 4 3 4 1 9 7 4 5 7 0 5 8 5 6 7 6 7

CAV1 9 0 6 9 1 7 0 1 6 2 4 6 0 5 7 4 9

RTN4 3 7 5 5 4 9 6 4 5 6 1 4 6 9 0 6 7 3

ECSCR 6 5 8 5 5 7 7 6 4 6 6 4 2 6 1 9

M M P2 3 9 6 1 4 6 0 9 5 8 1 5 1 0 4 3 0

COL5A1 1 0 7 6 4 4 5 5 4 0 0 5 0 8 6 0 4

PGF 4 2 7 9 8 2 4 7 2 4 5 5 1 2 8 4

CXCR4 2 1 5 8 6 0 5 8 4 7 6 5 6 3 7 8

TGFBR2 6 4 8 5 4 3 8 4 4 7 5 7 9 6 0 8

RHOB 3 1 5 8 0 4 3 8 4 9 8 4 8 3 5 1 9

NCL 1 6 7 6 6 4 6 3 2 3 4 1 0 4 1 9 4 7 0

FLT1 7 9 2 0 9 5 3 9 4 2 9 5 2 3 4 8 4

BAX 3 0 6 3 5 8 4 1 6 4 4 3 4 8 5 4 4 4

CTNNB1 3 9 3 3 3 1 4 2 5 3 9 5 4 3 8 3 6 9

CYR61 1 9 9 8 0 9 1 4 6 1 7 7 2 2 8 3 3 4

EDN1 4 7 6 0 2 0 1 1 9 5 2 1 2 3 1 3

ACVRL1 0 2 5 1 3 0 3 2 8 5 3 4 5 3 3 7

LAM A4 1 2 4 2 3 1 7 2 8 6 3 2 6 2 9 2

ROBO4 0 4 2 2 2 0 4 2 1 4 2 7 6 2 4 8

KDR 2 5 1 6 5 2 2 0 2 7 8 3 3 1 2 9 2

ID1 2 8 8 1 1 2 2 1 2 2 3 8 3 1 8 2 8 7

AKT1 6 5 2 2 6 2 0 2 2 1 9 2 5 2 2 3 6

NRP2 3 0 2 4 5 2 3 5 1 9 6 2 3 1 2 2 0

CD44 9 3 3 5 2 2 3 1 6 7 1 7 5 2 1 2

EFNB2 1 6 9 7 1 9 7 2 1 9 3 0 6 2 8 6

NRP1 2 1 3 9 2 2 7 2 4 2 2 3 4 2 1 5

GPI 2 0 6 1 8 6 2 4 9 2 0 5 2 1 0 2 0 6

ATPIF1 2 9 9 2 0 2 2 1 6 2 1 1 1 9 2 2 1 4

COL1A1 1 1 7 7 8 9 7 1 3 6 2 5 5 4 4 7

TNFRSF12A 1 2 5 3 4 3 1 0 8 1 3 2 1 7 8 2 3 7

TGM 2 1 2 7 1 1 4 7 1 2 4 1 8 6 2 5 5

JUN 1 8 1 3 9 2 0 8 2 0 4 2 0 8 1 9 1

EPAS1 3 1 3 4 1 7 6 1 7 3 2 1 6 2 4 6

S1PR1 1 1 5 4 1 6 1 1 7 4 2 0 9 1 9 3

DLL4 0 8 2 1 5 1 1 8 6 2 2 8 2 0 3

ITGAV 3 4 1 8 0 1 8 2 1 3 6 1 8 3 1 5 8

JAG1 1 5 2 4 1 9 9 1 2 1 1 7 9 1 5 0

ZFP36L1 8 8 2 1 9 1 1 1 1 2 9 1 5 1 1 7 7

Figure S5.2 The top 50 ranked vasculature development and biological adhesion genes for 
iPSC-ECs in 2D and 3D culture. The top 50 expressed genes within the Gene Ontology (GO) 
categories “vasculature development” (GO:0001944) and “biological adhesion” (GO:0022610) 
ranked by mean normalized expression (TPM) for iPSC-ECs cultured on tissue culture 
polystyrene (2D) and in synthetic ECM (3D, Days 1, 2, 3, and 5). Normalized gene expression is 
reported as “transcripts per million” (TPM), where the value for each gene is scaled such that the 
sum of expression for all 19,084 genes equals one million (see Suppl. Table 1 for full list). Gene 
expression is also shown for undifferentiated iPS cells (iPSC) in normal culture (the TPM values 
were not included when ranking the top 50 expressed genes).  
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Figure S5.3 Vascular network formation by iPSC-ECs within a microfluidic channel is most 
pronounced at intermediate VEGF concentration. Phalloidin (F-actin, red) and DAPI (nuclei, blue) 
staining for iPSC-ECs cultured in in 50% crosslinked PEG hydrogels. 1x10

7 
iPSC-ECs per mL were 

cultured for 8 days in (A) basal medium (“Control”, contains 5 ng/mL VEGF) or medium that was 
supplemented with (B) 100 ng/mL VEGF, (C) 200 ng/mL VEGF, or (D) 400 ng/mL VEGF. Images 
were collected using an EVOS FL fluorescence microscope. Scale bars: 250 μm. 
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Figure S5.4 Vascular network formation by iPSC-ECs seeded at high density shifts the optimal 
VEGF dose to higher concentration. Phalloidin (F-actin, red) and DAPI (nuclei, blue) staining for 
8.5x10

7 
iPSC-ECs per mL in 50% crosslinked PEG hydrogels.  Cells were cultured for 9 days in basal 

medium (contains 5 ng/mL VEGF) that was supplemented with (A) 200 ng/mL VEGF, (B) 400 ng/mL 
VEGF, or (C) 1000 ng/mL VEGF. Images in A-C were collected using an EVOS FL fluorescence 
microscope. (D, E) Higher resolution confocal images for the 200 ng/mL VEGF condition for a (D) 75 
μm and (E) 25 μm thick z-stack.  The boxed region in D is shown in E.  Scale bars: 250 μm. 
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Figure S5.5 Vascular network stability is improved by adding a supporting PEG layer. (A) Shear modulus 
(Mean±S.D.; n = 3 hydrogels) for PEG hydrogels with 40-70% MMP-degradable peptide crosslinks (molar ratio 
Thiol:Norbornene groups).  (B) Phalloidin (F-actin, red) and DAPI (nuclei, blue) staining for iPSC-ECs 
encapsulated in PEG hydrogels and spotted on the bottom of a tissue culture polystyrene plate and cultured for 14 
days without (Control) or with a supporting PEG hydrogel layer (60% crosslinked supporting layer shown). A PEG 
hydrogel supporting layer (100 μL) was added two days after iPSC-ECs were encapsulated in 50% crosslinked PEG 
hydrogels to permit initial vascular network formation. The PEG hydrogel supporting layer was prepared without 
CRGDS adhesion peptide to minimize sprouting. Scale bars: 100 μm. (C-F) Vascular network structure was 
quantified using CD31 immunofluorescence images. A Nikon TI Eclipse fluorescence microscope was used to 
image each hydrogel with a z-stack depth of 900 μm (20 μm slices). NIS-Elements (Nikon) software was used to 
generate a maximum intensity projection image from the z-stack with fluorescent peaks detected (matrix level = 3, 
count = 12). Each image was then thresholded (threshold lower limit = 180-260, cutoff length = 20 μm), and all 
detected vascular structures were skeletonized and pruned (pruning = 10). Average structure length and area was 
automatically calculated for a 3700 x 1900-pixel (3367 x 1729 μm) region of interest (ROI) using the “Automated 
Measurement” feature. (C,D) Vascular coverage (Mean ± S.D.; ≥ 4 replicate samples) (C) during the first 5 days of 
culture without a supporting layer (* = significance vs. Day 1) and (D) after 14 days of culture without (“Cont”) or 
with a supporting layer (40-70% crosslinking; * = significance vs. Cont). (E,F) Average tubule length (Mean ± 
S.D.; ≥ 4 replicate samples) (E) during the first 5 days of culture without a supporting layer (* = significance vs. 
Day 1; # = significance vs. Day 5) and (F) after 14 days of culture without (“Cont”) or with a supporting layer (40-
70% crosslinking; * = significance vs. Cont ; # = significance 40 vs 60% crosslinking). Statistical significance was 
calculated using a one-way ANOVA with a post hoc Tukey-Kramer test for individual comparisons (α = 0.05).  
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Table S5.1 Normalized gene expression (TPM) for undifferentiated iPS cells and iPSC-ECs in 2D or 

3D culture. Normalized gene expression in transcripts per million (TPM) for human induced pluripotent 

stem (iPS) cells and iPS cell-derived endothelial cells (iPSC-ECs) cultured on tissue culture polystyrene 

(TCP) or in 50% crosslinked PEG hydrogels for up to 5 days.  Normalized gene expression is reported as 

“transcripts per million” (TPM), where the value for each gene is scaled such that the sum of expression 

for all 19,084 genes equals one million. Columns I-O: Gene expression within the Gene Ontology (GO) 

cluster "vasculature development" (GO:0001944), ranked by average TPM (iPSC-ECs). Columns Q-W: 

Gene expression within the Gene Ontology (GO) cluster "biological adhesion" (GO:0022610), ranked by 

average TPM (iPSC-ECs).  

To view the whole table please go to: 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4829480/bin/NIHMS768241-supplement-2.xlsx 
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Table S5.2 Differentially expressed genes for iPSC-ECs and iPS cells. Differential gene expression 

determined by EBSeq analysis (FDR ≤ 0.005) for iPSC-ECs relative to undifferentiated iPS cells.  See Leng 

et. al. Bioinformatics. 2013; 29:1035-43. Columns B-H: Genes upregulated by iPSC-ECs relative to iPS 

cells. Columns J-P: Genes downregulated by iPSC-ECs relative to iPS cells. Columns R-AR: Top 25 

Gene Ontology (GO) terms for iPSC-ECs upregulated (R-AD) or downregulated (AF-AR) compared to 

undifferentiated iPS cells. GO terms were identified using the DAVID Functional Annotation Tool (see 

manuscript for references). Settings used in DAVID: EASE = 0.001; ≥10 genes. Some lists for iPS cells 

were less than 25 GO terms, since only those with a Benjamini score ≤ 0.05 were included.  

To view the whole table please go to: 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4829480/bin/NIHMS768241-supplement-2.xlsx 
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Table S5.3 Differentially expressed genes for iPSC-ECs in 3D relative to 2D culture.  Differential gene 

expression by EBSeq analysis (FDR ≤ 0.005) for iPSC-ECs cultured in 50% crosslinked PEG hydrogels 

(3D) relative to cells cultured on TCP (2D). See Leng et. al. Bioinformatics. 2013; 29:1035-43. Columns 

F and M: "3D > 2D ALL" and "2D > 3D ALL" includes differentially expressed genes that overlapped for 

all time points.  Columns G and N:All genes that were differentially expressed for at least one time point. 

Columns Q-AR: Gene Ontology (GO) terms for iPSC-ECs upregulated in 3D (Q-AC) or 2D (AF-AR) 

culture.  GO terms were identified using the DAVID Functional Annotation Tool (see manuscript for 

references). Settings used in DAVID: EASE = 0.001; ≥10 genes. Only Top 25 GO terms or GO terms with 

a Benjamini score ≤ 0.05 are shown.  

To view the whole table please go to: 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4829480/bin/NIHMS768241-supplement-2.xlsx 
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Movie S5.1 Initial network formation by iPSC-ECs cultured in synthetic ECM. Time lapse images (1 hr 

/ frame, beginning ~12 hrs after encapsulation) illustrating initial vascular network formation by iPSC-ECs 

cultured in synthetic ECM.  Scale bar = 100 μm. Time scale shown in Hr:Min. 

To view the movie please go to: 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4829480/bin/NIHMS768241-supplement-3.avi 



 
 

 

161 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Movie S5.2 Formation of interconnected vascular networks by iPSC-ECs cultured in synthetic ECM.  

Time lapse images (1 hr / frame, beginning ~36 hrs after encapsulation) for iPSC-ECs cultured in synthetic 

ECM.  Scale bar = 250 μm. Time scale shown in Hr:Min. 

To view the movie please go to: 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4829480/bin/NIHMS768241-supplement-4.avi 
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Movie S5.3 Locally transient vascular networks formed by iPSC-ECs in synthetic ECM. Time lapse images 

(1 hr / frame, beginning ~36 hrs after encapsulation) for iPSC-ECs cultured in synthetic ECM.  The same region 

is shown in Supplemental Movie 2 (bottom left corner), but with different z-planes highlighted to better illustrate 

transient formation of networks.  Scale bar = 100 μm.  Time scale shown in Hr:Min 

To view the movie please go to: 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4829480/bin/NIHMS768241-supplement-5.avi 
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Movie S5.4 Apparent vacuole dynamics for iPSC-ECs during vascular network formation. Time 

lapse images (1 hr / frame, beginning ~36 hrs after encapsulation) illustrating apparent vacuole dynamics 

in the central region of tubules formed by iPSC-ECs. Two separate z-planes are shown to illustrate both 

the inner and outer regions of the tubules. The circled region illustrates apparent vacuole condensation 

(time points 06:00-20:00, left image), such as described in Kamei et. al. Nature. 2006; 442:453-6. The 

right image is more clearly in focus within the same region for some frames. Scale bar = 100 μm. Time 

scale shown in Hr:Min. 

To view the movie please go to: 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4829480/bin/NIHMS768241-supplement-6.avi 
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Chapter 6: Synthetic PEG based hydrogel that supports metabolic function of 

iPS-derived hepatocyte in 3D 

 
Hamisha Ardalani, James A. Thomson, William L. Murphy “Synthetic PEG based hydrogel that 

supports metabolic function of iPS-derived hepatocyte in 3D”, In Preparation.  

 

 

6.1 Preface 

 
In Chapter 4, we developed a 3D in vitro model of iHEP cells in suspension culture in 

which ECs in our 3D co-cultured aggregates self-organized and formed capillary-like structures, 

reminiscent of sinusoidal architecture in vivo. To extend the life-span of the aggregates in vitro 

and to improve delivery of oxygen and nutrients to the core of the aggregates, there is a need to 

integrate aggregates with formed capillary networks, much like in vivo. However, the first step 

towards that goal is finding an ECM that not only is supportive of ECs allowing angiogenesis but 

is also supportive of iHEP metabolic and enzyme activity functions. In Chapter 5, we described a 

chemically defined synthetic PEG hydrogel tethered with RGDS and MMP-degradable crosslinker 

that is permissive for angiogenesis and vascular remodeling like in vivo. In this chapter, we built 

upon our previous findings and showed that the same PEG hydrogel formulation that allows 

angiogenesis is also supportive of the metabolic function and CYP450 enzyme activity of 

encapsulated iHEP aggregates.  

 

6.2 Abstract 
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Organoid cultures are typically done in Matrigel [1,2], however due to complex, undefined 

nature, batch-to-batch variabilities and immunogenic response of Matrigel, there is a need to find 

chemically defined substrates that not only address the above challenges but also offer a great deal 

of control over the mechanical properties of the gel. Here, we used polyethylene glycol (PEG) as 

a blank substrate, which are commonly used in clinical studies. The PEG was functionalized with 

RGDS peptide and was crosslinked through MMP-degradable peptide sequence. We showed PEG 

hydrogel at intermediate crosslinking density, 50%, with the shear modulus of 785+40 Pa results 

in the highest albumin and urea production compared to other crosslinking densities. Moreover, 

encapsulated iHEP aggregates exhibited hepatocellular activity similar to Matrigel as 

characterized by albumin and urea production and induction of CYP450 drug metabolism 

enzymes. The evaluation of integrin binding peptide (RGDS) on iHEP aggregate metabolic 

function and enzyme activity showed effect of integrin binding peptides is more pronounced at 

30% crosslinking density and has no effect on the albumin and urea synthesis at 50% 

crosslinking density. Overall, this study shows the fine balance between crosslinking density 

and integrin binding peptides on metabolic function of iHEP aggregates encapsulated in PEG 

hydrogel. This work lays the ground for development of better 3D in vitro models, specifically 

for liver diseases mediated by the biomechanical properties of the ECM. 

 

6.3 Introduction 

 
Hepatic differentiation of cells from human pluripotent stem cells (hPSC) and organoid 

cultures are traditionally done on/in Matrigel [1–5]. Indeed, Matrigel is considered as a standard 

culture condition to which many new culture systems are being compared. Matrigel is a protein 

extract from Engelbreth–Holm-Swarm (EHS) mouse sarcoma cells. It mainly contains laminin-
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111 (~60%), collagen type IV (~30%), and entactin (~8%) together with numerous other proteins 

and several growth factors, like EGF, bFGF, IGF-1, TGF-β, PDGF, and NGF [6,7]. However, one 

of the drawbacks of Matrigel is undefined components in the product can lead to possible 

variations between independent cell culture experiments. Moreover, the use of animal origin 

matrices inhibits use of the cells for clinical applications due to the risk of pathogen transmission 

that could trigger immune rejection of transplanted cells [8]. Therefore, a bioengineered synthetic 

ECM is essential.  

Here, we used polyethylene glycol (PEG) as a blank substrate. The PEG can be 

functionalized with select ECM proteins or varied in mechanical stiffness, also being transparent 

after forming gels provide an easy means of viewing cells over time [9]. We used 8 arm-PEG 

norbornene that arms were functionalized with RGDS peptide and were crosslinked through 

MMP-degradable peptide sequence. We showed PEG hydrogel at intermediate crosslinking 

density, 50%, with the shear modulus of 785+40 Pa results in the highest albumin and urea 

production compared to other crosslinking densities. Moreover, encapsulated iHEP aggregates 

exhibited hepatic activity similar to Matrigel as characterized by albumin and urea production and 

induction of CYP450 drug metabolism enzymes. The evaluation of integrin binding peptide 

(RGDS) on iHEP aggregate metabolic function and enzyme activity showed effect of integrin 

binding peptides is more pronounced at 30% crosslinking density and has no effect on the 

albumin and urea synthesis at 50% crosslinking density. Overall, this study shows the fine 

balance between crosslinking density and integrin binding peptides on metabolic function of 

iHEP aggregates encapsulated in PEG hydrogel. This work lays the ground for development of 

better 3D in vitro models, specifically for liver diseases mediated by the biomechanical 

properties of the ECM [10–17]. 
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6.4 Materials and Methods 

6.4.1 Hepatocyte cell culture 

 iCell Hepatocyte 2.0 (iHEP, from Cellular Dynamics International) was thawed and plated 

into collagen I-coated 24 and 96-well plates at a 3x105 cells/cm2. Plating volumes for 24 and 96-

welll plates were 0.57 ml and 0.1 ml, respectively. Maintenance medium used for 2D culture of 

hepatocytes was DEME/F12 medium, no phenol red supplemented with B27 supplement (1x), 

Dexamethasone (0.1 μM) and Oncostatin M (20 ng/ml). On day 1 through day 4 post-plating, spent 

medium is replaced daily. On day 5, medium is replaced with Maintenance medium minus 

Oncostatin and spent medium is replaced every two days thereafter.  

6.4.2 Aggregate formation and maintenance  

On day 5 post iHEP 2D culture Accutase was used to dissociate iHEPs. Cells were seeded into 

Aggrewell plates (STEMCELL Technologies) at 500 viable cells per well and subsequently 

centrifuged at 100 x g for 2 min. Cells were seeded in iHEP Maintenance medium (Section 2.2) 

minus Oncostatin M. Aggregates were maintained in serum-free medium with 50% medium 

change every 48-72 h. The cells formed spheroids within 24-48 hours after transfer to the 

Aggrewell. iHEP aggregates were harvested after 2 days and passed through the 37-micron 

reversible strainer to filter all the single cells. Aggregates were then encapsulated in PEG hydrogels 

(Fig. 6.1). 

6.4.3 Aggregate encapsulation and polymerization of PEG hydrogels 
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iHEP aggregates were re-suspended in a 2X photoinitiator solution (0.2 % wt./wt. Irgacure 

2959) and mixed 1:1 with a 2X PEG monomer solution. For experiments encapsulating iHEP 

aggregates in PEG hydrogel using 384 multiwell plates (Corning, Cat # 3764), wells were pre-

coated with a thin layer of hydrogel (~8 µL) and then 12 µL of the cell and monomer solution was 

pipetted on the top. Both bottom and top layers were polymerized for 2 min using ~5-10 mW/cm2 

UV light centered at ~365 nm. 384-multiwell plates were placed on the top shelf of the exposure 

stand for a UVP XX-15L series UV lamp, Fisher. For aggregates encapsulated in Matrigel, we 

used same amount (~8 µL) of Matrigel (Corning, Cat# 356231, 9.2 mg/ml) ) at the bottom of each 

wells and polymerized for 20 minutes in 37oC incubator, then Matrigel was added to pelleted iHEP 

aggregates and 12 µL was pipetted on the top and polymerized at 37oC for 20 minutes. 80 µL of 

media was added to each well and half of the media was exchanged every 48 h. Each well contained 

20-30 iHEP aggregates per well (Fig. 6.1).  

For experiments, seeding iHEP single cells on top of PEG hydrogel, 20 µL of 2X PEG 

monomer solution with 2X photoinitiator solution at 1:1 ratio was pipetted in each well and 

polymerized as described above. For cells seeded on top of Matrigel, 20 µL of Matrigel (at 9.2 

mg/ml) was pipetted in each well and polymerized as described above. Then, iHEP single cells at 

500, 1000, 5000, 10000 and 20000 cells per well were seeded on the top of the polymerized 

hydrogel. 80 µL of media was added to each well and half of the media was exchanged every 48 

h (Fig. S61).  

6.4.4 Poly (ethylene glycol) (PEG) hydrogel preparation  

Poly(ethylene glycol) (PEG) hydrogels were formed using thiol-ene photopolymerization 

chemistry [36]. 8-arm PEG-norbornene was purchased from a commercial source (JenKem USA: 
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20,000 MW, 8ARM (TP)-NB-20K). Stock PEG solutions were prepared by adding 0.8 mL 1X 

PBS to 300 mg lyophilized 8-arm PEG-NB powder (final volume = 1 mL) and filtered through a 

0.2 μm nylon syringe filter (Fisher) for a final concentration of 300 mg/mL sterile monomer. 

Monomer solutions for cell encapsulation were prepared in 1X PBS with 40 mg/mL 8-arm PEG-

NB in which 30, 50 and 70% of the available norbornene arms were cross-linked with a matrix 

metalloproteinase (MMP)-degradable peptide with cysteines flanking the active sequence 

(KCGGPQG*IWGQGCK, GenScript; active sequence in bold; * = cleavage site). To promote 

cell adhesion, CRGDS (GenScript, active sequence in bold) at 0, 2 and 4 mM was incorporated as 

a pendant group through the terminal cysteine. Scrambled sequence (CRDGS) peptide and 

cysteamine at 2 and 4 mM were used as non-adhesive controls.   

6.4.5 Quantification of Shear Modulus  

To measure the shear modulus of PEG hydrogels, 68 μL precursor solutions were pipetted 

into 8.0 mm diameter, 1.2 mm depth Teflon wells and cured for 2 minutes using 365 nm UV light 

at a dose rate of ~5-10 mW/cm2. The resulting hydrogels were swollen to equilibrium in 1X PBS 

for 24 hr. The samples were tested using an Ares-LS2 rheometer (TA Instruments). A 5 ×g force 

was applied to the samples via parallel plate crossheads and a strain sweep test at 1 Hz fixed 

frequency was performed from 0.1 to 20% strain. If the sample was not robust enough to withstand 

a 5 ×g force the gap between the parallel plates of the rheometer was set to 1.0 mm distance. 

Measurements for complex shear modulus for each hydrogel formulation were taken at 1 Hz, 2–

20% strain. 

6.4.6 Biochemical Assays 
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6.4.6.1 ALB and Urea Secretion  

Albumin and urea secretion were analyzed by measuring the concentration of albumin and urea 

of lysed cells in the culture medium. Encapsulated aggregates in PEG or Matrigel were 

mechanically dissociated by pipetting up and down and supernatants were assayed for albumin 

and urea levels. Albumin was measured using an enzyme-linked immunosorbent assay (ELISA) 

kit (E88-129, Bethyl Laboratories). Urea concentration was measured using a calorimetric assay 

kit from Bioassay Systems (DIUR-100).  

6.4.6.2 Cytochrome P450 

Luminescence-based assays (Promega, Madison, WI) for CYP2C9 (luciferin-H), CYP3A4 

(luciferin-IPA) and CYP1A2 (luciferin-1A2) were used to measure CYP450 activity. Briefly, 

cultures were rinsed in phenol red-free culture medium and incubated with luminescent substrates, 

diluted in same medium, for 1 hour (3μM luciferin-IPA, CYP3A4 substrate) or 3 hours (100μM 

luciferin-H, CYP2C9 substrate) at 37oC. For CYP1A2 cultures were rinsed with PBS and 

incubated with luminescent substrate diluted in PBS for 1 hour (6μM luciferin-1A2). Following 

incubation, supernatant was processed according to manufacturer instructions and luminescence 

was measured using luminometer (Promega GloMax plate reader).  

Drug dosing. For CYP450 induction studies, aggregates were pretreated with inducers for 

72 h beginning at 48 h post-encapsulation. Stock solutions of inducers were prepared in dimethyl 

sulfoxide (DMSO) and diluted at 1:1000 for final concentration of 25 μM of Rifampicin, 100 μM 

fo omeprazole and 50 μM of dexamethasone. Vehicle controls were pretreated with 72 h of either 

1:1000 DMSO or no drug. Since dexamethasone is a known inducer of cytochrome P450 3A4, 

dexamethasone was extracted from the medium to lower CYP3A4 basal activity.  
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6.5 Results 

6.5.1 Albumin and urea secretion of encapsulated iHEP aggregates were enhanced in PEG 

hydrogels with intermediate crosslinking density 

Rheometric analysis of PEG hydrogels showed increase (122 ± 25 to 1600 ± 40 Pa) in the 

shear modulus when crosslinking density was increased from 30% to 70% (Fig. 6.2a). Matrigel at 

9.2 mg/mL showed similar stiffness compared to the 30% crosslinking density (Fig. 6.2a). Phase-

contrast images of encapsulated iHEP aggregates showed that aggregates maintained their 3D 

spherical morphology at different crosslinking density (Fig. 6.2b). 

Albumin and urea secretion of encapsulated iHEP aggregates showed 2-fold increase from 

30% to 50% crosslinking density and 1.4-fold decrease from 50% to 70% crosslinking density 

(Fig. 6.2c-d). At 50% crosslinking density, the secreted albumin was 1.5-fold higher than that of 

aggregates encapsulated in Matrigel (Fig. 6.2c). However, no significant difference was observed 

for the urea secretion between iHEP aggregates encapsulated in 50% crosslinking density and 

Matrigel (Fig. 6.2d). These results demonstrate aggregates encapsulated at 50% crosslinking 

density has the highest level of albumin and urea synthesis compared to 30% and 70% crosslinking 

density, and the values are higher or at the same level of aggregates encapsulated within Matrigel. 

6.5.2 Integrin binding peptide was not essential for metabolic function of iHEP aggregates 

encapsulated at intermediate crosslinking density 

Presence of 2 mM RGDS for 30% crosslinking density PEG hydrogels resulted in 2-fold 

and 1.7-fold increase in albumin and urea production of encapsulated iHEP aggregates relative to 

0 mM RGDS. Urea and albumin production of encapsulated iHEP aggregates at 50% crosslinking 

density were maintained at the same level in the presence of 2 mM RGDS. Conversely, presence 
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of 2 mM RGDS for encapsulated iHEP aggregates in 70% crosslinking density PEG hydrogel 

showed 1.8-fold and 1.3-fold decrease in albumin and urea production, respectively (Fig. 6.3a, b). 

Moreover, phase contrast images taken from aggregates showed that aggregates maintained their 

spherical morphology in 50% and 70% crosslinking PEG hydrogels even in the presence of 

adhesive integrin binding peptides (Fig. 6.3d,e) Contrary to 50% and 70% crosslinking densities,  

iHEP aggregate encapsulated in 30% crosslinking density PEG with 2mM RGDS showed sign of 

adhesion to the ECM and increase in the surface area of aggregates (Fig. 6.3c). Together, these 

results show that albumin and urea production of encapsulated iHEP aggregates depend on the 

balance between crosslinking density and integrin binding peptides. And integrin binding peptide 

was not essential for metabolic function of iHEP aggregates encapsulated at intermediate 

crosslinking density 

6.5.3 Integrin binding peptide was not essential for CYP450 enzyme activity of iHEP 

aggregates encapsulated at intermediate crosslinking density 

Since encapsulated iHEP aggregates at intermediate crosslinking density (50%) showed 

higher level of albumin and urea production, we then characterized the liver specific drug 

metabolism functions of encapsulated iHEP aggregates by assessing the basal CYP450 enzyme 

activity and their induction in response to known pharmacological inducers. Similar to albumin 

and urea synthesis results (Fig. 6.3a, b), presence of RGDS did not have any significant effect on 

the basal activity level of CYP 3A4, 2C9 and 1A2 of the iHEP aggregates encapsulated in 50% 

crosslinking density PEG hydrogels (Fig. 6.4). The basal activity of those enzymes was similar to 

the aggregates encapsulated in Matrigel. Encapsulated iHEP aggregates showed 2-fold and 1.5-

fold increase in CYP3A4 basal activity level after induction with dexamethasone and rifampicin, 

respectively (Fig. 6.4a).1.8-fold increase in CYP2C9 basal activity level after induction with 
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rifampicin (Fig. 6.4b), and a 3-fold increase in CYP1A2 basal activity level after induction with 

omeprazole (Fig. 6.4c) was observed. Similarly, encapsulated iHEP aggregates in Matrigel showed 

1.6-fold and 1.4-fold increase in CYP3A4 by dexamethasone and rifampicin, respectively (Fig. 

6.4a), a 1.8-fold increase in CYP2C9 by rifampicin (Fig. 6.4b), and a 2.7-fold increase in CYP1A2 

by omeprazole (Fig. 6.4c). Taken together, PEG hydrogels with 50% crosslinking density, 

maintained activity of CYP1A2, CYP2C9, and CYP3A4 (with or without pharmacological 

inducers) of iHEP aggregate at the same level to that of iHEP aggregates encapsulated in Matrigel. 

Moreover, the presence of RGDS did not have any significant effect on the induced or basal level 

of those enzymes.  

 

6.6 Discussion 

 
Though natural hydrogels have produced promising results for hepatocyte differentiation, 

downstream applications are limited by the use of natural hydrogels (e.g., Matrigel), which is 

poorly characterized, highly variable and of mouse origin [4,16]. Thus, there is a need for a well-

defined, xeno-free matrix that would address the issues associated with natural hydrogels. 

Synthetic hydrogels are appealing because not only their chemistry and properties are controllable 

and reproducible but also are structurally similar to the extracellular matrix of many tissues. They 

can be produced with defined molecular weight, block structures, degradable linkages and 

crosslinking modes. Properties of hydrogels such as degradability, mechanical stiffness, 

crosslinking densities and gel formation dynamics can be easily tuned in synthetic hydrogels. 

However, there are very few publications that have studied the effect of synthetic hydrogels 

properties on iPS/ES derived hepatocyte metabolic function and CYP450 enzyme activities [18–

20] and such studies were often done in a 2D culture format. Here we used synthetic MMP-
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degradable PEG hydrogel functionalized with integrin binding peptide, RGDS, to study the effect 

of crosslinking density and integrin binding peptide concentration on the function of 3D iHEP 

aggregates in a 3D context.  

By examining the function of iHEP aggregates encapsulated in PEG hydrogels with 

different crosslinking density, we found that hydrogels at 50% crosslinking density secret highest 

level of albumin and urea and the values are higher or at the same level to iHEP aggregates 

encapsulated in Matrigel (Fig. 6.2). It’s worth to mention that the shear modulus of healthy liver 

is between 400-600 Pa [10,21] and shear modulus of PEG hydrogels at 50% crosslinking density 

was 785±40 Pa. Since PEG is biologically inert and is not functionalized with adhesive peptide, 

the secreted ECM molecules attached to the iHEP aggregates may act as transmitters to transfer 

the matrix biomechanical signal to the iHEP cells located on the periphery of the iHEP aggerates. 

Previous SEM data demonstrated the deposition of ECM on the surface of iHEP aggregates [22]. 

Alternatively, varying crosslinking density alters the mesh size for these networks, which can 

impact the diffusional properties of the hydrogel. It is not possible to uncouple mechanical 

properties from diffusional properties examined in this study.  

Integrin ligation by RGDS peptide has been reported to confer survival to isolated 

hepatocytes through the Akt pathway [23]. In addition, cellular response to RGD can depend on 

how the peptide is presented (e.g., concentration). To show that iHEP cells used in this study 

express the integrin that can specifically recognize the RGD sequence, we seeded single iHEP 

cells at different cell density on top of the 50% crosslinking hydrogels with adhesive RGDS (at 2 

and 4mM) and non-adhesive controls (no RGDS, scrambled RGDS sequence and Cysteamine at 

2 and 4mM) (Fig. S6.1). The results showed when cells are seeded on PEG hydrogels with 2 and 

4 mM RGDS the iHEP single cells attached to the ECM and spread. However, in the presence of 
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non-adhesive controls, single iHEP cells self-organized and formed small aggregates. The size of 

the aggregates increased as the seeding cell density increased. Further, rheometric analysis of 

hydrogels with different adhesive and non-adhesive moieties showed no change in shear moduli 

of 50% crosslinking hydrogels (Fig. S6.2a). After stablishing that iHEP cells could recognize the 

RGD sequence tethered to the PEG hydrogel and there are no non-specific bindings to non-

adhesive sequences (RDGS and cysteamine), we studied the effect of RGD concentration on iHEP 

aggregates in a 3D context.  

Notably, further functionalizing of the PEG hydrogels with adhesive RGDS peptide did 

not have a significant effect on albumin and urea production (Figs. 6.3, S62b-c) and CYP450 

enzyme activities (Fig. 6.4) of encapsulated iHEP aggregates at 50% crosslinking density. While 

the presence of RGDS in 30% crosslinking density enhanced the albumin and urea production by 

2-folds, it caused a 2-fold decrease in 70% crosslinking density (Fig. 6.3). It is likely the balance 

between outside-in signals (e.g., stiffness, crosslinking density, integrin binding density) and 

inside-out signals (e.g., cell-cell contact) that affects the iHEP cell metabolic function and its 

interaction with the ECM. Steinberg and co-workers established that the formation of tissue self-

assemblies is essentially a “tug-of-war” between substrate adhesiveness and cellular cohesion [24]. 

In the case of 50% crosslinking density with RGDS the cohesion forces (coming from cell-cell 

contact) established during the spheroid formation were sufficient to alleviate the need for any 

cell-matrix contacts in 3D (Figs. 6.3, S63), as the PEG hydrogel background is biologically inert, 

and presence of adhesive peptides at different density did not have any significant effect in ALB 

and urea production (Fig. 6.3). Li and co-workers also showed that RGDS was not necessary for 

optimal rat hepatocyte function encapsulated in 10% polyethylene glycol (PEG) diacrylate, 
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however, they did not study the effect of adhesive ligands at different stiffness on the function of 

hepatocytes [25].  

The fine balance between the substrate adhesiveness and cellular cohesion forces was 

evident when single iHEP cells at different density were seeded on top of the 50% crosslinking 

PEG hydrogels functionalized with adhesive and non-adhesive peptides at different concentration 

(Fig. S6.1). Self-assembly of iHEP cells in the case of scrambled non-adhesive peptide (RDGS), 

Cysteamine and 0 mM RGDS demonstrate that the cohesive forces were bigger than adhesive 

forces. However, the addition of RGDS peptide tips the balance towards the opposite side and 

results in the spread of the iHEP single cells on PEG substrate. In the case of Matrigel, the cells 

did not form aggregates like what we observed in the PEG conditions (Fig. S6.1); however, the 

cells agglomerated together and formed a dense network of cells, which shows cohesive forces are 

bigger than the adhesive forces on Matrigel substrate. This is perhaps due to the way Matrigel 

forms gel, as Hakkinen et al. showed that Matrigel forms a gel without discernable fibers at the 

cellular level compared to collagen and fibrin gels, and thus fibroblasts failed to spread or generate 

adhesion [26,27]. iHEP cells after forming 3D aggregates were seeded on top of the same hydrogel 

and the result were similar to when the aggregates were encapsulated inside the hydrogel (Fig. 6.2 

and 6.3), suggesting that cohesive forces due to increased cell-cell contact established after 

aggregate formation is higher than the adhesive forces when cells are seeded in aggregate format.  

Together, this study demonstrates that adhesion to matrices is different if cells are seeded in 2D or 

3D format.  

 

6.7 Conclusions 

 



 
 

 

177 

Our current understanding of the effect of mechanical properties of ECM is derived 

primarily from studies of cellular adhesions formed on two-dimensional (2D) substrates in vitro. 

Yet the rules of cell-ECM interactions and mechano-sensing in three-dimensional 

microenvironments are more complex under both in vitro and in vivo conditions [26,28]. Here, we 

presented a well-defined synthetic substrate for 3D culture of iHEP aggregates that can substitute 

Matrigel. Having a great deal of control over the mechanical and biochemical properties of the 

PEG hydrogels can help us to unravel the mechano-transduction signal that the ECM sends to 

hepatocyte and its role in maturation and differentiation of iPS/ES-derived hepatocytes. We 

showed that iHEP aggregates encapsulated in PEG hydrogels with intermediate crosslinking 

density, where the shear modulus is close to the healthy liver shear modulus produces the highest 

level of albumin and urea. Moreover, at that crosslinking density, the RGDS integrin binding 

peptides did not have any effect on iHEP aggregates metabolic function. Our study also revealed 

the difference between interaction of iHEP cells with the ECM in a 2D and 3D context. We can 

use this in vitro model for making a more predictive 3D in vitro models to study liver diseases that 

are associated with the mechanical property of the liver environment. Moreover, in contrasts to the 

suspension culture of the iHEP aggregates, where uncontrolled aggregation often results in large 

spheroid with necrotic cores [29], iHEP aggregates encapsulated in PEG are protected from the 

shear stress and aggregates can be cultured in small volumes without such consequences. The 

aggregates here were cultured under the static condition; however, they can be adapted to the 

microfluidic platforms where the physiological dynamic flow can be established. Finally, 

aggregates containing different cell types could be combined to explore signaling or metabolic 

interaction between aggregates of varying cell types. 
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6.11 Figures 

 
 
 

 
 
Figure 6.1 Schematic depicting the experimental procedure for iHEP culture and 3D aggregate formation 

and aggregate encapsulation in PEG hydrogel 
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Figure 6.2 Effect of hydrogel crosslinking density on Albumin and Urea secretion (a) Rheometric 

analysis of PEG hydrogel formulation. The PEG hydrogel shear modulus was tuned from 122 ± 25 – 1600 

± 40 Pa by maintaining a constant PEG-norbornene concentration while varying the crosslinking density 

from 30-70% molar ratio thiol:norbornene. (b) Morphology of aggregates in hydrogel with different 

stiffness after 10 days. Scale bar is 100 μm. (c, d) Comparison of albumin and urea secretion for iHEP 

aggregates encapsulated in PEG hydrogels with different crosslinking density versus Matrigel. 
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Figure 6.3 Effect of integrin-binding peptide on albumin and urea secretion of encapsulated iHEP 

aggregates at different crosslinking density (a, b) Comparison of albumin and urea secretion with and 

without RGDS for iHEP aggregates encapsulated in PEG hydrogels with different crosslinking density 

versus Matrigel (c-e) Gross morphology of aggregates in PEG hydrogels with(out) adhesive moieties after 

10 days. Scale bar is 100 μm 
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Figure 6.4 Effect of integrin-binding peptide on drug metabolism enzyme activity of 3D iHEP 

aggregates encapsulated in PEG hydrogels with intermediate crosslinking density (a) CYP3A4 basal 

activity and induction with dexamethasone and rifampicin (b) CYP2C9 basal activity and induction with 

rifampicin (c) CYP1A2 basal activity and induction with omeprazole 
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6.12 Supplemental Figures 

 

 

Figure S6.1 Effect of integrin binding peptide on iHEP at single cell. Morphology of iHEP cells seeded 
as single cells at different cell density on top of the 50% crosslinking PEG hydrogels with adhesive peptide 
(RGDS, at 2 and 4mM) and non-adhesive controls (no RGDS, scrambled RGDS sequence and Cysteamine 
at 2 and 4mM). Scale bar for the outside image is 1000 μm and for the inside image is 100 μm. 

  



 
 

 

186 

 

 
 
 

 
Figure S6.2 Effect of integrin-binding peptide and non-integrin binding peptides (controls) on 

albumin and urea secretion for iHEP aggregates encapsulated in 50% crosslinking density (a) 

Comparison of shear moduli of hydrogels with adhesive and non-adhesive controls at 50% crosslinking 

density. (b, c) Comparison of albumin and urea secretion with adhesive and non-adhesive controls at 50% 

crosslinking density.  
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Figure S6.3 Effect of integrin binding peptide concentration on iHEP aggregate morphology. (a) 

Gross morphology of encapsulated iHEP aggregates in hydrogels with 50% crosslinking density at 0, 2 and 

4 mM RGD concentration. (b-c) Effect of non-integrin binding peptide (controls) concentration on 

iHEP aggregate morphology. (b) Morphology of encapsulated iHEP aggregates in hydrogels with 50% 

crosslinking density at 2 and 4 mM scrambled RGD concentration. (c) Morphology of encapsulated iHEP 

aggregates in hydrogels with 50% crosslinking density at 2 and 4 mM Cysteamine.  

Images were taken after 10 days. Scale bar is 100 μm 
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Chapter 7: Conclusions and recommendations for future work 
 
7.1 Conclusions 

 
Although the advent of iPS/ES-derived hepatocytes in the past decade has helped to bridge 

the gap between clinical demands and primary human hepatocyte (PHH) availability, those cells 

exhibit a fetal phenotype rather than a mature phenotype and therefore is not entirely on par with 

PHH [1]. In order to create the mature iPS derived hepatocytes, we created an in vitro model that 

can recapitulate the complex 3D structure of the liver during liver development. Creating such in 

vitro model needs a wholistic approach to encompass all the factors that impact liver organ 

development. To simplify the problem, we focused on two significant areas known to play an 

important role on iHEP maturation: (i) cell-cell interaction (both homotypic and heterotypic) (in 

Chapter 4) and (ii) cell-ECM interactions (in Chapter 5 and 6).  

Chapter 4 focuses on the effect of 3D culture and liver non-parenchymal cells on 

maturation of iPS derived hepatocytes. We show that 3D culture of iPS-derived hepatocytes and 

their co-culture with human sinusoidal endothelial cells (sECs) to improve their maturity. In 

addition, co-culture of ECs formed endothelial networks within the hepatic 3D cultures, mimicking 

aspects of an in vivo architecture. Although iHEPs in 3D co-cultured with ECs were significantly 

more mature than iHEPs in monoculture, they still express fetal markers and do not approach the 

maturity of adult PHHs. To further promote iHEP differentiation towards the adult PHH 

phenotype, alternative approaches should be explored, such as stimulation with small molecules 

or culturing iHEP aggregates in ECMs. The ECM should be supportive of both ECs and iHEPs.  
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Chapter 5 then describes a chemically defined synthetic PEG hydrogel, that allows iPS-

derived endothelial cells to self-assemble into capillary networks through mechanisms consistent 

with in vivo vascular morphogenesis. We showed that capillary tubules with patent lumens were 

stable for at least 14 days when endothelial cells, without the support of mural cells were 

encapsulated in PEG hydrogels and were polymerized within a passive flow microfluidic device. 

This suggests that lack of mural cells does not entirely account for regression of vascular networks 

in vitro.  

Extending the concept of chemically defined synthetic ECM in 3D culture geometries, 

Chapter 6 described how cross-linking density and integrin binding peptide concentration affect 

iHEP metabolic function and CYP450 enzyme activity. We showed that PEG hydrogels at 50% 

crosslinking density with the shear modulus of 785+40 Pa and no adhesive peptides supports iHEP 

aggregate metabolic functions and enzyme activities, similar to naturally derived ECM such as 

Matrigel. Altogether, this thesis describes methods to improve metabolic function and enzyme 

activity of iPS derived hepatocyte, and highlights how 3D culture, cell-cell and cell-ECM 

interactions can affect the metabolic function of iPS-derived hepatocytes. 

 

7.2 Recommendations for future work 

7.2.1 Understanding the mechanisms through which non-parenchymal cells affect iHEP 

maturation 

The 3D based approach developed in Chapter 4, showed how heterotypic cell-cell 

interaction can affect the metabolic function and enzyme activity of the iPS-derived hepatocytes. 

In particular, this approach described how both human sinusoidal endothelial cells and iPS-derived 
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endothelial cells among all the liver non-parenchymal cells play an important role in maturation 

of the hepatocytes, however, the mechanisms through which these cells affect iHEP maturation 

yet to be determined. Future work should specifically aim to understand such mechanisms. 

Moreover, the aggregate co-cultures described here may be used to evaluate the reciprocal 

interactions between endothelial cells and iHEPs in physiological and pathophysiological 

conditions. For example, some drugs like azathioprine are known to be more toxic to sECs, which 

can lead to downstream effects in PHH cells due to release of apoptotic factors from sECs [1–3]. 

Our co-cultures have the potential to study such cellular cross-talk during and after drug exposure.  

Contrary to ECs, addition of cholangiocytes (CC) to iHEPs resulted in a diminished 

metabolic activity, urea and albumin secretion, likely because of CC overgrowth and activation. 

Our data suggests that cholangiocyte containing aggregates become activated. Activation of CCs 

has been reported in cholestatic liver diseases, such as inherited diseases (Agile syndrome and 

cystic fibrosis), autoimmune cholangitis, and primary biliary cirrhosis [4–6]. Activated cells 

typically lose their cell-cell contact and acquire a motile phenotype, similar to what we observed 

in iHEP/CC aggregates Future study into how CC get activated is critical before using this model 

for any cholestatic liver disease modeling.  

7.2.2 Understanding the mechanisms through which ECM properties affect iHEP metabolic 

function in 2D versus 3D 

The mechanical properties of a cell's surrounding environment play a critical role in 

modulating cell function [7–14]. In Chapter 6, we evaluated the effect of crosslinking density and 

integrin binding ligands on metabolic function of iHEP cells in 3D and 2D format. We show that 

3D iHEP aggregates encapsulated in PEG hydrogels with 50% cross-linking density behave 

different than that of single cell iHEP cells seeded on top of the same PEG hydrogels. While iHEP 
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single cells attach and spread to the PEG substrate that is modified with RGD peptide, the 3D iHEP 

aggregates did not show any sign of attachment and kept their 3D morphology. Perhaps the 

increased cell-cell contact in 3D iHEP aggregates can explain such difference. Although 

considerable progress has been made already to deconstruct the difference between 2D and 3D 

cell culture, much work remains to shed new light on the complex interplay between materials, 

mechanics and biological function in 3D versus 2D.  

Our study showed that single cell iHEP cells on PEG hydrogels with no adhesive moieties 

tend to spontaneously self-assemble and form aggregates. Aggregate formation from 2D to 3D on 

a synthetic ECM provides better imaging capabilities compared to the 3D aggregates and is easier 

to adapt to automation and high throughput applications. We showed that based on cell seeding 

density, size of the aggregates differs. Matrigel is widely used as a scaffold for organoid culture 

[15,16], but varies between batches and is a poorly defined mixture of proteins, including many 

potent growth factors and extracellular matrix components [17]. In contrast to previous studies, 

self-assembly of cells into 3D construct occurred on minimally complex PEG hydrogels with only 

bioactive component being matrix metalloproteinase (MMP)-degradable crosslinker permissive to 

proteolytic remodeling. Future studies into the effect of synthetic substrate on 3D aggregates 

formation would be an interesting avenue to pursue.  

Moreover, effect of integrin binding peptide on iHEP aggregates function was significant 

at 30% crosslinking density. Varying crosslinking density alters the mesh size for these networks, 

which can impact the diffusional properties of the hydrogel [18]. It is not possible to uncouple 

mechanical properties from diffusional properties examined in this study. Thus, deciphering the 

complexity surrounding the interplay between matrix mechanical properties and stiffness should 

be another avenue to explore.  
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7.2.3 Potential use of microfluidic platform to create perfusable liver-on a chip  

Unlike other tissues like cornea and skin that can absorb nutrients and oxygen from their 

environments by diffusion, liver tissues are highly vascularized and metabolically more 

demanding, making diffusion insufficient for delivery of nutrients and oxygen to all the cells. In 

fact, the liver contains more than 100 billion hepatocytes positioned within 50 μm of the sinusoids 

[19]. Thus, incorporating endothelial cells that can form connected, perfusable vasculature is an 

important aspect often underscored in developed in vitro liver models.  

A variety of approaches have been developed to promote vascularization in in vitro human 

liver models. As described in Chapter 2, those approaches can be categorized into three different 

categories: 1) self-assembled spheroids/organoids, 2) bio-printed livers, and 3) engineered liver 

tissues or liver-on-a-chip. Our 3D iHEP aggregates cocultured with sECs, described in Chapter 4 

displayed endothelial organization into a network of capillary-like structures, reminiscent of liver 

sinusoids. To the best of our knowledge, this is the first demonstration of self-assembly of 

endothelial networks within 3D iHEP aggregates. Our aggregates can potentially be integrated 

with perfusable vascularized networks using microfluidic platforms, which may further improve 

the nutrient and oxygen delivery to the core of the aggregates and create larger-sized aggregates. 

The perfusion in such a system would expose endothelial cells to shear stress while protecting the 

iHEP cells from shear stress, much like an in vivo environment.  

Our initial data (Fig. 7.1a, b) on integrating iHEP aggregates with capillary network using 

a microfluidic device indicate successful engagement of aggregates with capillary networks in 

Matrigel. However, Matrigel shows sign of degradation after 7-10 days, possibly due to proteolytic 

enzymes such as MMPs secreted by stimulated ECs and iHEPs [20,21], thus resulted in capillary 

regression and iHEP aggregate collapse (Fig. 7.1c). Our findings described in Chapter 5 and 6, for 
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the synthetic PEG based hydrogel that is supportive of capillary network formation (for over 14 

days) and metabolic function of iHEP aggregates, lay the ground for an ECM that can substitute 

Matrigel in the microfluidic platform. We can modify the degradability of the PEG hydrogels by 

replacing the crosslinker with less degradable crosslinkers to circumvent the early degradation and 

instability of naturally derived ECM (e.g., Matrigel). Implementing our findings inside a 

microfluidic platform and the potentials that microfluidics offer should be an avenue for continued 

research. 

Finally, as discussed in Section 2.2.2, liver acinus has three different zones with different 

oxygen tensions. There are very few in vitro liver models that can recapitulate the metabolic 

zonation and gradient in oxygen tension [20–22]. Such in vitro liver models with the ability to 

recapitulate the complex cellular microenvironment and structural organization of the liver are 

useful for investigating the role of zonation in physiology, toxicology, and disease progression. 

Thus, developing such in vitro models should be another avenue for future investigation.  
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Figure 7.1. Integration of iHEP aggregates with capillary networks inside a microfluidic device (a-
I) Top view of microfluidic device (a-II) iHEP aggregates and Matrigel are mixed together and injected 
into the middle chamber of the microfluidic device, endothelial cells are then added to the side channel 
and device is rotated 90o angle for 10-20 minutes to allow ECs attach to the Matrigel in the middle 
channel, then basal to apical flow is established in the device by creating hydrostatic pressure (a-III) 
Confocal image of successful capillary network formation and angiogenesis inside the middle chamber 
(b) Successful integration of capillary network (red, mcherry reporter EC line) with iHEP aggregates 
(green, anti-albumin) (b-I) Volume view and cross section view shows ECs’ sprouts wrapped around the 
iHEP aggregates (b-II) Volume view and cross section view shows ECs’ sprouts perfused inside the 
iHEP aggregates (c) Matrigel degradation in the microfluidic device results in 3D iHEP aggregates 
collapse and spread like in 2D culture.  
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