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ABSTRACT 

 
Thomas Joseph DiProspero: DEVELOPMENT OF IN VITRO LIVER CULTURE 

TECHNIQUES TO INTEGRATE A PHYSIOLOGICAL RELEVANT MICROENVIROMENT 
RECAPITULATING LIVER LOBULE ZONATION 

(Under the direction of Matthew Ryen Lockett) 
 

During drug-discovery, cell monolayers fail to accurately predict drug-induced liver 

injury– a common reason for discontinuation during clinical trials. One reason is that monolayer 

cultures lack many aspects of the tissue microenvironment. The liver is composed of subunits 

known as lobules. In the lobule, a sinusoid connects a portal triad and central vein and is 

surrounded by hepatocytes to maximize nutrient exchange. A unidirectional flow leads to 

extracellular gradients of oxygen, nutrients, hormones, and morphogens. These gradients in the 

lobule impact hepatocyte function through the differential expression of hepatocytic pathways in 

the periportal (PP) and perivenous (PV) regions.  

To improve in vitro hepatocyte cultures, a platform that incorporates structural and 

microenvironmental factors is needed to recapitulate the liver. Factors include: coculturing liver-

specific cells; inclusion of liver-specific extracellular gradients, specifically nutrients and 

morphogens; incorporating dynamic nutrient flow and distribution; and inclusion of appropriate 

three-dimensional hepatocyte organization, and a relevant extracellular matrix (ECM). In this 

work, I integrated physiological aspects– oxygen, morphogens, extracellular matrix stiffness, and 

a 3D paper scaffold culture– into in vitro cultures of different cell types with increasing 

hepatocyte-like functions: HepG2, HepaRG, and primary human hepatocytes (PHHs). I 
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evaluated cell health, liver-specific function, metabolic enzyme activity, and transcriptional 

regulation as each physiological condition was introduced individually, and in concert.  

This work displayed that oxygen improves in vitro zonal patterning of SULT and UGT 

transcript, but oxygen alone could not achieve the drug metabolizing enzyme’s zonal 

distribution. The inclusion of Wnt alone increases CYP, UGT and SULT activity, as compared to 

a control, while the magnitude of enzymatic activity increase is modulated by oxygen. Overall, 

the HepaRG cell’s basal and inducible drug metabolizing enzyme activity is similar across a 

wide range of ECM stiffness suggesting that the HepaRG cells are adaptable to various ECMs, 

unlike PHHs. Lastly, direct comparisons of monolayers and paper-based cultured in PP and PV 

microenvironments, indicated zonation-like trends between the PP and PV conditions. The 

paper-based PV conditioned cells exhibited the highest drug metabolizing enzyme activity. This 

work developed a more representative in vitro liver models by incorporating tissue-specific 

features.  
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CHAPTER 1: INTRODUCTION 

1.1 The liver 

The liver serves a multitude of functions in the body, maintaining homeostasis by 

regulating glucose and energy production, breaking down proteins and regulating amino acid 

stores, and detoxifying the blood of ammonia and xenobiotics.1 Furthermore, the liver is 

responsible for synthesizing and metabolizing various bioactive molecules and proteins, including 

lipoproteins, albumin, bile acids, and various hormones. The liver removes xenobiotics (toxins 

such as drugs, environmental pollutants, or herbal constituents) via metabolism. Metabolism 

accomplishes two main functions: (1) the neutralization of a xenobiotic, by reducing the target 

molecule’s biological activity and (2) increasing the overall hydrophilicity of the molecule to 

facilitate excretion resulting in reduction of the xenobiotic’s systemic concentration. 2 Xenobiotic 

metabolism is broken down into two phases. In Phase I metabolism, a family of enzymes known 

as cytochrome P450s (CYPs) oxidize the target molecule through the addition of an oxygen-

containing functional group. This functional group increases the molecules overall reactivity and 

can be a location for subsequent conjugation reactions.3 In Phase II metabolism, a wide range of 

enzyme families conjugate hydrophilic groups (e.g., glucuronides, sulfates, sulfamates) onto the 

target molecule. These hydrophilic groups aid in the excretion of the metabolized xenobiotic via 

the urinary system.3 

 
1.1.1 The liver lobule structure 
 

Research into liver structure and function has been an area of interest for hundreds of years, 

pioneered by Wepfer and Malpighi who introduced the concept of lobule subunits within 
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mammalian liver in 1664 and 1666, rrespectively.4 The liver is composed of hexagonal structural 

subunits, known as lobules. Each corner of the lobule contains a set of three vessels, known as the 

portal triad, which consists of a bile duct, a hepatic artery, and a portal vein (Figure 1.1a). The 

bile duct collects bile produced by the liver and shuttles it to the gallbladder. The hepatic artery 

supplies oxygen-rich blood. The portal vein supplies nutrient-, hormone-, and xenobiotic-rich 

blood from the gastrointestinal track, spleen, and pancreas. The portal triad is a unique structure 

of the body, receiving blood from both a hepatic artery and portal vein. This mixing reduces the 

overall oxygen concentration delivered to the cells contained in the lobules. The pooled blood from 

both the hepatic artery and portal vein travel across the lobule through a sinusoidal cavity to a 

central vein. The point of entry is referred to as the periportal (PP) region. Once the blood reaches 

the center of the lobule, it is collected into the central vein and then redistributed throughout the 

body. The area around the central vein is known as perivenous (PV) region.5  

The sinusoid is lined with endothelial cells, which form a fenestrated capillary structure 

that allows exchange with neighboring tissues (Figure 1.2). This leaky barrier retains red blood 

cells in the sinusoid, but allow nutrients and waste to diffuse from the sinusoid to the space of 

Disse, a protein-rich region between the endothelial cells and hepatocytes; the space of Disse helps 

buffer the hepatocytes from shear stress and turbulent blood flow as well as provides the 

hepatocytes a region of diffusion-dominated nutrient and waste exchange.5–7 The hepatocytes are 

organized into hepatic cords: sheets of cells (one to two cell lengths thick) that branch radially 

from the central vein.  
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1.1.2 Cells of the liver 
 

The organ-specific cells that compose the liver are classified as either parenchymal or non-

parenchymal. Hepatocytes are the parenchymal cells of the liver, which are responsible for  

carrying out the main functions of the organ. Non-parenchymal cells, including stellate cells, 

Kupffer cells, and endothelial cells, maintain liver health and ensure the hepatocytes function 

properly. 

Hepatocytes comprise approximately 80% of the liver mass, as they perform most of the 

liver-specific function. Hepatocytes are highly polarized, containing multiple axes of polarization, 

and are highly metabolically active, evident by their elevated oxygen consumption rate.8 The basal 

side of hepatocytes face the sinusoid, and have microvilli to increase the surface area available for 

uptake and excretion of nutrients and waste into the blood. The apical sides of the hepatocytes face 

the bile canaculi found between two adjacent hepatocytes. Therefore, hepatocyte polarity is more 

complex than simple cell polarity (apical and basal sides on opposite ends of the cell) because 

hepatocytes have bile canaculi and sinusoids on multiple faces  (Figure 1.3).9,10 This complex 

polarity facilitates the excretion of synthesized bile and some waste products into these apical 

facing canaculi while they secrete other waste products back in to the blood on the basal face. The 

average size of the hepatocytes increases from 7 μm near the periportal region to greater than 40 

μm at the perivenous region. Furthermore, growth of new hepatocytes is hypothesized to originate 

from a stem cell-like cells located in the periportal region of the sinusoid As the cells grow, they 

begin to differentiate into bile duct cells (cholangiocytes) if they move towards the portal triad or 

differentiate into hepatocytes if they move towards the central vein.11 

Nonparenchymal cells support the function of hepatocytes and functions of the liver. 

Stellate cells reside in the space of Disse between the endothelial cells and hepatocytes. Stellate 

cells store and regulate lipids and vitamin A. They also maintain and regulate the extracellular 
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matrix (ECM) in the space of Disse via production of collagen type I and III, sinusoidal blood 

flow, and hepatic tissue repair. Kupffer cells are phagocytes that reside in the sinusoid, removing 

aging red blood cells, microbes, and endotoxins from the blood.5 Kupffer cells are responsible for 

secreting and regulating signaling molecules and mediators such as cytokines, oxygen radicals and 

proteases in response to liver injury, regeneration, or immune system defense. These secreted 

molecules signal to cells within the liver and from other parts of the body.8 

 

1.2 Hepatocyte metabolic pathways 

Xenobiotic metabolism is an important area of focus, as the rate of production and the 

metabolic products themselves determine pharmacokinetic properties and potential toxicity of a 

drug. Metabolism occurs in three phases. Phase I metabolism is mediated by a superfamily of 

enzymes known as cytochrome P450s (CYPs). In humans, there are 18 families and 44 subfamilies 

of CYPs.12 These enzymes catalyze the oxidative transformation of drugs and other lipophilic 

compounds, increasing their water solubility through the addition of  oxygen-containing functional 

groups. A subset of CYPs are responsible for the majority of drug metabolism, with five isoforms 

(CYP1A2, CYP2C9, CYP2D6, CYP3A4, and CYP2B6) metabolizing about 60% of all drugs on 

the market.13 The CYP1A family catalyzes hydroxylation of (poly)aromatic hydrocarbons and 

heterocyclic amines. The CYP2 family targets neutral, weakly acidic, or weakly basic compounds 

with one to two hydrogen bond acceptors. Isozymes within the CYP2 family are more reactive to 

specific chemical structures, for example CYP2C9 metabolizes weakly acidic molecules with a 

hydrogen bond acceptor. Lastly the CYP3 family targets large, lipophilic molecules; CYP3A4 

catalyzes about 50% of all clinically relevant drugs.12 
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The proposed mechanism of action of each of the CYPs in the superfamily is similar, each 

relying on a heme-containing active site that mediates the transfer of elemental oxygen to an 

organic molecule. A nine-step reaction mechanism has been proposed and summarized by Peter 

Guengerich (Figure 1.4). The first step of the catalytic cycle is the association of the substrate 

with the iron (III) core- the substrate remains associated with the active site while the cycle 

continues. An electron is transferred to the iron core by NADPH-P450 reductase resulting in iron 

(II). Then, elemental oxygen binds to the iron (II) core and is reduced again by NADPH-P450 

reductase forming a negatively charged iron (II)- peroxo complex. The negatively charged oxygen 

is protonated forming an iron (II)- OOH complex, followed by dehydration, forming the reactive 

iron (III) oxide. Iron (III) oxide extracts a proton from the substrate, forming iron (III) hydroxide 

and a free-radical substrate. The catalytic reaction finishes when the radical substrate extracts the 

hydroxide from the iron (III), resulting in an oxidized product and regenerating the iron (III) 

core.14–16 

Drugs that undergo Phase I metabolism are primed for Phase II metabolism, which further 

increases the hydrophilicity of the target for easy excretion and biological inactivation. Phase II 

metabolism is mediated by transferases, namely the UDP-glucuronosyltransferase (UGT), 

sulfotransferase (SULT), N-acetyltransferase (NAT), and glutathione S-transferases (GST) 

enzyme families. These enzyme families conjugate a glucuronide, a sulfate, an acetyl, or a 

glutathione group to the target molecule, respectively. These conjugation reactions target alcohol 

groups, which are sometimes added by Phase I metabolism.3 The UGT and SULT families are the 

largest contributors to drug metabolism. UGTs catalyze the conjugation of a glucuronide via 

nucleophilic substitution on an -O, -S, -N or -C with a lone electron pair. SULTs catalyze the 

transfer of a sulfate group via 3’-phosphoadenosine 5’-phosphosulphate  acting as a donor for a 

sulfonate group to be accepted by the target.3  
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Phase III metabolism involves various membrane transport proteins, which help shuttle 

drugs into and metabolites out of the hepatocyte. The phospholipid bilayer is semipermeable, 

allowing the cell to select what comes in and out (e.g., only small, nonpolar molecules can pass 

through the membrane without assistance). For other molecules, transmembrane transport proteins 

are needed to facilitate transport across the phospholipid bilayer. For drug and metabolite transport 

there are two main protein families: ATP-binding cassette (ABC), and solute carrier (SLC) 

transporters.17 ABC transporters mediate efflux of drugs or metabolites into the blood or bile- the 

binding and hydrolysis of ATP drives the ABC transporters expelling the drug or metabolite from 

the hepatocyte.18 Some notable ABC transporters are multidrug resistance-associated proteins 

(MRPs), P-glycoprotein (P-gp),and bile salt export pump (BSEP). SLC transporters can be uptake 

or bidirectional transporters where the transport is mediated by various energy coupling 

mechanisms such as secondary active transport (symporter and antiporter) and facilitative transport 

by taking advantage of electrochemical gradients.19 Notable SLC transporters are glucose 

transporters (GLUT), organic cation transporters (OCT), and organic anion transporters (OAT). 

In general metabolism of a drug or xenobiotic follows the path of Phase I to Phase II and 

finally Phase III, however there are exceptions depending on the molecule’s chemical structure 

and affinity for a particular enzyme. 

 

1.3 Liver gradients and zonation 

Within the liver lobule, various extracellular gradients have been measured. Some 

gradients result from cellular consumption outpacing replenishment (e.g., oxygen and glucose 

gradients). Nutrient- and oxygen-rich blood is introduced to the lobule at the portal triad, with the 

highest concentration of oxygen and glucose residing in the periportal region (Figure 1.1b). The 



	

 7 

hepatocytes closer to the central vein, the perivenous region of the lobule, have less access to 

oxygen and glucose. Oxygen gradients have been measured using an oxygen electrode. The blood 

oxygen partial pressure decreases from 65-60 mmHg O2 (11-8% O2) in the periportal region to 35-

30 mmHg O2 (5-3% O2) in the perivenous region.20–23 For glucose, the exact concentration 

fluctuates due to feeding and fasting cycles, but in general the periportal region has higher 

concentrations than the perivenous region.1 

Other gradients arise from the non-parenchymal cells, which secrete morphogens and 

signaling molecules. One such morphogen is Wnt. Wnt is secreted by venous endothelial cells in 

the perivenous region, which binds to cell-membrane receptors triggering a signal cascade. During 

this cascade, Wnt binds membrane receptors allowing b-catenin to translocate to the nucleus and 

activate nuclear factors in the T cell factor (TCF) and lymphoid enhancer factor (LEF) families. 

Wnt triggered b-catenin/TCF binding facilitates the expression of characteristic periportal genes 

and proteins such as glutamine synthase (a key enzyme in ammonia detoxification), CYP2C 

family, CYP2E1 and CYP1A2. Furthermore, the overactivation of the Wnt pathway, via 

adenomatous polyposis coli (Acp) gene deletion, leads to perivenous phenotypes throughout the 

lobule.24–26 Another morphogen of interest is Hedgehog (Hh), which promotes proliferation and 

differentiation of stem cells. The Hh ligands are secreted by periportal endothelial cells, bile duct 

epithelial cells and stellate cells, resulting in high concentrations of Hh in the periportal region of 

the lobule.26,27 Hh binding to surface membrane receptors also triggers a cascade event which 

allows for glioma-associated oncogene (GLI) transcription factors to be activated.28 Hh 

activation/GLI transcription factors have been shown to regulate the expression of  insulin-like 

growth factors and lipid associated factors.29 
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The changing microenvironment across the liver lobule impacts hepatocyte function, 

resulting in differential expression of various hepatocytic pathways known as liver zonation. The 

specific gradients that are theorized to account for zonation are morphogens (Wnt, Hh), hormones 

or growth factors, oxygen, nutrients, and cytokines.21 Liver zonation is broken up into three zones. 

Zone 1 is the region around the portal triad (periportal region); zone 3 is the region round the 

central vein (perivenous region); and zone 2 is the intermediate zone between the periportal and 

perivenous regions. Unique zone 1 and zone 3 characteristics were identified by measuring the 

expression of key enzymes within various pathways.21 Some key pathways that are predominant 

in zone 1 (periportal region) are oxygen uptake, glucose delivery and gluconeogenesis from lactate 

and amino acids, fatty acid oxidation, and sulfation of Phase II metabolism. Within zone 3 

(perivenous region), glucose uptake and glycolysis, lipogenesis, glucuronidation of Phase II 

metabolism and the CYPs of Phase I metabolism are some of the active pathways. Two other 

pathways, urea and bile acid synthesis are found across all three zones.21 

One theory of the formation of liver zonation is “post-differentiation patterning,” well 

explained by Gebhardt and colleagues. The post-differentiation patterning describes the various 

gradients in a hierarchical system. On the lowest level, morphogens such as Wnt and Hh initiate 

the modulation of the hepatocytes at the periportal and perivenous region of the sinusoid to a 

discrete state. The next level in the hierarchy (nutrients, hormones, and oxygen gradients) act upon 

the discrete-state hepatocytes by further modulating and fine-tuning gene expression. The 

hierarchical stacking of gradients could result in different expression levels of the same gene 

depending on the specific combination of a level 1 and level 2 gradient. The overlapping gradients 

results in highly dynamic gene expression patterns across the sinusoid; however, it is unclear if the 

hepatocytes respond to every gradient in concert or if there are a handful of predominant factors 

that lead to discrete states.25 
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1.4 The structure-function relationship of the liver 

One approach when developing an in vitro model of an organ or organ-on-chip device is 

to determine structure-function relationships by incorporating different aspects of the tissue 

architecture and extracellular environment to determine which conditions maximize the desired 

organ function. In the liver lobule, endothelial cells surrounding the sinusoid maximize diffusion 

of nutrients and waste to the hepatocytes.4 This layer of endothelial cells minimizes the shear 

stresses associated with moving fluids. Also, parenchymal and nonparenchymal cellular 

organization correspond with extracellular gradients present across the lobule, each of which will 

impact hepatocyte function.11,30 Evaluating our current knowledge of the liver, liver lobule, and 

metabolic zonation, there are four factors of the liver that need to be incorporated into in vitro 

cultures and experimental set ups to recapitulate the liver: coculturing various liver specific cells 

alongside hepatocytes; inclusion of liver specific gradients, both nutrient and morphogens; the 

incorporation of a dynamic culture through flow and diffusion; and inclusion of appropriate three-

dimensional (3D) organization of hepatocytes within the lobule.  

 

1.4.1 Inclusion of extracellular matrices in in vitro models 
 
 Monolayer cultures lack many aspects of the tissue microenvironment, which has profound 

effects on cellular function; specifically, cell-extracellular matrix interactions, cell polarization, 

and more physiological cell morphology. Placing PHHs in extracellular-rich environments such as 

a collagen sandwich maintains their polarization and metabolic function,31,32 where monolayers on 

culture-compatible plasticware readily depolarize33,34 and lose liver-specific function within days 

of plating.35,36 Similar increases in functionality are observed when HepG2 cells, an immortalized 

hepatocarcinoma cell line, are cultured as spheroids. These multicellular aggregates have increased 
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expression of Phase I and II metabolic enzymes when compared to monolayers.37–39 The spheroids 

also reacquire functions that are lost in monolayer cultures, including glycogen storage and the 

transport of bile salts. The analogous recovery of liver specific function in a 3D environment 

between PHHs and HepG2 cells supports the idea that HepG2s can be an attractive surrogate for 

PHHs during rapid culture-device prototyping and high throughput screening. The in vivo 

hepatocyte extracellular matrix (ECM) is made up of proteins and proteoglycans. Protein 

composition within the ECM is a mixture of collagens (type I, II, IV, and V) followed by 

glycoproteins such as fibronectin and laminin, and proteoglycans (heparin sulfate and chondroitin 

sulfate).40 LeCluyse and colleagues cultured rat hepatocytes between collagen type I slabs and 

concluded that the collagen type I ECM promoted extensive bile canaliculi networks, morphology, 

and function similar to in vivo hepatocytes.41 

 

1.4.2 Inclusion of non-parenchymal cells in in vitro models  
 
 One part of the post-differentiation patterning theory to liver zonation is that the source of 

various morphogens is the nonparenchymal cells found within the liver sinusoid. This type of cell-

cell interaction is known as paracrine signaling in which secreted molecules from one cell 

modulate signaling, activity, or differentiation of nearby cells. These signaling molecule-induced 

changes typically initiate when the extracellular concentration reaches a particular threshold, thus 

allowing signaling to be localized by a concentration-dependent output. For example, the source 

of the hedgehog is postulated to be from endothelial cells in the portal triad; as the concentration 

of hedgehog passes a critical threshold, the hepatocytes in the periportal region begin to 

proliferate.27  
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 Incorporating nonparenchymal cells into hepatocyte cultures supports the importance of 

paracrine signaling, as these cells enhance hepatocyte function in vitro. Koike et al. prepared both 

mono- and cocultures of fresh rat hepatocytes. These coculture setups were layered structures 

containing nonparenchymal cells isolated from the same rat. Both albumin and urea production 

were increased and  this format also was able to sustain hepatocyte health and function for 14 days, 

10 days longer than the monocultures.42,43 Khetani and Bhatia showed that colonies of primary rat 

hepatocytes surrounded by stromal fibroblasts in a 4:1 ratio produced more urea and albumin, for 

a longer culture time, than their monoculture counterparts. The cocultured hepatocytes had more 

Phase I transcript activity than the monocultures, however, both culture formats had comparable 

Phase II transcript activity. The authors concluded that coculturing helps improves the longevity 

of primary hepatocyte cultures.44  

 

1.4.3 Inclusion of liver-specific gradients in in vitro models 
 
 While the incorporation of extracellular matrices, non-parenchymal cell types, and even 

3D formats have been explored in in vitro liver models, little effort has focused on establishing 

extracellular environments that define the periportal and perivenous regions. The oxygen gradient 

has been well characterized across the liver lobule and, in a healthy liver, is not perturbed by cycles 

of feeding and fasting. Oxygen is a key regulator of liver zonation due to oxygen sensitive 

transcription factors called hypoxia-inducible factors (HIFs). The active pathway for HIF is the 

HIF proteins which (HIF1a) dimerize with aryl hydrocarbon receptor nuclear translocator 

(ARNT) which can increase or decrease the transcription of various hypoxia responsive elements. 

The HIF pathway is regulated by oxygen. When oxygen is present, HIF1a is readily targeted for 

degradation by hydroxylation followed by ubiquitination. At lower oxygen tensions, HIF1a is 
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stabilized.45 Physiological oxygen in the lobule is between 11-3% O2, the lower oxygen ranges 

enables HIF stabilization and the activation of the HIF pathway. However, most in vitro hepatocyte 

cultures are at, atmospheric oxygen levels around 21% O2. This is a hyperoxic environment in 

which HIF1a is degraded. The hyperoxic environment leads to the cells’ generation of more 

reactive oxygen species (ROS), which can cause oxidative stress to organelles and disrupt 

intracellular signaling, resulting in downstream effects. Prolonged exposure to a hyperoxic 

environment will change baseline expression of oxygen-consuming enzymes away from an in vivo 

state.46 

 In one study, Scharf et al. compared primary hepatocytes cultured under normoxic (16% 

O2) and mild hypoxic (8% O2) conditions; the gaseous environment in both setups was balanced 

with 5% CO2 and N2. They quantified the transcript and protein levels of insulin-like growth factor- 

binding protein 1 (IGFBP-1) at 16 and 8% O2; insulin-like growth factors are known to be highly 

expressed in the perivenous region. They also measured the relation between HIF1a and IGFBP-

1. This work showed low oxygen tensions increase the expression of IGFBP-1 and that HIF1a 

protein is colocalized with the IFGBP-1.47 These results suggest that the oxygen gradient in the 

liver mediates zonation through HIF1a stabilization; therefore, culturing hepatocytes at 

physiological oxygen, rather than atmospheric oxygen, will help promote more in vivo character. 

Results by Kietzmann and colleagues further support the importance of HIFs in regulating 

hepatocyte function. By measuring the localization of the mRNA and proteins of HIF1!, HIF2! 

and HIF3! in rat lobules, they showed HIF mRNA was predominantly found in hepatocytes in the 

perivenous region. At the protein level, the hepatocytes closest to the central vein expressed 

significantly more HIF1!, HIF2! and HIF3! than other hepatocytes in the lobule.48 Hepatocytes 

closest to the central vein are experiencing the lowest oxygen tension and measuring a notable 
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change in stabilizing HIF proteins; therefore, low physiological oxygen tensions are necessary to 

promote an environment similar to the lobule. 

 

1.4.4 Impact of flow on hepatocyte function 
 
 The blood flowing through the liver sinusoid contributes to the dynamics of the liver 

gradients by replenishing nutrients and removing waste from the sinusoid. Nutrients are supplied 

to the hepatocytes through diffusion from the blood into the space of Disse. Flow has been 

introduced into hepatocyte cultures with bioreactor culture methods and microfluidics. 

 Allen and Bhatia developed and characterized an in vitro perfusion system in which fresh 

culture medium was introduced to a bioreactor to maintain oxygen and nutrient concentrations. 

The perfusion system incorporated both media flow and a physiological oxygen gradients across 

a culture of primary rat hepatocytes cultured as a monolayer on collagen I coated glass slides. The 

flow rate was regulated using a syringe pump and oxygen was regulated with a gas exchanger. 

Within the bioreactor, they measured zonally distributed proteins, phosphoenolpyruvate 

carboxykinase (PEPCK), an enzyme part of the gluconeogenesis pathway, and CYP2B with 

western blot analysis. Both proteins followed in vivo zonal patterning in which PEPCK decreased 

in abundance from the periportal region to the perivenous region while CYP2B increased from the 

periportal to perivenous region. When the same experiments were performed without 

implementing a physiological oxygen gradient, there wasn’t zonal distribution of these proteins, 

suggesting that the oxygen gradient is a key factor in liver zonation.49 

Tanaka and colleagues evaluated the effect of shear stress on hepatocyte function by 

altering fluid flow over monolayers of hepatocytes on collagen I coated microchannel in a 

microfluidic culture system.50 HepG2 cells were cultured within the microfluidic chip and 
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flowrates ranging from 1 μL min-1 to 10 μL min-1 which ranges from 0.6 to 6.0 Pa of shear stress. 

Exposure of HepG2 cells to increasing shear stress up to 6.0 Pa decreased albumin production and 

negatively impacted cell morphology; however, HepG2 cells under low shear stress conditions had 

enhance albumin secretion.  

 

1.5 Focus of this work 

There are different methods to culture hepatocytes in vitro: as monolayers, implementing 

an extracellular matrix, as spheroids, in microfluidic devices, or using a paper-scaffold; each of 

these methods have benefits and drawbacks. The most popular cell culture method involves 

culturing cells as monolayers, on glass or plasticware, due to their ease of use and high throughput 

capabilities. A three-dimensional (3D) component can be implemented by culturing the cell 

monolayers on a biologically relevant extracellular matrix such as collagen or Matrigel. 

Monolayers-on-ECM were further improved by adding another layer of ECM on top of the cell 

monolayer, sandwiching the cell monolayer between two ECM slabs. The sandwich culture format 

mimics native tissue structure due to the layered cell-EMC interactions.43 Spheroids are another 

popular 3D culture method. Spheroids are clumps of cells that have superior cell-cell interactions 

and very little cell-ECM/ cell-surface interactions. Spheroids offer a tumor-like 3D structure and 

nutrient gradients that form from the edge of the spheroid to the core where the gradients are 

dictated by cellular consumption and diffusion. However, the microenvironments within the 

spheroids are difficult to control. Microfluidic devices are another attractive 3D culture method 

because of excellent microenvironmental control but microfluidic design experience, fabrication 

expertise, and pumps are a barrier of entry for many researchers. An alternative method for 3D 
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cell culture is paper scaffold cultures, in which the cellulose paper fibers are a scaffold for cells 

and ECM. 

Paper-based culturing of hepatocytes is an attractive 3D culture format. Paper-based 3D 

culturing utilizes the cellulose paper fiber network as scaffolding for a cell compatible ECM, like 

collagen type I, increasing the cultures mechanical stability. Furthermore, the paper fibers act as 

small capillaries throughout the culture allowing for nutrient transport via capillary action .51–53 

Briefly, Whatman 105 lens paper is wax patterned to define a hydrophilic culture region and 

hydrophobic boarder. Cells are suspended in ECM hydrogel and evenly distributed into the cell 

culture region of the scaffold where the cell-laden ECM gelates, holding the cells within the paper 

scaffold.54  

To better understand structure-function relationships in in vitro liver cultures, this work 

probes various aspects of an ideal liver model in a stepwise fashion, focusing on (1) culture 

dimensionality and format, and (2) physiological conditions mimicking the periportal or 

perivenous regions. The work evaluates both monolayer and coculture formats of hepatocytes and 

hepatocyte-like immortalized lines with microscopic, molecular biology, and metabolomic 

readouts.  

 Chapter 2 evaluates physiologically relevant oxygen tensions found in the periportal and 

perivenous regions on the health, response to hepatotoxins, and the induction of metabolically 

important transcripts of HepG2 hepatoma cells. The HepG2 cell line served as a model system to 

develop an experimental workflow to evaluate single-point physiological oxygen tensions found 

in the periportal and perivenous regions. In this chapter, I focused specifically on the influence of 

physiological oxygen and 3D paper-based cultures and compared those results to traditionally used 

monolayer cultures.  
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 Chapter 3 builds on the importance of the oxygen tensions of the periportal and perivenous 

microenvironment by including the morphogen Wnt into the perivenous condition and using 

differentiated HepaRG cells. The HepaRG cell line is an immortalized hepatocyte cell line that are 

more representative of PHHs due to the HepaRG cell’s highly active Phase I and II metabolic 

enzymes, energy metabolism, and secretory activity.55 The HepaRG hepatocyte character in 

response to the perivenous and periportal culture conditions were compared as monolayer culture 

formats.  

 Chapter 4 focuses on physiological stiffness and evaluating how changing the ECM’s 

physical properties influenced the metabolic competency of the HepaRG cell line. Culturing 

hepatocytes on collagen slabs is common practice, as it is an easily accessible and commercialized 

format. Here HepaRG and primary human hepatocytes were evaluated on collagen slabs of 

different stiffness of a collagen type I substrate, generated by neutralization and chemical cross-

linking. The chemical properties associated with changes in collagen density and structure (e.g., 

number of sites for integrin binding) were controlled, allowing for focused structure-function 

studies of ECM stiffness vs. metabolic activity. 

 Chapter 5 evaluates HepaRG cells cultured under physiologically relevant conditions and 

within a 3D paper-based format. The paper scaffolds float at the air-liquid interface minimizing 

diffusion limitations of oxygen to the bottom of a culture dish- this ensures the HepaRG cells are 

exposed to the percent oxygen in the gaseous culture environment. This combines to assess how 

single point physiologically relevant microenvironmental culture conditions and formats 

influence the hepatocyte function of HepaRG cells in 3D cultures.  
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1.6 Figures and Tables 

 
 
Figure 1.1 Diagram of the liver organization (a). The liver structural subunit is the lobule. At 

each corner of the hexagonal lobule is the portal triad consisting of the bile duct, portal vein and 

hepatic artery. At the center of the lobule is the central vein. As blood flows from the portal triad 
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to the central vein there are various gradients that form including oxygen, glucose, hormone, and 

morphogens (a). The extracellular gradients influence each hepatocyte’s function resulting in 

differential expression of liver-specific function across the lobule. The distribution is known as 

liver zonation in which the hepatocytes in Zone 1, 2 and 3 exhibit distinct function. 

Figure 1. 1 Diagram of the liver 
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Figure 1.2 Diagram of the liver sinusoid and cellular organization. Blood flows through the 

sinusoidal lumen, fenestrated endothelial cells line the sinusoid to let molecules move in and out 

of the sinusoid while keeping red blood cells in the sinusoid. Nutrients diffuse from the lumen 

into the space of Disse, a protein dense space to facilitate hepatocyte nutrient uptake in a 

diffusion regime as well as buffers the hepatocytes from blood flow shear stress. Kupffer and 

stellate cells are nonparenchymal cells that support the function of the hepatocytes. 

Figure 1. 2 Diagram of the sinusoid 
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Figure 1.3. Diagram of simple vs hepatocyte polarity. The apical side (green) is separated from 

the basal side by tight junctions (red dots). Simple cell polarity has one axis of polarization with 

one basal and one apical side of the cell (+ to – end of the cell). Hepatocyte polarity has multiple 

axis of polarization due to bile canaculi in between neighboring hepatocytes and sinusoidal 

lumens flanking hepatocytes on multiple sides. Adapted from reference 10. 

Figure 1. 3 Diagram of cell polarization 
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Figure 1.4 10-step CYP enzyme reaction mechanism. Adapted from reference 14. 

Figure 1. 4 CYP enzyme reaction mechanism 
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CHAPTER 2: EVALUATING LIVER-SPECIFIC RESPONSES OF HEPG2 CELLS TO 

PHYSIOLOGICALLY RELEVANT OXYGEN TENSIONS1 
 

2.1 Introduction 

Current cell-based assays cannot accurately predict drug-induced liver injury or 

hepatotoxicity in patients, two factors which account for a significant number of late-stage drug 

failures.1,2 Preclinical in vitro assays commonly use  monolayers of primary human hepatocytes 

(PHHs) or cell lines presenting hepatocyte-like characteristics. The HepG2 liver hepatoma cell 

line displays liver-representative genotypes but has limited expression of cytochrome P450 

(CYP) enzymes compared to PHHs.3,4 Despite these limitations, HepG2 cells are commonly used 

in drug toxicity studies due to their availability and low genetic drift 5,6.  

Monolayer cultures lack many aspects of the tissue microenvironment, which has 

profound effects on cellular function. Placing PHHs in extracellular-rich environments such as a 

collagen sandwich maintains their polarization and metabolic function,7,8 where monolayers on 

culture-compatible plasticware readily depolarize 9,10 and lose liver-specific function within days 

of plating.11,12 Similar increases in functionality are observed when HepG2 cells are cultures as 

spheroids. These multicellular aggregates have increased expression of phase I and II metabolic 

enzymes when compared to monolayers.13–15 The spheroids also reacquire functions that are lost 

in monolayer cultures, including glycogen storage and the transport of bile salts. The analogous 

recovery of liver specific function in a 3D environment between PHHs and HepG2 cells supports 

 
1 This chapter previously appeared as an article in Toxicology in Vitro. The original citation is as follows: 
DiProspero T.J.; Dalrymple E..; Lockett, M. R. Physiologically relevant oxygen tensions differentially regulate 
hepatotoxic responses in HepG2 cells  Toxicol. in Vitro. 2021, 74, 105156. 
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the idea that HepG2 can be and attractive surrogate for PHHs during rapid prototyping and high 

throughput screens. We are not suggesting that HepG2 cells can replace PHHs, rather 

supplement the use of HepG2 to develop preliminary data for microenvironmental studies and 

high throughput toxicity studies.  

While spheroids have clear advantages over monolayer cultures, the analysis of 

microenvironmental influences on cellular behavior is difficult to assess without histological 

slicing. The overlapping gradients of oxygen, nutrients, and soluble factors that extend across 

these structures also make it difficult to probe microenvironment-cellular function relationships, 

individually or in concert.16 Oxygen is of particular interest, as it is a global regulator of cellular 

function in all tissues.17 Within the liver, changes in oxygen availability correlates with liver 

zonation,18,19 the distribution of metabolic activity in the hepatocytes that line each sinusoid. The 

blood oxygen partial pressure range from 65-60 mmHg O2 (11-8% O2) in the periportal region, 

to 35-30 mmHg O2 (5-3% O2) in the perivenous region.19–21 Hepatocytes in the periportal region 

primarily express high densities of sulfotransferases (SULTs).22 Hepatocytes in the perivenous 

region primarily express CYPs and UGP-glucuronosyltransferases (UGTs).  

Given the significant drop in available oxygen from the periportal to the perivenous 

region, we probed the effect of three different oxygen partial pressures on HepG2 hepatoxicity as 

well as CYP expression and induction in monolayer and 3D culture formats. Cells cultured at 

20% O2 served as a comparison point with previous studies, as it is commonly used in tissue 

culture laboratories; cells cultured at 8% O2 represented the periportal region; cells cultured at 

3% O2 represented the perivenous region. Our working hypothesis was the HepG2 metabolizing 

enzyme transcript profiles would better match those found in vivo when placed in an ECM-rich 

environment and a physiologically relevant oxygen tension. This hypothesis is supported by 
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previous works, which showed substantial changes in drug metabolism and gene expression 

when HepG2 cells were placed in tumor-relevant oxygen tensions.23 Hypoxia is known to have 

global transcriptional changes in cells,24 but few studies have evaluated the oxygen tensions 

found in healthy livers.   

This work highlights the importance of evaluating microenvironmental influences in a 

culture platform that can evaluate individual factors, such as oxygen tension. To draw 

comparisons between monolayer and 3D culture environments, we used the paper-based culture 

platform first described by Whitesides and further developed in our laboratory.25,26 This setup 

generates defined 3D culture regions by wax-printing sheets of paper, which are porous and able 

to support HepG2 cells suspended in a collagen I matrix. The paper scaffold based 3D cultures 

combine the benefits of the cell-cell contact of spheroid cultures and the cell-ECM interactions 

of slab based 3D cultures. Furthermore, the extracellular environment of paper based cultures 

can be tuned as the HepG2 cells in the paper don’t form masses of cells limiting access to 

nutrients like spheroids. Our results support the need for continued toxicity studies with 

increasingly complex culture conditions. First, the muted CYP inducibility we observed in 3D 

formats is a consequence of the microenvironment and not due to limited accessibility of the 

AhR inducers 3-MC or TCDD. Second, HepG2 cells in the paper-scaffolds had hepatotoxic 

responses similar to PHHs when exposed to acetaminophen, cyclophosphamide, and aflatoxin 

B1 at physiological oxygen tensions. These responses are only plausible with altered metabolic 

profiles that are consequence of both oxygen and the collagen-rich microenvironment. Our 

findings demonstrate that while an important cellular regulator, oxygen is not the only factor 

needed to generate the most liver-like model. For example, transcript profiles under basal 
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conditions fail to correlate with phase I or II enzyme regulation in vivo. The induction of these 

genes was, however, similar to in vivo responses at physiological oxygen tensions.  

 

2.2 Materials and methods 

2.2.1 Reagents  
 

All reagents were used as received unless otherwise noted. Cell culture medium and 

supplements were purchased from Gibco, except for fetal bovine serum (FBS, VWR) and 

collagen I (rat tail, Corning). Acetaminophen, aflatoxin B1, cyclophosphamide, 7-

ethoxyresorufin (EROD), and 3-methoxycholanthrene (3-MC) were purchased from Sigma 

Aldrich. Calcein-AM, DMSO, Hoechst 33342, and propidium iodide (PI) were purchased from 

Fisher Scientific. TCDD (2,3,7,8-tetrachloro-p-dioxin) was purchased from Alfa Chemistry. 

CellTiter-Glo 2.0 (CTG) was purchased from Promega. 

 

2.2.2 Cell Culture 
 

HepG2 human hepatoma cells (American Type Culture Collection) were maintained as 

monolayers at 20% O2, 37 oC, and 5% CO2 in DMEM medium supplemented with 10% FBS, 1% 

penicillin-streptomycin, and 22.7 mM HEPES. This maintenance medium was exchanged every 

2-3 days and the cells were passed at 75% confluency with TrypLE, using standard procedures. 

Fresh vials of HepG2 cells were removed from cryopreservation and sub cultured a total of 15 

times, experiments were performed on cells between passage five and fifteen. HepG2 cells were 

STR-verified in 2016 and regularly evaluated for mycoplasma contamination. Experimental 

studies used standard 96-well plates containing 100 µL of maintenance medium and 40,000 

cells/well. The cells were incubated overnight after plating to ensure attachment. Images of the 
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HepG2 cells seeded in the paper scaffold were imaged using a Zeiss LSM 710 spectral confocal 

laser scanning microscope. Images, Z-stack slice view and 3D renderings can be found in the 

Appendix A. 

 

2.2.3 3D Culture Preparation 
 

Cell containing regions in sheets of Whatman 105 lens paper were defined by a wax-

printed border. The preparation and sterilization of these paper scaffolds was detailed previously 

by our lab; briefly, wax was printed on both sides of Whatmann 105 lens paper and baked at 99 

oC for 15 minutes. 27,28 The individual paper scaffolds were cut out and sterilized with UV light 

for one hour. We used two scaffold designs in this work: small zone scaffolds (6.5 mm in 

diameter) fit directly into the well of a standard 96-well plate. Large zone scaffolds (18 mm in 

diameter) fit directly into the well of a standard 6-well plate. Figure 2.1 contains photographs 

and detailed schematics of both scaffolds. Each scaffold was seeded with either cell-free or cell-

laden collagen I (1.2 mg/mL) and incubated overnight before usage. The smaller scaffolds were 

seeded with 0.5 µL and the larger scaffolds with 12.5 µL of gel. Cell-laden scaffolds had a final 

density of 80,000 cells/µL (1.81x108 cell/cm3). In both formats the wax patterned paper floats at 

the air-liquid interface of the well plate, minimizing the distance that oxygen needs to travel to 

the cell surface.  

 

2.2.4 Hypoxia Chamber 
 

Cells were incubated in a home-built hypoxia chamber (Figure 2.2). Gas composition 

was monitored with diffusion-based O2 (model 2-BTA, Vernier) and CO2 sensors (model K30, 

CO2Meter.com). PID controllers (model PXU21A20, Red Lion) monitoring the DC output from 
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each gas sensor used a low-current solid-state relay to actuate solenoid valves (Red Hat model 

8262H020, ASCO) connected to supplies of either 100% N2 or 100% CO2. The oxygen 

controller was set to reverse output mode with the PID parameters P:97, I:150, and D:25. The 

carbon dioxide controller was set to direct output mode with the PID parameters P:7, I:120, and 

D:30. The hypoxia chamber was humidified and maintained at 37 oC and 5% CO2 for all 

experiments. Prior to introducing the cells, the chamber was equilibrated to the appropriate 

oxygen tension for 18 h. The chambers regulated the gaseous oxygen at 8 and 3% O2. Equations 

to describe the oxygen requirements at the cell surface, as described by Al-Ani et al, are 

described in Appendix B. 29 

 

2.2.5 Cellular Viability 
 

Cellular viability was determined with a live-dead tri-color stain. Cell pellets were 

collected, resuspended in 100 μL of 1X PBS, and stained for 10 min in a 1X PBS solution 

containing 10 µg/µL of calcein-AM, 5 µg/µL PI, and 10 µg/µL Hoechst. The stained cells were 

imaged with a Nikon TE-2000i inverted microscope equipped with a QICAM Fast 1394 digital 

camera (QImaging). Figure 2.3 contains representative brightfield and fluorescence images at 

each oxygen tension.  Cell counts were determined with ImageJ using a previously published 

method, 30 as detailed in the SI.  

 

2.2.6 Dose-Response Curves  
 

Monolayers and small zone scaffolds were dosed for 48 hour in 200 µL of drug-

containing medium. These solutions were prepared from stocks of acetaminophen (5 M), 

aflatoxin B1 (200 mM), and cyclophosphamide (5 M) in DMSO. The stock solutions were stored 
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at -20 oC until needed. All media contained 1% DMSO (v/v) to account for influence of the 

vehicle. Prior to analysis, the cells were washed with 1X PBS and lysed for 20 min in a 1:1 (v/v) 

solution of 1X PBS and CTG. Lysate aliquots (75 µL) were analyzed in an opaque 96-well plate 

on a Spectramax M5 Multi-Mode Microplate Reader (Molecular Devices) in luminescence mode 

with a 500 ms integration.  

 

2.2.7 CYP1A Activity Assays 
 

Monolayers and small zone scaffolds were incubated for 48 hour in 200 µL of induction 

medium: maintenance medium containing either 3-MC or TCDD. Stock solutions of 3-MC (20 

mM) and TCDD (100 μM) were prepared in DMSO and stored at -20 oC until needed. All media 

contained 1% DMSO (v/v) to account for influence of the vehicle. Cells were washed once with 

1X PBS and incubated for 1 hour in EROD assay solution: 100 µL of maintenance medium 

containing 10 µM EROD. Aliquots of EROD assay medium (80 µL) were analyzed in an opaque 

96-well plate (560/590 ex/em) on a SpectraMax M5 Multi-Mode Microplate Reader. The 

remainder of the solution was removed from the cell-containing wells, the cells washed with 1X 

PBS, and viability measured with CTG.  

 

2.2.8 RT-qPCR Analyses 
 

Monolayers and large zone scaffolds were dosed for 48 hour with maintenance medium 

containing 3-MC (5 µM), TCDD (1 nM), aflatoxin B1 (10 nM), or acetaminophen (10 mM). 

Cells were lysed using a TRIzol Plus RNA Purification Kit (Fisher Scientific). The TRIzol 

reagent was added directly to the monolayer cultures; the cell-containing paper scaffolds were 

submersed in it. Both culture formats were agitated for 5 minutes at room temperature before 
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RNA isolation. Reverse transcription (RT) was performed immediately after RNA isolation with 

a High-Capacity cDNA Reverse Transcription Kit (Fisher Scientific) in an Eppendorf Master 

Cycler. 

Table 2.1 lists the qPCR primer pair sequences, melting temperatures, optimized reaction 

concentrations, and reaction efficiencies (90-110%) for each primer set. Amplification reactions 

were performed with PowerUp SYBR Master Mix (Fisher Scientific), in a 384-well plate, on a 

QuantStudio 6 Flex Real-Time PCR system. Each sample was measured in triplicate, using the 

following program: 95 oC for 60 sec, followed by 40 cycles of 95 oC for 2 sec and 55 oC for 30 

sec. Each transcript was quantified using the DDCt method against ACTB (β-actin).31 A fold-

change of greater than 2.0 was considered significant. 

 

2.2.9 Statistical Analyses 
 

Experiments are reported as the average and standard error of the mean (SEM) of at least 

two separate cell passes (N); each cell pass contained at least three technical replicates (n). All 

data were analyzed with GraphPad Prism 7. Dose-response datasets were fit to a four-parameter 

logistics (4PL) fit, except for aflatoxin B1, which was fit to a three-parameter (3PL) logistics fit. 

The 4PL fit of the aflatoxin data had an ambiguous lower asymptote due to solubility constraints 

at the highest concentration. EC50 values were compared using an F-test. Statistically significant 

differences correspond to a p-value of ≤ 0.05. 

 

2.3. Results 

Figure 2.4 summarizes the experimental workflow used to evaluate hepatotoxicity and 

induction of phase I and II metabolizing enzymes at the gene and protein level in HepG2 cells. 
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By simultaneously evaluating monolayer and the paper-based 3D culture setups, we determined 

the effects of culture dimensionality and oxygen tension in the same passage of cells.  

The cells are distributed throughout the paper scaffold in the XYZ axes of the paper. The 

collagen attaches to the paper fibers and bridges the void space giving the cells an area to grow. 

As seen in the SI document the HepG2 cells are in higher density in areas where the paper fibers 

converge, consequently, regions of low paper fiber density also gives rise to regions of lower cell 

density. Within the paper scaffold, the HepG2 cells can grow in higher density allowing for 

superior cell-cell and cell-ECM interaction as compared to 2D cultiures. The HepG2 cells can be 

visualized in SI, where the cellular actin and nuclei were are stained with phalloidin and 

DRAQ5, respectively. 

 

2.3.1 Cell viability is not impacted by physiological oxygen tensions 
 

Cell viability was assessed after a 48 hour incubation at each oxygen tension. Monolayer 

cultures were stained with calcein-AM, Hoechst 33342, and PI. Figure 2.3 contains 

representative brightfield and fluorescence images of the HepG2 cells at each oxygen tension. 

Eqn. 1 summarizes the two ratios used to calculate the fraction of viable cells, where nlive is the 

number calcein-stained cells, ndead is the number of PI-stained cells, and ntotal is the number of 

Hoechst-stained cells.  

Fraction Viable Cells = #1 − !dead
!total

& ≈ # !live
!live"!dead

&     Eqn. 1 

The fractions of viable cells at each oxygen tension were equivalent for the PI staining ratio, with 

an average of 0.94 +/- 0.01. The average calcein staining ratios at 20% and 8% O2 were similar 

(0.90+/- 0.01) and confirmed with the PI staining data. The calcein stain at 3% O2, however, 

indicated a significant drop in viability (0.42 +/- 0.01). Kang reported calcein viability was 40-
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50% lower than PI at oxygen tensions less than 2% O2. 32 They attributed this difference to 

decreased esterase availability or an impaired metabolic activity rather than truly reduced cell 

viability. Table 2.2 summarizes the viability data for each oxygen tension. We relied on the PI 

staining data and assumed oxygen tension did not significantly affect viability.  

 

2.3.2 Oxygen tension alters the potency and mechanism of action of hepatotoxic agents 
 

Dose-response relationships of the hepatoxic drugs acetaminophen (1–200 mM), 

cyclophosphamide (1–100 mM), and aflatoxin B1 (0.001–200 nM) were determined at each 

oxygen tension. The concentration ranges were based on previously reported potency (EC50) 

values.33,34 Cell viability was compared to vehicle treatments, identical setups containing 1% 

(v/v) DMSO.  

Acetaminophen was equally hepatoxic in the monolayer and 3D culture formats (Figure 

2.5), with 200 mM killing 100% of the cells exposed at each oxygen tension. The potency of 

acetaminophen increased significantly in both culture formats when transitioning from standard 

culture conditions to physiologically relevant oxygen tensions. In 2D, the potency increased from 

21.7 mM at 20% O2, to 13.9 mM at 8% O2, and 14.3 mM at 3% O2. In the 3D cultures the 

potency changed from 27.0 mM at 20% O2, to 8.4 mM at 8% O2, and 18.4 mM at 3% O2. While 

the potency values at between 8% and 3% were not statistically significant, the data does suggest 

an increased rate of accumulation for acetaminophen’s cytotoxic byproduct, N-acetyl-p-

benzoquinone imine (NAPQI) compared to 20%.  

Figure 2.6 displays that oxygen tension had a significant effect on the metabolism of 

aflatoxin B1 and cyclophosphamide in the 3D culture format. For aflatoxin B1, the overall 

toxicity after a 200 nM exposure decreased from 100% at 20% O2, to 89% at 8% O2, and 56% at 
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3% O2. The potency also significantly increased with decreasing oxygen concentration, with 

EC50 values of 21.1 nM at 20% O2, 4.1 nM at 8% O2, and 1.9 nM at 3% O2. Cyclophosphamide 

had a clear trend of decreasing toxicity with decreasing oxygen tension, from 100% at 20% and 

8% O2, to 69% at 3% O2. The potency values of cyclophosphamide did not match these trends, 

with statistically equivalent values at 20% (21.7 mM) and 3% (24.1 mM) O2, but a significantly 

increased potency at 8% O2 (10.0 mM). Figures 2.7 and Figure 2.8 display dose-response 

relationships for both the monolayer and 3D culture formats. Tables 2.3 summarizes the 

statistical differences of EC50 values for each drug, culture condition, and culture format. This 

data suggests that at lower physiological oxygen the HepG2 cells are able to evade toxicity of 

both aflatoxin B1 and cyclophosphamide; however the mechanism of this is unclear. 

 

2.3.3 Oxygen tension alters transcriptional regulation in response to toxins, supporting 
altered mechanisms of action 
 

Transcript-level regulation of eight phase I and phase II enzymes was quantified with 

RT-qPCR. We chose CYP1A1 and CYP1A2 because they are readily inducible in HepG2 

cells;14,35 CYP2E1 due to its low inducibility in monolayers at 20% O2; 35–37 and SULT and UGT 

enzymes because of their known contributions to acetaminophen metabolism and their presence 

in HepG2 cells.3 We also quantified the aryl hydrocarbon receptor (AhR), which is known to 

regulate the expression of CYP1A family. 

The effect of culture conditions on the basal transcript profiles of HepG2 cells are 

summarized in Figure 2.9. These data highlight that culture format differentially regulates 

transcription when exposed to decreasing oxygen tensions. In the monolayer cultures (Figure 

2.9a), each drug-metabolizing gene at 8% O2, except for SULT1A1 which remained unchanged, 

was upregulated compared to 20% O2. In contrast, there was a significant decrease in transcript 
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levels when transitioning from 8% to 3% O2, with a decrease in all genes except for UGT1A1, 

which remained unchanged. In the 3D cultures (Figure 2.9b), the transcript profiles at 8% and 

3% O2 were similar, with an overall upregulation of CYP2E1, UGT1A1, and AhR compared to 

20% O2. There also was a general downregulation in SULT1A1, SULT1A2, and SULT1E1 

compared to 20% O2. The 3% O2 environment also downregulated UGT1A6 and CYP1A2 which 

were unaffected at 8% O2.  

Figure 2.9c highlights the dramatic changes in regulation that occur between the 2D and 

3D formats, with CYP1A1, CYP1A2, UGT1A1, and UGT1A6 upregulated in 3D across all three 

oxygen tensions. At 20% O2 CYP2E1 and AhR were downregulated and SULT2A1 and SULT1E1 

were upregulated in 3D. At 8% O2 SULT1A1 and SULT1E1 were downregulated while CYP2E1 

was upregulated in 3D. At 3% O2, SULT2A1 and AhR were upregulated. Similar to Kim and 

colleagues, who compared PHH monolayers and collagen sandwich cultures 38, we observed 

transcriptional upregulation in the 3D culture format. Furthermore, our data suggests that 

transcriptional upregulation in 3D culture as compared to the monolayers, at atmospheric 

oxygen, is also observed at physiological oxygen. However, changing physiological oxygen 

tension prompts more nuanced transcriptional regulation of the CYP, UGT, and SULT enzymes. 

Figure 2.10 maps transcriptional regulation in the 3D cultures at each oxygen tension, 

after a 48 hour exposure to acetaminophen (10 mM), aflatoxin B1 (10 nM), 3-MC (5 μM), or 

TCDD (1 nM). The AhR ligands 3-MC and TCDD are expected to upregulate the CYP1A and 

UGT1 family of enzymes as well as SULT1A1, and SULT2A1. In 3D, CYP1A2, SULT1A1, and 

SULT1E1 were upregulated at 20, 8 and 3% O2. In monolayer cultures, 3-MC and TCDD 

upregulated CYP1A1 and CYP1A2 at all three oxygen tensions (Figure 2.11) and are consistent 

with previous findings. 3,39,40  
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Acetaminophen exposure shows that transcriptional regulation is dependent on the 

culture format (Figure 2.12). At 20% O2 , there was more CYP and UGT transcript in the 2D 

cultures. At 8% O2 , there was significantly more CYP, UGT and SULT transcript in the 3D 

cultures, suggesting an increased sensitivity at periportal oxygen tensions. Lastly, at 3% O2 , 

there was similar CYP transcripts between both culture dimensionalities, but more UGT and 

SULT transcript in the 2D cultures. The comparison of transcript amounts between 3D and 2D 

culture formats suggest that the responsiveness to the HepG2 cells to external stimuli is 

modulated by the extracellular environment. 

Both 3-MC and TCDD differentially induced genes as oxygen tension decreases, 

suggesting that transcriptional regulation is fine-tuned by factors related to oxygen sensing and 

energy production. Specifically, 3-MC and TCDD induced more phase II enzymes at 8% O2  

while at 3% O2  more CYPs are upregulated. The differential gene expression changes at 

different oxygen tensions are most pronounced in the presence of acetaminophen. In 3D at 20% 

O2, acetaminophen upregulated UGT1A1, UGT1A6, SULT1A1 and AhR. At physiological oxygen 

acetaminophen had a much different effect. At 8% O2  nearly every gene measured was affected: 

CYP1A1, SULT2A1 and AhR were downregulated; CYP1A2, CYP2E1, UGT1A6, SULT1A1 and 

SULT1E1 were upregulated. At 3% O2 acetaminophen downregulated CYP1A1, UGT1A1, 

UGT1A6, SULT2A1, and SULT1E1. To our knowledge, no one has reported differentially induce 

genes at various physiological oxygen tensions as we have described; however, there is 

precedent of differential expression in vivo in a rabbit study. Audibert and colleagues observed 

reduced drug metabolism when exposing rabbits to hypoxemia (50 mmHg O2).41 Audibert 

explains that the reduced oxygen environment could be changing how drug is distributed and 

metabolized due to the reduction of CYP activity. 
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2.3.4 CYP1A activity was reduced at physiological oxygen and in 3D culture formats 
 

Following a 48 hour exposure to increasing concentrations of either 3-MC or TCDD, 

CYP1A activity was quantified with a 1h EROD assay. CYP1A activity per live cell was 

calculated with Eqn. 2, where IEROD is the average raw fluorescence intensity collected from 

replicate EROD assays and ICTG is the vehicle-normalized luminescence values collected from 

the CTG assay; this normalization accounted for potential changes in viability caused by 

induction.  

 

CYP1A activity per live cell = #EROD	
#CTG

      Eqn. 2 

 

Figure 2.13a plots the raw fluorescence values corresponding to the basal CYP1A 

activity for the monolayer and 3D cultures at each oxygen tension. We attribute the large 

variability to low basal activity levels. These results show that culture format and oxygen tension 

did not significantly alter CYP1A activity. Figure 2.13b is a heatmap of CYP1A activity per live 

cells at each oxygen tension. Both 3-MC and TCDD significantly induced activity in the 2D 

cultures at 20% O2, matching the results reported previously.42 TCDD also induced CYP1A 

activity at 3% O2 at all concentrations, but only at 1 nM and 10 nM at 8% O2. Similar trends 

were observed for 3-MC.  

Induction in the 3D culture format was muted at each oxygen tension, when compared to 

the 2D cultures. At 20% O2, 1 nM TCDD induced activity by 2.05-fold in 3D whereas the same 

concentration resulted in a 12.98-fold increase in 2D. 3-MC was able to induce CYP1A activity 

at 3D 20% O2 only at 5 μM. Both 3-MC and TCDD were unable to induce activity at 8% and 3% 

O2. Table 2.4 lists the induction average for each culture condition and format. 
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2.4. Discussion 

Despite the improved predictability of spheroids and liver-on-chip devices,43,44 there is 

not a 3D culture platform that can easily assess microenvironmental impacts on liver zonation 

and the regulation of drug metabolizing enzymes. Such studies are needed to improve the 

predictability of current in vitro assays, identifying the minimal number of structural and 

chemical components to generate a functional sinusoid, lobule, or liver. In a recent review, 

Agarwal highlighted the potential of paper-based scaffolds for generating 3D liver models.45 The 

current work highlights the paper-based culture platform and its ability to characterize 

extracellular gradients and microenvironmental factors on cellular regulation and zonation. Our 

results show that both the culture format and culture condition influence the expression and 

activity of phase I and II enzymes involved in drug metabolism. This work is the first of many 

such studies needed to systematically evaluate different aspects of the liver microenvironment by 

probing culture parameters individually or in combination. 

 

2.4.1 Relation of physiological oxygen to CYP1A 
 

CYP1A activity at 20% O2 in the presence of 1 nM TCDD, highlights the significant 

effects of incorporating ECM with a 7.5-fold reduction in 3D (2-fold increase) compared to 2D 

(13-fold increase, Figure 2.13b). Muted CYP1A inducibility was also observed by Vrba and 

colleagues in HepG2 cultures,42 with 5 nM TCDD inducing a 52-fold increase in 2D and a 3-fold 

increase in spheroids. This muted CYP1A activity is not inherent to 3D culture format alone, as 

basal activity is statistically equivalent between the two culture formats (Figure 2.13a). 

Similarly, CYP1A transcript induction with 3-MC and TCDD is less in 3D than in the 2D culture 
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format. This transcriptional inequality suggests that monolayers are more sensitive to induction 

possibly due to differences in cellular energy allocation between the two formats (Figure 2.12).  

A comparison of cellular responses to 3-MC and TCDD also showed muted inducible 

activity for the physiological oxygen when compared to atmospheric oxygen at the same culture 

dimensionality (e.g., 2D 20% O2 compared to 2D 8% O2) (Figure 2.13b). These datasets suggest 

that incorporating extracellular matrix mimics small molecule delivery in tissues, by reducing 

exposure through non-specific adsorption and degradation in the extracellular environment. Both 

of these parameters are molecule dependent, but the similar potency and toxicity values of 

acetaminophen between the monolayer and 3D cultures suggest the cells are experiencing similar 

effective concentrations. 

 

2.4.2 Responses of HepG2 cells at physiological oxygen concentrations are similar to PHHs 
 

The dose-response curves in Figure 2.5 and Figure 2.6 highlight oxygen-dependent 

mechanisms of action. These data suggest that cellular responses at physiological oxygen 

tensions should be included in toxicological studies, as they could better predict risks of drug-

drug interactions and drug-induced liver toxicity. Acetaminophen is a prototypical drug used to 

evaluate hepatoxicity.14,46 Our results align well with these previous studies in both 2D and 3D 

culture formats, and support the continued use of paper-based scaffolds to evaluate drug-induced 

toxicity. This data also supports the further investigation of these oxygen-dependent 

mechanisms, which have clear consequences on predictions of acetaminophen potency.  

Evaluating 3D cultures at physiologically relevant oxygen tensions is a logical next step 

to generate a liver model with improved metabolic competency. Direct comparisons of the 

HepG2 results to in vivo function is difficult, however PHHs are an attractive benchmark for the 
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potential of using HepG2 cells to preliminarily assess physiologically relevant conditions on 

hepatotoxicity as PHHs are the gold standard for in vitro studies of cellular induction, 

metabolism, and toxicity. When cultured as monolayers at 20% O2, HepG2 cells have limited 

expression and induction of phase I and II enzymes when compared to PHHs. We found that 

HepG2 cells in a collagen-rich environment and physiologically relevant oxygen tension (8% or 

3% O2) have markedly different responses to inducers and hepatotoxic compounds. The 

acetaminophen potency values we obtained align with previous reports of PHHs in collagen 

sandwiches (10 mM) or spheroids (>10.0 mM).47,48  

The altered dose-response relationship for acetaminophen for 3D cultures exposed to 3% O2 

suggests an oxygen-dependent access to a different mechanism of action than at 20% O2. 

Acetaminophen toxicity is due to the accumulation of NAPQI, which forms protein adducts that 

lead to oxidative stress-induced cellular necrosis from glutathione (GSH) depletion.49. At 3% O2, 

acetaminophen downregulation of UGT and SULT enzyme transcripts suggests metabolism is 

primarily accomplished by CYPs resulting in gradual NAPQI-protein adduction at low doses. 

Our observations are supported by Hinson, who showed NAPQI-protein adduct accumulation is 

localized around the perivenous region and spreads radially with continued exposure.49,50 
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2.4.3 HepG2 potency values for cyclophosphamide and aflatoxin B1 at physiological oxygen 
tensions are similar to PHHs 
 

2.4.3.1 Cyclophosphamide 

When placed in the 3D culture format, the cyclophosphamide potency values for the 

HepG2 cells at atmospheric (21.7 mM) and perivenous (24.1 mM) oxygen tensions were similar 

to those recorded for PHHs at 20% O2 (25 mM).51 The decrease in the overall toxicity and 

altered  shape of the dose-response relationship between 20% and 3% O2 suggest there is an 

alternative mechanism of action despite the similar potency values.  

The changed shape of the dose response curve shapes can be explained by the ability for 

oxygen to dissolve into the culture. Al-Ani et al. explained oxygen diffusion into a culture as 

defined by Fick’s first law. 29 In Appendix B, we calculated the oxygen consumption on the 

surface of the cells at each of the oxygen tension. At 20 and 8% O2 the cell-surface oxygen at the 

bottom of the 96-well plate was above the required oxygen requirements of the cells. At 3% O2 

the cell-surface oxygen was insufficient likely resulting in an anoxic environment. The reduced 

oxygen availability for the HepG2 cell in the 3% O2 environment could influence the method in 

which the cells metabolize cyclophosphamide and aflatoxin B1. Although the anoxic 

environment could explain the changed dose response curve shape between 20% and 3% O2 in 

the traditional 2D set up, this doesn’t explain the 3D culture method because the scaffold floated 

at the air-liquid interface. This means that distance the oxygen must diffuse to reach the cell-

surface interface is much less resulting in cell-liquid oxygen tension similar to the gaseous 

oxygen tension.  

One possible explanation for the difference between 20% and 3% O2 is in the way the 

HepG2 cells metabolize the cyclophosphamide. Cyclophosphamide is metabolized to an active 
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4-hydroxycyclophosphamide which is further metabolized to toxic metabolites phosphoramide 

mustard, a DNA-alkylating agent,52 and acrolein under anaerobic conditions.53 At low oxygen, 

the change of dose response curve shape and the shifting metabolic enzyme expression/activity 

levels, may change the metabolism and detoxification of  cyclophosphamide; one possibility is 

the metabolic ratio of phosphoramide mustard and acrolein change at the different physiological 

oxygen tensions which we observed as different EC50 values. The mechanical difference between 

2D and 3D across different oxygen tensions should be further explored and compared to the 

mechanism of action of cyclophosphamide in PHHs. 

 

2.4.3.2 Aflatoxin B1 

The measured potency of aflatoxin B1 in the 3D culture format at both 8% and 3% O2 

was less than 4.5 μM, a value that agrees with previously reported EC50 values for PHHs on 

collagen-coated plates at atmospheric oxygen tensions:10.8 μM54 and 4.7- 20 μM.51  Aflatoxin 

B1 has several different mechanisms of action. The primary mechanism of action relies on 

CYP3A4 and CYP1A2 metabolizing aflatoxin B1 into aflatoxin B1-8,9-epoxide (AFBO). AFBO 

forms amine adducts with proteins and DNA.55 AFBO also activates cellular death receptors 

culminating in apoptosis.56  

The difference in cellular response between 8% and 3% O2 suggests hepatocytes are 

metabolizing aflatoxin B1 differently. In 8% O2, CYP1A2 transcript is induced by aflatoxin B1 

suggesting the mechanism of actions is via AFBO. At 3% O2, aflatoxin B1 fails to significantly 

induce CYP transcription, resulting in a measured span of about 50%. The 50% span suggests 

that aflatoxin B1 is a less effective toxin in a 3% O2 tension. Further transcript analysis suggests 

there is an oxygen-dependent shift in hepatocyte response. At 8% O2, aflatoxin B1 induced 
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SULT enzyme transcripts; at 3% O2, however, the SULT enzyme transcript remains unchanged 

(Figure 2.10). Although aflatoxin B1 isn’t metabolized by SULT enzymes, aflatoxin B1 has 

been shown to activate the nuclear pregnane X receptor, resulting in the upregulation of 

SULTs.57,58 The oxygen-dependent shift in cellular response to the drug indicates the possibility 

of drug-drug interactions not observed at atmospheric conditions. 

 

2.5 Conclusion 

The datasets collected here further support previous works that inclusion of an ECM 

reduces the inducibility of HepG2 cells while also sensitizing them to certain drugs. The data 

also highlights the importance of evaluating physiologically relevant oxygen tensions as an 

important step in generating a more predictive liver model, as evidenced by HepG2 potency 

measurements better matching observations in PHHs. While this study uses HepG2 cells, which 

are not an ideal surrogate for PHHs, the work highlights that small changes in culture conditions 

can improve some aspects of metabolic regulation and activity. Our results showed that 

responses to drugs are dependent on oxygen tension, offering insights to potential liver-induced 

injuries or drug-drug interactions that would be overlooked under standard culture conditions. 

Our results also highlight that oxygen can improve some aspects of hepatic response, but 

it is not the only microenvironmental factor needed to obtain zonal expression of phase I and II 

enzymes. Zonation is marked by expression of SULT enzymes under periportal conditions and 

UGT enzymes under perivenous.22 Our datasets lacked these basal level expression trends in 

both 2D and 3D culture formats (Figure 2.9). The paper-based culture platform is amenable to 

other studies into the microenvironment-cell function relationships. The ability to rapidly 

prototype and evaluate different paper-based structures, as demonstrated by our lab and others, 
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provides a means to not only test individual parameters as in this work but also can generate 

gradients of oxygen and nutrients similar to those found in vivo. The incorporation of gradients 

may provide representative responses to change in oxygen tension and perhaps more insight into 

in vivo happenings.   
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2.6 Figures and tables 

 
 

Figure 2.1. Photographs and schematics of the small and large zone paper scaffolds used in this 

work. Both scaffolds were drawn with Adobe Illustrator. The designs were patterned onto 

Whatman 105 lens paper with a Xerox ColorQube 8650 wax printer.(a,b) Photograph and 

schematic of a small zone scaffold, which contained a 2.65 mm seeding region surrounded by a 

1.925 mm thick border. (c,d) Photograph and a schematic of a large zone scaffold, which contained 

a 10 mm seeding region surrounded by a 4 mm thick border. 

Figure 2. 1 Paper scaffold schematics 
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Figure 2.2. Photographs of a hypoxia chamber assembled from 0.635 cm-thick cast acrylic sheets. 

The chamber dimensions are (a) 30.5 x 30.3 x 15 cm. (b) A latched door on the front face (20.3 x 

10.3 cm) was used to load and unload samples. The door was fitted with a 0.32 x 0.95 cm (W x H) 

15 cm

30.5 cm

30.3 cm

a.

b.

c.
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thick foam gasket to form an airtight seal. (c) The top face contained two 2.9 cm-diameter holes, 

where CO2 and O2 gas sensor were mounted. Figure 2. 2 Dimensions of hypoxia chamber 
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, 8, and 3% oxygen 

Figure 2.3 Representative images of HepG2 cells stained with calcein-AM, PI, and Hoechst 33342 

after a 48 hour exposure to 20% (a-d), 8% (e-h) or 3% (i-l) O2.  

Image acquisition: Calcein-labeled cells were imaged with a filter cube containing a 470 ± 20 nm 

excitation filter, a 525 ± 25 nm emission filter, and a 495 nm dichroic mirror. PI-labeled cells were 

imaged with a filter cube containing a 560 ± 20 nm excitation filter, a 630 ± 35 nm emission filter, 

and a 585 nm dichroic mirror. Hoechst-labeled cells were imaged with a filter cube containing a 

350 ± 22 nm excitation filter, a 460 ± 25 nm emission filter, and a 400 nm dichroic mirror. Images 

were collected with a 10x objective and 1x eyepiece. All fluorescence images collected with a 

1000 ms integration time.  

20% O2

500 μm

a. b.

c. d.

8% O2

500 μm

e. f.

g. h.

3% O2

500 μm

i. j.

k. l.
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Image analysis: Each images was analyzed with ImageJ with a process previously described by 

Schneider. 30 First, images were thresholded using Otsu method. Next, particles in close proximity 

were separated using a watershed process. Lastly, the cells were analyzed using ‘analyze particles’ 

function with a size setting of 10-inifinte pixel range and 0-1.00 circularity range. Cell count values 

were used in equation 1 to determine cell viability. 

 

Figure 2. 3 Representative images of HepG2 cells after 48 hours at 20
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Table 2.1. Table of primer sequences for qPCR 

     
Gene Forward Primer (5’ – 3’) Tm 

(oC) 
Reverse Primer (5’ – 3’) Tm 

(oC) 
Conc. 
(nM) 

Efficie
ncy 
(%) 

!-Actin CTGGCACCCAGCACAATG 57.1 GCCGATCCACACGGAGTACT 59.1 800 99.28 
GAPDH GAGTCCACTGGCGTCTTCAC 62.1 GGTGCTAAGCAGTTGGTGGT 65.5 800 115.36 
CYP1A1 GCACAGAGGTAGTCTCACTGCTTG 59.3 AAGGGCAGAGGAATGTGATGTT 56.7 600 102.06 
CYP1A2 CTTCGGACAGCACTTCCCTG 62.2 AGGGTTAGGCAGGTAGCGAA 65.7 400 119.44 
CYP2E1 TTGAAGCCTCTCGTTGACCC 61.6 CGTGGTGGGATACAGCCAA 65.0 600 98.61 
CYP3A4 CTTCATCCAATGGACTGCATAAAT 53.6 TCCCAAGTATAACACTCTACACAGACAA 57.1 100 97.37 
UGT1A1 TGACGCCTCGTTGTACATCAG 61.0 CCTCCCTTTGGAATGGCAC 63.8 400 98.57 
UGT1A6 AGCCCAGACCCTGTGTCCTA 64.4 CCACTCGTTGGGAAAAAGTCA 60.2 400 107.17 

SULT1A1 GTCACCGAGCTCCCATCTTC 61.7 GTCTCCATCCCTGAGGGAATC 61.1 200 97.66 
SULT1E1 TGGTGGCTGGTCATCCAAA 61.3 GAACCTGTCCTTGCATGAATTTC 59.7 200 105.26 
SULT2A1 TCCAGTTATTCCCCAAGTCTTTCT 61.1 AAACATCTCTGGGATTTCTCATGAG 60.2 600 95.41 

AhR ACATCACCTACGCCAGTCGC 64.1 TCTATGCCGCTTGGAAGGAT 64.3 600 86.27 
Table 2. 1 List of primer sequences used for qPCR analysis in this study 
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Figure 2.4 Experimental workflow comparing the responses of HepG2 cells exposed to different 

oxygen tensions where cells were maintained as monolayer on standard culture plasticware or were 

suspended in a collagen I matrix and seeded into a paper-based scaffold. (a) First, cells were placed 

in the appropriate culture format and incubated for 24 hour under standard culture conditions (20% 

O2, 5% CO2, and 37 oC). (b) Next, the cells were incubated in the presence of a drug or inducer for 

48 hour at 37 oC, 5% CO2 and either 20, 8 or 3% O2. (c) Finally, hepatotoxicity was evaluated with 

the CellTiter-Glo viability assay, CYP1A activity quantified with the EROD assay, and 

transcriptional regulation was determined with RT-qPCR. 

Figure 2. 4 Experimental workflow 
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Table 2.2 Percentage of viable cells at each oxygen tension.a 

 

 20% O2 8% O2 3% O2
b 

Percentage live  
FDA/(FDA+PI) 89.9 +/- 3.5 90.9 +/- 2.0 42.4 +/- 13.9 

 
Percentage not dead 

1-(PI/Hoechst) 

 
89.7 +/- 3.9 

 
94.0 +/- 1.4 

 
97.2 +/- 0.7 

Table 2. 2 Percentage of viable HepG2 cells at each oxygen tension 

a Cells were stained with a combination of calcein-AM, PI, and Hoechst 33342.  

b At 20 and 8% O2 both viability calculations, percent live and percent not dead, were statistically 

equivalent. However, the percent live calculation for 3% O2 isn’t equivalent to the percentage not 

dead; this observation has been observed by Kang et al. who stained hepatocytes with Calcein-AM 

along an oxygen gradient (6.9% and 0.3% O2). At low oxygen tensions the 40-50% of the cells did 

not stain with Calcein-AM. 
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Figure 2.5. Dose-response relationships for a 48 hour exposure of 40,000 HepG2 cells in 

monolayer (left) or 3D (right) cultures to acetaminophen at atmospheric (20%), periportal (8%), 

or perivenous (3%) oxygen tensions. Each point is the average and SEM of at least six data points 

collected from different cell passages (N=2); each pass contained at least three technical replicates 
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(n=3). The black lines connecting the points represent the best-fit 4PL model; the gray shaded 

regions represent the 95% confidence intervals of those fits. 

Figure 2. 5 Dose-response relationship of 2D and 3D HepG2 cells at different oxygen tensions 
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Figure 2.6. Dose-response relationships for a 48 hour exposure of 40,000 HepG2 cells in 3D 

culture format to either cyclophosphamide (a-c) or aflatoxin B1 (d-f) at atmospheric (20%), 

periportal (8%), or perivenous (3%) oxygen tensions. Each point is the average and SEM of at 

least six data points collected from different cell passages (N=2-3); each pass contained at least 

three technical replicates (n=3). The black lines connecting the points represent the best-fit 4PL 

model (cyclophosphamide) and 3-PL model (aflatoxin B1); the gray shaded regions represent the 

95% confidence intervals of those fits. 

Figure 2. 6 Dose-response relationship of HepG2 in 3D culture to cyclophosphamide or aflatoxin B1  
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Figure 2.7. Dose-response relationship of a 48 hour exposure of 40,000 HepG2 cells in monolayer 

(left) or 3D (right) cultures to cyclophosphamide at atmospheric (20%), periportal (8%), or 

perivenous (3%) oxygen tensions. Plotted points are the average and SEM of at least six data points 

collected from different cell passages (N=2-3) with each pass containing at least three technical 
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replicates (n=3). The black lines connecting the points represent the best-fit 4PL model and the 

gray shaded areas represent the 95% confidence intervals of those fits. 

Figure 2. 7 Dose-response relationship of 2D and 3D HepG2 cells to cyclophosphamide at different oxygen tensions 
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Figure 2.8. Dose-response relationship of a 48 hour exposure of 40,000 HepG2 cells in monolayer 

(left) or 3D (right) cultures to aflatoxin B1 at atmospheric (20%), periportal (8%), or perivenous 

(3%) oxygen tensions. Plotted points are the average and SEM of at least six data points collected 

from different cell passages (N=2-3) with each pass containing at least three technical replicates 

(n=3). The black lines connecting the points represent the best-fit 3 PL model and the gray shaded 

areas represent the 95% confidence intervals of those fits. 

Figure 2. 8 Dose-response relationship of 2D and 3D HepG2 cells to aflatoxin B1 at different oxygen tensions 
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Table 2.3.  Statistical comparison of EC50 between culture conditions and oxygen tensions.a  
 
EC50 Acetaminophen F-Test     
2D 20% O2 2D 8% O2 2D 3% O2 3D 20% O2 3D 8% O2 3D 3% O2  

 * * *   2D 20% O2 
  NS  *  2D 8% O2 
     NS 2D 3% O2 
    * NS 3D 20% O2 
     NS 3D 8% O2 
      3D 3% O2 

       
EC50 Cyclophosphamide  F-Test     
2D 20% O2 2D 8% O2 2D 3% O2 3D 20% O2 3D 8% O2 3D 3% O2  

 * * *   2D 20% O2 
  NS  NS  2D 8% O2 
     * 2D 3% O2 
    * NS 3D 20% O2 
     * 3D 8% O2 
      3D 3% O2 

       
EC50 Aflatoxin B1  F-Test      
2D 20% O2 2D 8% O2 2D 3% O2 3D 20% O2 3D 8% O2 3D 3% O2  

 NS NS NS   2D 20% O2 
  *  NS  2D 8% O2 
     * 2D 3% O2 
    * * 3D 20% O2 
     NS 3D 8% O2 
      3D 3% O2 

Table 2. 3 Statistical comparison of EC50 between culture conditions and oxygen tensions 

 
 
a One star indicates a P-value <0.05. NS indicates not significant.
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Figure 2.9. Transcript-level regulation of phase I and phase II genes in HepG2 (a) monolayer and 

(b) 3D cultures after a 48 hour exposure to 20%, 8%, or 3% O2. (c) Transcript-level regulation 

between monolayer and 3D culture formats at each oxygen tension. Each value is the average of 
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at least four datapoints, collected from N=2-3 cell passages. Each pass contained at least three 

technical replicates (n=3). A fold-change >2 indicates a significant increase in expression; <0.50 

indicates a significant decrease. The numerical labels represent the average ΔΔCt value. 

Figure 2. 9 Transcript-level regulation of phase I and phase II genes in 2D and 3D HepG2 at different oxygen tensions 
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Figure 2.10 Transcript-level regulation of 3D cultures of HepG2 cells after a 48 hour incubation 

at atmospheric (20%), periportal (8%), or perivenous (3%) oxygen tension. The cells were 

treated with 5 μM 3-MC, 1 nM TCDD, 10 mM acetaminophen (apap), or 10 nM aflatoxin B1 

(afla B1). Each value is the fold change of the average ΔΔCt value of at least 4 datapoints 

collected from N=2-3 cell passages. Each pass contained at least three technical replicates (n=3). 

A fold-change >2 indicates a significant increase in expression; <0.50 indicates a significant 

decrease. The numerical labels represent the average ΔΔCt value. 

Figure 2. 10 Transcript-level regulation of 3D cultures of HepG2 cells at different oxygen tensions 
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Figure 2.11. Transcript-level regulation of HepG2 cells cultured in a 2D culture format, plated on 

traditional plasticware after a 48 hour incubation at 20%, 8%, or 3% O2. The cells were treated 

with 5 μM 3-MC, 1 nM TCDD, 10 mM acetaminophen (apap), or 10 nM aflatoxin B1 (afla B1). 

Each value is the fold change of the average ΔΔCt value of at least 4 datapoints collected from 

different cell passages (N=2-3), each pass contained at least three technical replicates (n=3). A 

fold-change >2 indicates a significant increase in expression; <-2 indicates a significant decrease. 

The numerical value labels represent the average ΔΔCt value. 

Figure 2. 11 Transcript-level regulation of 2D cultures of HepG2 cells at different oxygen tensions 
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Figure 2.12. Transcript-level regulation ratio of 3D to 2D HepG2 cells cultured for a 48 hour 

incubation at atmospheric (20%), periportal (8%), or perivenous (3%) oxygen tension. The cells 

were treated with 5 μM 3-MC, 1 nM TCDD, 10 mM acetaminophen (apap), or 10 nM aflatoxin 

B1 (afla B1). Each value is the fold change of the average 3D ΔΔCt divided by the 2D ΔΔCt value 

of at least 4 datapoints collected from different cell passages (N=2 – 3), each pass contained at 

least three technical replicates (n=3). A fold-change >2 indicates a significant increase in 

expression; <-2 indicates a significant decrease. The numerical values labels represent the average 

ΔΔCt value. 

Figure 2. 12 Transcript-level regulation ratio of 3D to 2D HepG2 cells cultured at different oxygen tensions 
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Figure 2.13. Average CYP1A activity of HepG2 cells as determined by the EROD assay. (a) 

Basal CYP1A activity, plotted as the raw fluorescent intensity, after a 48 hour incubation. (b) 

CYP1A activity after a 48 hour induction with increasing concentrations of 3-MC or TCDD. 

Values are the average of at least six data points collected from at least two cell passages (N=2). 

Each pass contained at least three technical replicates (n=3). A fold-change >2 indicates a 

significant increase in activity. The numerical values of the heatmap are found in Table 2.4. 

Figure 2. 13 Average CYP1A activity of 2D and 3D cultured HepG2 cells at different oxygen tensions 
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Table 2.4. Numerical values of CYP1A fold induction corresponding Figure 2.13. 

  
2D 20% 

O2 

3D 20% 
O2 

2D 8% 
O2 

3D 8% 
O2 

2D 3% 
O2 

3D 3% 
O2 

Basal 0.96 1.18 0.79 0.95 1.03 0.74 
0.1% DMSO 0.98 0.96 1.00 1.00 1.00 1.01 

0.1 nM TCDD 12.64 1.74 1.08 0.94 2.58 0.74 
1 nM TCDD 12.89 2.05 2.63 0.80 2.99 0.93 
10 nM TCDD 17.57 2.22 1.95 0.81 3.55 0.58 
1 μM 3-MC 16.16 1.32 1.43 1.02 3.72 0.78 
3 μM 3-MC 13.55 1.84 2.19 0.80 2.52 0.78 
5 μM 3-MC 11.08 3.56 11.33 1.22 2.19 0.88 

Table 2. 4 Numerical values of CYP1A fold induction corresponding Figure 
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CHAPTER 3: HEPARG CELL MONOLAYERS CULTURED AT PHYSIOLOGICAL 

MICROENVIRONMENTS MIMIC IN VIVO LIVER ZONATION 
 

3.1 Introduction 

In the preclinical drug-discovery pipeline, monolayers of primary human hepatocytes 

(PHHs) or immortalized hepatocyte-like cell lines are used to evaluate hepatoxicity, the 

induction of metabolic enzymes, and possible drug-drug interactions. These cell-based methods 

often fail to accurately predict drug-induced liver injury, which is a common reason for 

discontinuation of clinical trials.1,2 One plausible reason for this failure is that monolayer culture 

formats lack many aspects of the tissue microenvironment, which has profound effects on 

cellular function. PHHs placed in an extracellular matrix (ECM)-rich environment, such as a 

collagen sandwich, maintain their polarization and metabolic function,3,4 long after they would 

have dedifferentiated when cultured on plasticware as a monolayer.5 Incorporating other aspects 

of the tissue microenvironment, such as the extracellular matrices and high numbers of cell-cell 

contacts found in spheroids, enhance the activity of phase I and II metabolic enzymes in PHHs 

when compared to those cultured in a monolayer.6–8 These studies and others suggest that  

inclusion of physiological conditions in in vitro cultures will improve their predictiveness when 

screening potential drugs, but structure-function relationship studies are needed to determine 

which aspects of the liver lobule should be incorporated to improve current in vitro live models. 

The liver lobule is the structural subunit of the liver. It is comprised of a portal triad 

where drug, nutrient, and oxygen-rich blood enter a sinusoid, which transverses the lobule and 

empties into a central vein where processed blood is redistributed into the body. The tissue 
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microenvironment surrounding the portal triad is starkly different from that of the central vein, 

the so-called periportal (PP) and perivenous (PV) regions of the lobule. The hepatocytes that 

reside in these two regions have distinct metabolic functions; this differential expression of 

various pathways is known as liver zonation9,10. The inclusion of microenvironmental factors of 

the PP and PV regions of the liver lobule in vitro can be beneficial for novel drug discovery. 

Oxygen is a global regulator of cellular function,11 and an important aspect of the liver 

microenvironment. A steep oxygen gradient that forms along the sinusoids of the lobule, a 

consequence of the high rate of cellular respiration of hepatocytes: the blood oxygen partial 

pressure range from 65-60 mmHg O2 (11-8% O2) in the PP region, to 35-30 mmHg O2 (5-3% 

O2) in the PV region.9,12,13 

 In Chapter 2, we evaluated physiological oxygen tensions on HepG2 induction and 

hepatoxicity. This work showed that incorporating physiological oxygen tensions into monolayer 

and 3D culture formats can improve the drug metabolic activity of these cells, but oxygen alone 

isn’t enough to mimic zonation. In this chapter, we introduce additional physiologically relevant 

factors to cultures of HepaRG cells. HepG2 cells are an immortalized hepatoma cell line that is 

often used to develop and benchmark new methods or screens for evaluating drug toxicity.14,15 

However, HepG2 cells have limited expression of phase I cytochrome P450 enzymes (CYPs) 

and thus are a poor predictor of in vivo outcomes when compared to PHHs.16,17 The HepaRG 

immortalized line is derived from hepatocellular carcinoma cells, composed of hepatocyte-like 

and biliary-like cell phenotypes with a transcript and activity metabolic enzyme profile 

comparable to PHHs.18 Furthermore, HepaRG cells have drug transporter transcript expression 

profiles similar to PHHs. The similarity of the transcript profile for phase I, II, and transporters 
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between PHHs and HepaRG cells makes HepaRG a good cell model to assess the effect of 

physiological culture conditions on in vitro hepatocyte cultures. 

Specifically we evaluated the effects of the Wnt3a (Wnt) morphogen and Rspondin. The 

motivation for including Wnt and Rspondin along with different concentrations of oxygen to the 

culture aligns the theory of post-differentiation patterning. In this theory, one factor (oxygen) 

would have a broad effect on multiple hepatocytes while the second factor (Wnt + Rspondin) 

would finely tune cellular function. Oxygen regulates the activity of a particular set of 

transcription factors, of which hypoxia-inducible factor 1 (HIF1) alpha is a member. In hypoxic 

conditions, HIF1α is stabilized and transported to the nucleus where it dimerizes with the HIF1β 

subunit increase the transcription of hypoxia-regulated genes. In the presence of oxygen, HIF1α 

is hydroxylated by prolyl hydroxylase, marking HIF1α for ubiquitination; in the absence of 

oxygen, prolyl hydroxylase activity is reduced resulting in the stabilization and accumulation of 

HIF1α.9,19 The stabilization of HIF1α in the liver has been associated with transcriptional 

zonation patterns, such as glycogen synthesis, phase I and II metabolism, and the production of 

urea, bile, and albumin.20 

 The Wnt pathway is a highly conserved pathway involved in determining cell fate and 

differentiation, polarity, proliferation, and homeostasis.21 The canonical Wnt signaling pathway 

is inactive under basal conditions because of the degradation of the intracellular b-catenin 

transducer. In the absence of Wnt ligands, b-catenin is bound to a destruction complex which 

mediated facilitates the degradation of constitutively expressed b-catenin. Upon binding of 

extracellular Wnt to the membrane protein Frizzled, the Wnt/b-catenin pathway becomes active, 

preventing the degradation of b-catenin and allowing it to translocate to the nucleus.21,22 R-

spondin is an agonist of the Wnt pathway, recently shown to play a major role in the level of 
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Wnt/b-catenin activity. R-spondin protein binds to the transmembrane receptor leucine-rich 

repeat-containing g-protein coupled receptor (LGR) which prevents the clearance of Frizzled 

receptors on the membrane- promoting Wnt signaling.9,23 Benhamouche and colleagues observed 

zonation-dependent expression of Wnt/b-catenin pathway gene transcripts, specifically those 

associated with carbohydrate metabolism and transport: with a low expression in the PP region 

and an increased expression in the PV region.24 

 Pathway regulation and preferential distribution of liver-specific activities in hepatocytes 

residing the PP and PV regions have been well studied.25,26 The specific combinations of factors 

that lead to this zonation is still unclear, it is hypothesized that the gradients of oxygen, nutrients, 

morphogens, and hormones across the sinusoid modulate hepatocyte function in vivo. Despite 

the sophistication of 3D spheroids and organ-on-chip devices, in vitro mimicry of liver zonation 

remains experimentally challenging. Another limitation of these two approaches is the ability to 

isolate hepatocytes in a particular zone or identify the culture conditions resulting in a particular 

phenotype.26 In this study, we exposed HepaRG cells to standard culture conditions and 

physiological conditions representative of the PP and PV region of the liver. In the PP 

conditions, cells were cultured at 11% O2 tension; in the PV condition, cell were cultured in 5% 

O2 tension and Wnt and Rspondin supplemented medium. Urea synthesis, CYP activity, and 

transcriptional regulation was measured and compared between the three culture formats. We 

found that the PV conditioned cells had enhanced CYP activity compared to the PP conditioned 

cells, however the transcriptional regulation do not match the activity trends. 
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3.2 Materials and methods 

 
3.2.1 Chemicals 
 

All chemicals and reagents were used as received unless otherwise specified. All cell 

culture medium and supplements were purchased from Gibco, except for those used in the 

maintenance of the HepaRG cell line (Lonza). Chlorzoxazone, dextromethorphan (hydrobromide 

hydrate), (S)-mephenytoin, midazolam, and testosterone were purchased from Cayman Chemical 

Company. Dimethyl sulfoxide and 7-hydroxycoumarin were purchased from Fisher Scientific. 

Collagen I (rat tail) was purchased from Enzo Life Sciences. Phenacetin and sodium hydroxide 

(NaOH) were purchased from Millipore Sigma. The CellTiter-Glo 2.0 (CTG) reagent was 

purchased from Promega. 

 

3.2.2 Collagen scaffold preparation 
 

Collagen slabs were prepared by neutralizing a solution of acidified collagen, with NaOH 

and phosphate-buffered saline (PBS). The neutralized collagen solution (2 mg/mL) was added to 

standard 12-well cell culture plates (263 µg of available collagen/cm2) and incubated overnight 

at 37°C. Collagen slabs were washed once with 1x PBS prior to cell seeding. 

 

3.2.3 LWRN cell culture and secretion 
 

L-WRN cells, a transfected mouse mucosal cell lines to secrete Wnt3a, R-spondin 3, and 

noggin into, were purchased from the American Type Culture Collection and cultured as 

monolayers at 20% O2, 37 oC, and 5% CO2 in Dulbecco's Modified Eagle's Medium (DMEM) 

medium supplemented with 10% FBS, 0.5 mg/mL G-418, and 0.5 mg/mL hygromycin B. 
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Maintenance medium was exchanged every 2-3 days and the cells were passed at 80% 

confluency with TrypLE, using standard procedures. 

L-WRN conditioned medium was collected following ATCC’s recommended protocol. 

Briefly, L-WRN cells were grown to confluency in a T150 flask without G-418 and hygromycin 

B. Cell were washed with 1X PBS followed by the addition of 25 mL of fresh medium to the 

flask and exchanged every 24 hours. The conditioned medium was collected, centrifuged at 1000 

xg for 5 minutes, and the supernatant was decanted and stored at 4 oC until processed further. 

Medium collected from days 1 – 4 were pooled, as was medium collected from days 5 – 8; the 

pooled conditioned medium was steri-filtered (0.22 μm) and stored at -80°C. 

 

3.2.4 HepaRG cell culture 
 

Differentiated NoSpin HepaRG Cryopreserved Cells were obtained from Lonza 

Bioscience. Cells were cultured at a density of 2.6 x 105 cells/cm2 on each collagen scaffold. The 

cells were maintained for 24 hours in HepaRG medium containing basal medium supplement, a 

thawing and plating supplement, and 1% penicillin–streptomycin. After a medium exchange, the 

cells were maintained in HepaRG medium containing basal medium supplement, a maintenance 

and metabolism supplement, and 1% penicillin–streptomycin. The cells were incubated at 37°C 

and 5% CO2. Medium was exchanged every two to three days.  

After 6 days, the HepaRG cells were maintained in the same medium and exposed to one 

of three experimental physiological conditions: standard culture conditions, where cells were 

incubated at 37°C, atmospheric oxygen and 5% CO2; PP conditions, where cells were incubated 

at 37°C, 11% O2 and 5% CO2; PV conditions, where the cells were incubated at 37°C, 11% O2 

and 5% CO2 in a 1:1 ratio of medium and L-WRN conditioned medium. The oxygen tensions 
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were regulated with a custom-build hypoxia chamber with a PID gas control, as detailed  

previously.27 Widefield images of the HepaRG cells were captured with a Nikon TE2000 

microscope with a Photometrics Dyno CCD camera. 

 

3.2.5 Evaluation of Cytochrome P450 (CYP) Activity 
 

CYP activity was evaluated with a cocktail containing eight different substrates as 

described in Table 3.1; all substrates were dissolved in DMSO at 1000X working 

concentration.28,29 The HepaRG cells were exposed to HepaRG basal containing the substrates 

and basal medium supplement for 2 hours. Medium supernatant was collected and stored at -

20°C.  

Each sample was mixed with cold acetonitrile at a 1:10 (v/v) ratio. The acetonitrile 

contained isotopically labeled standards of each product. The precipitated protein was pelleted at 

12,000 xg for 15 min, the supernatant collected, and the solvent removed in vacuo. The residual 

solid was resuspended in 100 μL of HPLC-grade water (Optima) and separated on a 

Waters Acquity UPLC equipped with a BEH C18 column (2.1 x 50 mm, 1.7 μm) using a binary 

solvent system of (A) 0.5% formic acid (v/v) in water and (B) 0.5% formic acid (v/v) in 

acetonitrile (B). The total run time of each separation was nine min, using the following gradient 

profile at a 0.3 mL/min flow rate: 10% B for one min; a linear gradient to 70% B over 5 min; 

95% B for one min; 10% B for two min to re-equilibrate the column.  Representative 

chromatograms are displayed in Figure 3.1 

Metabolites were detected and quantified with ion transition monitoring on a Thermo 

TSQ Vantage triple quadrupole instrument equipped with a heated electrospray ionization 

(HESI) source set to 300 oC. Two transitions of each product in the cocktail were monitored 
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to confirm its identity. The declustering voltage for each was optimized by direct infusion of neat 

solutions (10 µmM) in Optima water. Each analyte’s transition was optimized for collision 

energy and reported in Table 3.1. Other parameters used for all analyses were: spray voltage 

(4800 V), vaporization temperature (300 °C), sheath gas pressure (50 psi), aux gas pressure (15 

psi), capillary temperature (300 °C), and S-lens RF amplitude (120 V). Nitrogen gas was used 

for sheath, aux and collision gas. Data were collected and processed with Xcalibur.   

A matrix blank which followed the same processing steps was prepared each time to 

account for any interferences in the chromatogram at the areas of analyte interest. The peak area 

for each metabolite was averaged across three technical replicates; we report the ratio of the 

averaged peak area of treatment to vehicle.  

 

3.2.6 Urea production 
 

After collecting the medium for the CYP activity assay, each well was washed once with 

1X PBS and the cells incubated in fresh HepaRG medium containing basal supplement for 1 

hour. Medium was collected to quantify urea concentration using quantitative colorimetric urea 

determination (QuantiChrom Urea Assay Kit-DIUR-100, BioAssay Systems). A seven-point 

calibration curve for urea concentration was prepared on each plate. Equal volume of reagent and 

medium was added to each well and the plate was mixed for 50 minutes at room temperature. 

The samples were measured on a SpectraMax i3x Microplate Reader at an optical density of 430 

nm.  
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3.2.7 Transcript Expression Quantification with RT-qPCR 
 

HepaRG cells were plated onto collagen scaffolds and incubated at experimental 

conditions for 48 hours. After CYP activity and urea collection, cells were washed and lysed 

using a TRIzol Plus RNA purification kit (ThermoFisher), according to the manufacturer’s 

suggested protocol. The TRIzol reagent was added directly to the cells and agitated for 10 

minutes prior to RNA isolation. Reverse Transcriptase PCR was performed immediately upon 

RNA isolation using the RNA isolation with a High-Capacity cDNA Reverse Transcription Kit 

(ThermoFisher) in an Eppendorf Master Cycler. 

Table 3.2 lists the primer pair sequences, optimal concentrations, and reaction efficiency 

(90-110%) of each gene of interest. Amplification reactions were performed with PowerUp 

SYBR Master Mix (ThermoFisher), in a 384-well plate, on a QuantStudio 6 Flex Real-Time 

PCR system. Each sample was measured in triplicate, using the following program: 95 °C for 60 

sec, followed by 40 cycles of 95 °C for 2 sec and 60 °C for 30 sec. Each transcript was 

quantified using the ∆∆Ct method against 18sRNA. A fold-change of greater than 2.0 was 

considered significant. 

 

3.2.8 Cell viability 
 

HepaRG cells were seeded onto collagen coated 96-well plates following the same 

process as described above. Prior to analysis, the cells were washed with 1X PBS and lysed for 

20 min in a 1:1 (v/v) solution of 1X PBS and CTG. Lysate aliquots (75 µL) were analyzed in an 

opaque 96-well plate on a SpectraMax i3x Microplate Reader in luminescence mode with a 140 

ms integration.  
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3.2.9 Statistical Analysis 
 

Datasets are reported as the average and standard error of the mean (SEM) of at least two 

separate cell vials, each cell vial contained at least two technical replicates. All data were 

analyzed with GraphPad Prism 7. Statistically significant differences correspond to a p-value of 

≤ 0.05. To assess CYP activity, peak area or each metabolite product was normalized to a 

particular experiment condition, a normalized activity greater than 1.25 or less than 0.8 was 

considered significant since the LC-MS/MS peak area is highly reproducible, and 1.25/0.8 is 

statistically significantly outside of normal variability range (Figure 3.2). 

 

3.3 Results and Discussion 

Figure 3.3 summarizes the experimental workflow used to compare liver-specific function, 

metabolic enzyme activity and transcriptional regulation between HepaRG cells cultured at 

standard culture conditions to the periportal and perivenous. 

 

3.3.1 HepaRG cell viability and liver specific activity follows in vivo zonation 
 

HepaRG cells were plated and maintained for 6 days under standard culture conditions, 

and then followed by 2-day exposure to an experimental condition before urea secretion and 

viability were assessed (Figure 3.4). Cellular urea secretion was quantified with a colorimetric 

assay and viability assessed with the CTG 2.0 luminescence assay. The luminescence values 

obtained by the CTG assay were normalized to those obtained for the standard culture condition 

cells. Cells maintained under PV culture conditions had viability values similar to those under 

standard culture conditions, while the PP culture conditions decreased overall viability by 

approximately 70%. The HepaRG cells in the PP conditions could upregulate the transcription of 
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genes specific for gluconeogenesis enzymes such as phosphoenolpyruvate carboxykinase,30 

preferentially performing gluconeogenesis leading to inefficient ATP production as compared to 

the PV and Std conditioned cells. In vivo, glucose consumption is zonally distributed in which 

glycolysis is predominantly performed in the PV region and produces two ATP molecules. In the 

PP region, gluconeogenesis is predominant where lactate is turned into glucose by utilizing six 

ATPs.26 Jungermann and Thurman experimentally observed the ‘glucose paradox’31 in which 

gluconeogenesis and glycolysis operate simultaneously and that lactate is circulated to the PP 

region for gluconeogenesis.32  

In Chapter 2 HepG2 cell viability at each oxygen tension was measured with a tricolor 

cell stain and at 3% O2 there was a decrease in the percentage of cells stained positive for 

calcein- attributed to reduced esterase/metabolism activity- but unchanged amount of PI stained 

cells. In the HepaRG cells, the PV conditions were at a low oxygen tension (5% O2), however we 

did not observe a difference in cell viability. This discrepancy could be explained by the different 

oxygen tensions, indicating that the cell’s metabolic response to 3% and 5% O2 is different; as 

small changes in oxygen tension have measurable effects on cellular hypoxia and hypoxia related 

pathways. Also, the different cell lines- HepG2 to HepaRG- could respond differently to 

physiological conditions. 

Urea synthesis and secretion is a marker for liver specific function and cell health. Under 

standard condition, 1 million HepaRG cells produced 0.015±0.002 milligrams of urea per 1 mL 

of medium per hour (mg/mL/hr/106 hepatocytes) (0.25 mM/hr/106 hepatocytes). The cells 

produced significantly more urea in the PP and PV conditions, 0.017±0.001 mg/mL/hr/106 

hepatocytes (0.28 mM/hr/106 hepatocytes) and 0.023±0.002 mg/mL/hr/106 hepatocytes (0.38 

mM/hr/106 hepatocytes) respectively. The amount of urea produced by the HepaRG cells in the 
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PP and PV conditions were not significantly different. Li and colleagues reported that HepaRG 

cells in spheroids secreted 3.0 mg/mLof urea per 1 million cells, and on culture plates they 

secreted 0.13mg/mL of urea per million HepaRG cells.33 Hoekstra cultured HepaRG cells on 

traditional culture plates in the presence and absence of DMSO, they reported 1.2 nmol/hr/ 

500,000 HepaRG in the absence of DMSO and 0.8 nmol/hr/ 500,000 HepaRG in the presence of 

DMSO.34 The various range of urea secretion highlights that culture conditions significantly 

impact the urea secretion by HepaRG cells. The statistical increase in urea secretion observed by 

us and Li suggest increased cell health under tissue-like conditions. These findings contrast work 

of in perfusion systems on an intact rat liver, which observed increased urea secretion with 

increasing oxygen concentration from the PP to PV region.35 The increase in urea production that 

we observed at physiological conditions compared to the standard culture condition indicate that 

physiological oxygen is enhances urea secretion. The standard conditions, at atmospheric 

oxygen, have increased oxidative stress and reactive oxygen species36,37 which could be 

negatively impacting urea production and secretion. 

 

3.3.2 HepaRG cell’s drug metabolic activity increases until 11 days in culture 
 
 Metabolic activity is time-dependent in which the basal enzymatic activity changes 

depending on how long the HepaRG cells are in culture.38 The enzyme activity and cell 

morphology of standard condition monolayers was measured every 4-5 days over an 24 day 

period. Metabolic enzyme activity was determined with an 8-in-1 cocktail in which the 

production of metabolites was quantified with LC-MS/MS using multiple reaction monitoring. 

Morphology was assessed widefield microscopy (Figure 3.5). The enzyme activity (Figure 3.6) 

of the cell were unchanged between day 1 and 4 and cell morphology was uniform across the 
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monolayer suggests the HepaRG cells are adapting to the collagen slab. The maximum enzyme 

activity increase, as compared to day 1, for each enzyme is summarized in Table 3.3; the 

enzymes with a notable increase were CYP1A2, 2C19, 2D6, and 3A4 (measured with 

midazolam) by 3.73, 4.01, 2.35, and 2.16-fold increase, respectively. From day 4 to day 11, 

activity increased. On day 7, cellular morphology indicates the HepaRG cells are displaying 

hepatocyte-like and biliary-like morphologies indicated by the cobblestone patterning and light 

and darker regions. On day 14, the cobblestone pattern between hepatocyte-like and biliary-like 

cells is more pronounced. Enzyme activity decreases day 11 until day 19, the decrease is to 

levels comparable to those measured on day 1. On day 24, all enzyme activity had significantly 

decreased. 

Jackson and colleagues observed maximal drug metabolic activity 10 days after plating 

HepaRG cultured on a commercially available collagen-coated plates; this activity was 

maintained for 22 days, similar to what is observed with PHHs.38 While the maximal activity 

values of the HepaRG cells on a 2mg/mL collagen slab was similar to the findings of Jackson, 

we observed a rapid decrease in CYP activity. Because of this rapid decrease in CYP activity we 

performed the remaining experiments on day 8, culturing the HepaRG cells for 6 days and 

exposing them to experimental conditions for 48 hours prior to analysis. Jackson suggests that 

the increase in enzyme activity with time is the HepaRG cells differentiating into a hepatocyte-

like character. The drop in CYP activity after day 11 suggests the HepaRG cells are de-

differentiating. Jackson hypothesized that time-dependent metabolic changes in the HepaRG 

cells is dynamic as a result of the HepaRG cells dedifferentiating throughout the culture period in 

response to standard culture practices such as media changes.38 
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3.3.3 HepaRG cells metabolic profile is amplified under standard conditions 
 

To evaluate Phase I and II enzyme activity (Figure 3.7) and transcriptional regulation of 

Phase I, II, and transport proteins (Figure 3.8) of HepaRG under physiological conditions, we 

quantified metabolic enzyme activity then collected the mRNA from cells after 48-hour exposure 

to standard, PP, or PV conditions.  

Compared to the standard conditioned HepaRG cells, CYP1A2, 2B6, 2C19, 2D6, and 3A4 

(measured with midazolam) have significantly decreased activity in both the PP and PV 

conditions. For these CYPs, the activity was decreased more in the PP conditions than the PV 

condition- using CYP1A2 as an example, we measured a 0.02-fold decrease in the PP condition 

and a 0.09-fold decrease in the PV condition. The transcriptional regulation of CYP1A2 closely 

followed activity trends, in which there was a 0.057-fold downregulation in the PP condition and 

a 0.153-fold downregulation in the PV condition. The closely followed trends between decreased 

activity and transcriptional downregulation was also observed for CYP3A4. The correlation 

between reduced transcript and reduced activity when comparing Std conditions to PP and PV 

conditions suggest that the observed CYP activity changes is driven by the transcriptional 

regulation. The transcriptional downregulation could be mediated via transcription factors Ahr, 

CaR and PxR (gene name: AHR, NR113, NR112). We measured a 0.279 and 0.337-fold 

downregulation of NR112 in the PP and PV condition, respectively- PxR is a known 

transcription factor for CYP2C9 and 2C19. A downregulation in the NR112 is accompanied by a 

downregulation of CYP2C9 by 0.024 and 0.007-fold downregulation and a decreased activity of 

CYP2C19 by 0.38 and 0.67-fold.  

The one exception to the measured transcript downregulation and decreased activity is 

CYP2E1. In PP conditions, CYP2E1 is significantly upregulated by 869.334-fold; in PV 
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conditions the transcript is unchanged. However, upregulation of transcript in the PP condition 

does not manifest as an increase in CYP2E1 activity- rather no change in CYP2E1 activity was 

observed. This suggest there are other regulatory pathways acting on CYP2E1 to manifest the 

unchanged activity, such as post-translational modifications or regulated mRNA translation. The 

transcriptional downregulation being a knock-on effect of lower oxygen tension; one hypothesis 

is microRNA (miRNA), a class of 22-nuclotide non-coding RNA that has been shown to 

influence mRNA stability and translation. Furthermore, sets of miRNA have been induced by 

hypoxia, but the targets of these miRNAs is unknown.39,40 

The activity of SULT and UGT is significantly downregulated in PP conditioned cells (0.113 

and 0.034-fold decrease, respectively) but activity was unchanged in the PV condition. The 

transcriptional regulation does not match the activity trends, UGT2B4 is upregulated in PP 

conditioned cells (95.93-fold) but downregulated in PV conditioned cells (0.071-fold). SULT2A1 

transcript is downregulated in both PP and PV conditioned cells. 

van Wenum and colleagues compared HepaRG liver specific function at 5% 20% and 40% 

O2; they found that the 40% O2 environment improved liver specific function by 100-200% 

depending on the specific pathway being analyzed; for CYP3A4 activity, a hyperoxic (40% O2) 

was increased by 174% as compared to atmospheric oxygen conditions. They concluded that the 

hyperoxic environment induced the upregulation of hepatic differentiation, metabolism and 

extracellular signaling genes.41  The decreased enzymatic activity at low oxygen tensions was 

measured and described by Hernández-Gutiérrez et al. They measured the enzyme activity of 

CYP1A and 2B over time at decreasing oxygen tensions to determine Vmax (maximum rate of 

enzymatic reaction) and Km (the concentration of substrate at half the Vmax indicating enzyme 

affinity for the substrate); they concluded that Vmax decreased with decreasing oxygen tension 
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while Km remained constant indicating that oxygen tension plays a critical role in enzyme 

activity.42 Std, PP and PV condition comparison is related to the conclusion by van Wenumm 

and Hernández-Gutiérrez in which cells cultured at lower oxygen tensions had downregulated 

metabolic enzyme transcripts and decreased enzymatic activity. 

 

3.3.4 HepaRG cells cultured at physiological conditions display a metabolic profile similar 
to zonation  
 

Comparisons of drug metabolic activity and transcript profiles of HepaRG cells exposed 

to PP and PV culture conditions allowed us to determine if metabolic patterns were 

representative of those regions in the liver. The initial hypothesis of this work was hepatocyte-

like cells cultured under physiologically representative conditions would mimic zonation, where 

CYPs are most active in the PV region.  

Figure 3.7b shows that the activity of CYP1A2, 2C19, 2D6, and 3A4 increase in the PV 

region, when normalized to the activity in the PP region. The activity of both the UGT and 

SULT families of enzymes also increased in the PV region, when normalized to the PP region. 

The increase in UGT activity matches zonation, as the glucuronide conjugation reactions are 

more common in the PV region of the liver. The increase in SULT family activity at lower 

oxygen tension is surprising, as these enzymes are more active in the PP region of the liver.43 We 

note, however, that 7-hydroxycoumarin is not an enzyme-specific substrate so it can be 

conjugated by many members of both the SULT and UGT enzyme families.44 

The cells we exposed to lower oxygen tension and Wnt are more metabolically active 

than the cells cultured at PP oxygen tension. The increased enzyme activity is likely a result of 

Wnt and Rspondin activating the Wnt/b-catenin signaling pathway and the 5% O2 tension 

activating the HIF pathway. The activation of the Wnt/b-catenin signaling pathway at the 
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perivenous region of the liver has been deemed a master regulator of zonation.9,26 Hailfinger et 

al. compared mouse hepatocytes under standard culture conditions using conditioned media 

containing or lacking Wnt. They observed a significant increase in transcript levels of various 

CYPs in the presence of Wnt.45 Specifically, they saw a 2.5-fold increase in CYP1A2, which 

corresponds with the upregulation we observed in the HepaRG cells. To confirm the role of Wnt 

and Rspondin, we compared the drug metabolizing enzyme activity of HepaRG cells cultured at 

standard conditions with conditioned medium obtained from L-cell or L-WRN (Figure 3.9). We 

observed significant increase in CYP1A2, 2C19, 2D6, 3A4, SULT and UGT activity for cells 

exposed to the L-WRN conditioned media compared to the L-cell conditioned control. We 

hypothesize that the enzymatic activity and transcriptional regulation trends we observed in the 

PV conditioned cells compared to the PP conditioned cells is the combined effect of the Wnt/b-

catenin pathway and HIF pathways. Kietzmann described these pathways stimulate the function 

of each other; one example is HIF1a binding to gene promoter regions that promote b-catenin.9 

Kaidi, Williams, and Paraskeva showed that HIF-1a and b-catenin interactions in immortalized 

human colon cancer cells (HCT116 and SW480) promote hypoxia-responsive genes, and 

enhance HIF-1-mediated transcription enabling cells to adapt to a hypoxic environment; 

furthermore they described interactions between HIF-1a and b-catenin mediated by T-cell 

factor-4 protein complex.46  

Figure 3.7b displays the transcriptional differences between cells exposed to PP or PV 

conditions. The transcriptional regulation of the CYP enzymes was partially consistent with the 

data collected from the activity assays and the expectations of zonation; both CYP1A2 and 

CYP8B1 were upregulated in the PV region when compared to the PP region, however CYP2E1 

and CYP2C9 were downregulated. One representative member of the SULT and UGT family 
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were quantified, SULT2A1 and UGT2B4 respectively. These two transcripts also corresponded to 

zonation expectation, with higher levels of SULT2A1 in the PV conditions and higher levels of  

UGT2B4 in the PP conditions.  

The discrepancy between the CYP gene transcriptional regulation and the measured drug 

metabolic activity between the PP and PV conditions suggest that there are other regulatory 

pathways dictating enzyme activity. Traditionally, transcriptional factors such as hepatocyte 

nuclear factor 4" (HNF4),47,48 #-catenin,25,49 and HIF1α9 have significant effects on the 

expression of metabolic enzyme transcripts in hepatocytes, in vivo and in vitro. However, this 

work suggests that at physiological culture conditions, some enzymes in vitro activity (CYP2E1, 

CYP3A4 and UGT) could be regulated with other pathways such as mRNA post-transcriptional 

regulation with miRNA- exploring these other regulatory pathways could help identify 

regulatory zonation patterns. 

The expression of transport proteins, liver-specific proteins, adhesion markers and HIF1a-

regulated genes were quantified for cells exposed to standard, PP, and PV conditions (Figure 

3.7d). Expression of the drug uptake transporters SLC22A1 and SLCO2B1 , when compared to 

the PP region, were upregulated in PV conditions. Such an upregulation is expected due to the 

PV processing the majority of phase I drug metabolism. The efflux transporters ABCB1, ABCC2, 

ABCC3, SLC10A1 and ABCG2 were downregulated in the PV conditioned cells as compared to 

the PP conditioned cells. The distribution of drug transporters in vivo was measured by 

Tachikawa who concluded that OATP1B2 and OCT1 (gene name SLCO1A2 and SLC22A1) were 

zonally distributed in the periportal region.50 We hypothesize that the increased transporter 

expression in the PP region suggests that xenobiotics that enter hepatocytes in this region are 

expelled due to a low CYP activity.  
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Lastly, KRT19 transcript (protein: CK-19) was downregulated in the PV conditioned cells; 

CK-19 is a common marker for biliary-like hepatocytes around the bile canaculi and CK-19 has 

been observed in proliferative cells.51,52  The transcriptional regulation of KRT19 between PP and 

PV cells suggesting that hepatocytes in the PP region are better primed for proliferation and 

growth. A recent study by He and colleagues concluded that midzonal hepatocytes were more 

proliferative with less proliferative cell in the PP while the liver is at homeostasis.53 This makes 

sense from the in vivo liver because stem cell like cells are known to be found around the portal 

triad.54,55 

 

3.4 Conclusions and future work 

This study compared HepaRG cells cultured as monolayers on collagen slabs at standard 

culture conditions, and physiological conditions representative of the periportal and perivenous 

region of the liver lobule. The experimental design chose two physiological conditions of fixed 

composition rather than exposing cells to the entire gradient that spans the sinusoid. This design 

provided superior control over the extracellular environment, allowed for comparisons to zonal 

characteristics observed in vivo, and could incorporate large enough cell numbers in a single 

experiment to obtain viability, health, drug metabolic activity, and transcript profiles from the 

same set of cells. 

In this work we cultured HepaRG cells at specific oxygen tensions and in the presence or 

absence of the Wnt morphogen and Rspondin, to model the physiological environment of the 

periportal and perivenous regions. At standard, PP and PV culture conditions, the HepaRG cells 

were viable and displaying liver specific function. We observed a decrease of metabolizing 

enzyme activity and downregulation of transcriptional regulation when comparing the standard 
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culture conditioned HepaRG cells to the PP and PV conditioned cells. The overall reduction of 

CYP and phase II enzyme activity at the PP and PV condoned cells is attributed to the reduction 

of oxygen tension by an order of magnitude; the lower oxygen culture, and reduced oxygen 

availability for the cells impacts the overall ability for the enzymes to function.42 The reduction 

of transcript for nearly every gene measured at the PP and PV condition could be an effect of 

miRNA that has been shown to increase in hypoxic environments, the miRNA have been shown 

to influence mRNA stability. Despite the downregulated activity and transcript at physiological 

conditions, this may not be a negative for the physiological cultures because enhanced drug 

metabolic activity is not as important as modeling zonation patterns and trends in vitro. 

The comparisons of drug metabolic activity and transcriptional regulation between PP 

and PV conditioned cells yielded exciting results. The CYP and Phase II enzyme activity is 

significantly upregulated in the PV conditioned cells, matching the expected zonal distribution of 

drug metabolizing enzymes; this suggests that the cells exposed to lower oxygen tension, Wnt 

and Rspondin, through HIF and b-catenin pathways, are responsible for the increased 

metabolically activity over the cells cultured at PP oxygen tension. However, transcriptional 

regulation does not follow the enzymatic activity which suggests other regulatory pathways 

could be explored, such as mRNA post-transcriptional regulation, differences in enzymatic post-

translational modification between PP and PV cells and differences in enzyme-kinetics at 

different conditions. Analysis of various regulatory checkpoints of the metabolic enzymes could 

provide further insight into the rise of liver zonation. 

Overall, the metabolic enzyme activity is highest under standard culture conditions, 

meaning the current culture method of HepaRG is appropriate to assess the metabolic pathway 

and metabolizing enzyme are acting upon a xenobiotic. However, maximal metabolic enzyme 
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activity in vitro may not represent physiological enzyme activity. It is difficult to assess 

physiological enzyme activity due person to person variability, but we do know that zonation 

patterning of the lobule is universal- specifically zonally distributed Phase I and II enzymes. Our 

integration physiological conditions representative of the PP and PV microenvironments were 

able to display zonal distribution of CYP and UGT enzymic activity, but not SULT enzymes. 

This is a promising step to develop an ideal in vitro liver model that can mimic zonal distribution 

and patterning. Incorporation of proteomic post translational modification analysis and further 

study into the activity of zonally distributed pathways, such as glycogen synthesis, could further 

support the use of physiological culture conditions.  
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3.5 Figures and tables 

Table 3.1. MS/MS Transition monitoring for each drug metabolizing enzyme product using the 8-in-1 cocktail. 

Enzyme Substrate 
Final 

Concentratio
n (μM) 

Product 
Declustering 
Voltage (V) 

Ion 
Mode 

Parent m/z 
Product 

m/z 

Collision 
Energy 

(eV) 

CYP1A2 Phenacetin 100 Acetaminophen 6 Positive 152.2 110 15 

      152.2 65.03 30 

CYP2B6 Bupropion 50 Hydroxy bupropion 6 Positive 256.02 238.1 8 

      256.02 130.1 47 

CYP2C19 (S)-mephenytoin 100 4’- Hydroxymephenytoin 6 Negative 232.9 190.1 19 

      232.9 161.0 25 

CYP2D6 Dextromethorphan 100 Dextrorphan 4 Positive 258.04 157.1 36 

      258.04 199.1 25 

CYP2E1 Chlorzoxazone 15 6-Hydroxychlorzoxazone 2 Negative 184.0 120.1 22 

      184.0 64.0 33 

CYP3A4 Midazolam 5 1-Hydroxymidazolam 

 

6 Positive 342.04 324.1 19 

     342.04 168.1 36 

CYP3A4 Testosterone 

 

50 6-beta-Testosterone 

 

8 Positive 305.2 269.2 13 

    305.2 105.1 36 

SULT 
7-hydroxycoumarin 

100 7-Hydroxycoumarin 

sulfate 

6 Negative 240.7 161.0 20 

    240.7 133.0 34 

UGT 7-hydroxycoumarin 100 7-Hydroxycoumarin 

glucuronide 

6 Negative 337.0 161.0 29 

     337.0 175.0 13 
Table 3. 1 MS/MS Transition monitoring for each drug metabolizing enzyme product using the 8-in-1 cocktail 
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a) 

 
b) 

 
 
Figure 3.1. Representative chromatograms of 8-in-1 drug metabolizing enzyme activity cocktail 

after a 2-hour incubation with HepaRG cells. Samples were injected twice for products to be 

identified with MS/MS in in positive ion mode (a) and negative ion mode (b). 

Figure 3. 1 Represenative chromatograms of enzyme activity assay products 
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Table 3.2 List of 25 genes evaluated in this study. 
 

Gene 
Symbol 

Protein 
abbreviatio

n  
Main Function 

Forward Primer (5’ – 3’) Reverse Primer (5’ – 3’) Efficiency 
(%) 

18sRNA 18s rRNA Ribosome CGCCGCTAGAGGTGAAATTC TTGGCAAATGCTTTCGCTC 107.5 
CYP1A2 CYP1A2 Phase I Enzyme CTTCGGACAGCACTTCCCTG AGGGTTAGGCAGGTAGCGAA 103.9 
CYP2E1 CYP2E1 Phase I Enzyme TTGAAGCCTCTCGTTGACCC CGTGGTGGGATACAGCCAA 109.9 
CYP2C9 CYP2C9 Phase I Enzyme TCCCTGACTTCTGTGCTACATG ACTGGAGTGGTGTCAAGGTTC 113.9 
CYP3A4 CYP3A4 Phase I Enzyme TCACAAACCGGAGGCCTTTT TGGTGAAGGTTGGAGACAGC 100.4 
CYP8B1 CYP8B1 Phase I Enzyme TGCACATGGACCCTGACATC GTGTCAGGGTCCACCAACTC 91.9 
UGT2B4 UGT2B4 Phase II Enzyme ACACATGAAGGCCAAGGGAG GAACCAGGTGAGGTCGTGG 94.3 
SULT2A1 SULT2A1 Phase II Enzyme TGAGGAGCTGAAACAGGACAC AAGTCTTCAGCTTGGGCCAC 106.6 

AHR AhR Transcription Factor CTTCCAAGCGGCATAGAGAC AGTTATCCTGGCCTCCGTTT 101.5 
NR1I3 CaR Transcription Factor TGATCAGCTGCAAGAGGAGA AGGCCTAGCAACTTCGCATA 102.6 
NR1I2 PxR Transcription Factor CCAGGACATACACCCCTTTG CTACCTGTGATGCCGAACAA 104.3 

SLC10A1 NTCP Transporter (Uptake) GGGACATGAACCTCAGCATT  CGTTTGGATTTGAGGACGAT 101.4 
SLC22A1 OCT1 Transporter (Uptake)  TAATGGACCACATCGCTCAA  AGCCCCTGATAGAGCACAGA 104.5 
SLCO2B1 OATP2B1 Transporter (Uptake) TGATTGGCTATGGGGCTATC CATATCCTCAGGGCTGGTGT 106.5 
SLOC1B1 OATP1B1 Transporter (Uptake) GCCCAAGAGATGATGCTTGT ATTGAGTGGAAACCCAGTGC 97.3 

ABCB1 P-gp Efflux Pump GCCAAAGCCAAAATATCAGC TTCCAATGTGTTCGGCATTA 93.6 
ABCC2 MRP2 Transporter (Excretion) TGAGCAAGTTTGAAACGCACAT  AGCTCTTCTCCTGCCGTCTCT 99.6 
ABCC3 MRP3 Transporter (Excretion) GTCCGCAGAATGGACTTGAT TCACCACTTGGGGATCATTT 108.5 
ABCG2 BCRP Transporter (Excretion) TGCAACATGTACTGGCGAAGA TCTTCCACAAGCCCCAGG 101.5 
ICAM1 ICAM-1 Cell-Cell Interaction GGCCGGCCAGCTTATACAC  TAGACACTTGAGCTCGGGCA 101.9 

KRT19 CK-19 Biliary-like/Progenitor  
Cell Marker 

TTTGAGACGGAACAGGCTCT AATCCACCTCCACACTGACC 100.8 

ALB Albumin Globular Protein TGAGCAGCTTGGAGAGTACA GTTCAGGACCACGGATAGAT 124.1 

TJP1 ZO-1 Tight-Junction CGAGTTGCAATGGTTAACGGA  TCAGGATCAGGACGACTTACT
GG 

106.9 

HIF1A HIF1a Transcription Factor CATAAAGTCTGCAACATGGAAGGT ATTTGATGGGTGAGGAATGGG
TT 

100.9 

CAIX CAIX 
Hypoxia  

Responsive Element  
(Hydration catalyst) 

GGGCCCGGAAGAAAACAGT TCTTCCAAGCGAGACAGCAAC 104.8 

Table 3. 2 List of 25 genes evaluated in this study 
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Figure 3.2.  Variability of LC-MS/MS detection of the eight CYP cocktail products. A mixture 

of the nine products were injected ten times in sequence; 7-hydroxycoumarin Sulfate was 

undetectable and therefore not shown. Each injection was normalized to the average peak area of 

the substrate. Plotted is a Turkey box and whisker plot.  Four standard deviations, accounting for 

99.99% of deviation on a normal bell curve, was calculated to be a fold change of 1.25 and 0.8, 

represented by the black dotted lines.Figure 3. 2 Variability of LC-MS/MS detection of the eight 

CYP cocktail products 
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Figure 3.3. Experimental workflow comparing the responses of HepaRG cells exposed to 

different culture conditions where cells were maintained as monolayer on collagen I slabs. (a) 

Collagen slabs (2 mg/mL) coated the bottoms of a 12-well plate and allowed to gelate overnight 

(b) The HepaRG cells were seeded onto the collagen slabs and incubated for six days under 

standard culture conditions (20% O2, 5% CO2, and 37 oC) before being placed in at the 

experimental conditions for 48 h: standard (20% O2, 5% CO2), periportal (11% O2, 5% CO2) or 

perivenous (5% O2, 5% CO2, +Wnt). (c) Finally, cell health was evaluated with the CellTiter-Glo 

viability assay and urea secretion with a colorimetric urea assay, CYP activity was quantified 

with LC-MS/MS, and transcriptional regulation was determined with RT-qPCR.  

Figure 3. 3 Experimental workflow comparing the responses of HepaRG cells to physiologically relevant culture conditions 
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Figure 3.4. Assessment of HepaRG cell health and liver specific function after 48 hour in 

physiological conditions. (a) Quantification of ATP concentration using Cell-Titer Glo 2.0 from 

HepaRG cells normalized to the standard culture condition cells. (b) Urea secretion of the 

HepaRG cells quantified with a colorimetric assay (Bioassay Systems). Data points represent the 

individual technical replicates pooled from two biological replicates; the mean was plotted with 

error bars representing the SEM. Significant difference was measured with a one-way ANOVA 

analysis. 

Figure 3. 4 Assessment of HepaRG cell health and liver specific function after 48 hour in physiological conditions 
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Figure 3.5. Widefield images of HepaRG cells grown over 24 days for metabolic competency. 

Over the 14 days displayed above, a clear morphological change can be observed. On day 0 the 

cells appear rounded are shape. On day 7 and 14 the cells are adopting a more cobblestone 

morphology and cord-like network representative of biliary-like and hepatocyte-like 
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morphologies. On day 7 and 14 the HepaRG morphology is similar to that of PHHs. Widefield 

images were collected using a Nikon TE2000 microscope, 10x objective and captured using a 

Photometrics Dyno CCD camera. Scale bars are 100 μm. 

Figure 3. 5 Widefield images of HepaRG cells grown over 24 days 
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Figure 3.6. HepaRG cells were cultured on a collagen slab at standard culture conditions for 24 

days. CYP activity was measured with the 8-in-1 CYP cocktail every 4 days and activity was 

normalized to day 1 measurements. Dotted black lines represent 1.25- and 0.8-fold change, those 

associated with a significant difference in activity. Data points represent the average of two 

biological replicates. 

Figure 3. 6 Basal drug metabolizing enzyme activity of HepaRG cells over 24 days 
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Table 3.3 Summary of maximal increase in drug metabolizing enzyme activity and day it was 
observed. a 

 

 Day 
Max Activity (Fold 

Change) 

CYP1A2 11 3.73 

CYP2B6 15 1.7 

CYP2C19 11 4.01 

CYP2D6 7 2.35 

CYP2E1 -- N/A 

CYP3A4- Midz 11 2.16 

CYP3A4- Test 11 1.49 

SULT 15 1.15 

UGT 7 1.02 

Table 3. 3 Summary of maximal increase in drug metabolizing enzyme activity and day it was observed 

a --/ N/A indicates no increase in enzyme activity was observed over the 24 days. 
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Figure 3.7. Metabolic enzyme activity of HepaRG cells cultured for 6 days followed by 48 hour 

at standard, PP or PV conditions. (a) Enzyme activity was normalized to the average standard 

condition activity for each CYP. (b) Enzyme activity was normalized to the average PP condition 

activity for each CYP; the standard condition was excluded to focus on changes between the PP 

and PV conditioned cells. Dotted black lines represent 1.25- and 0.8-fold change, those 

associated with a significant difference in activity. Bars represent the average ± SEM, from 2 

biological replicates.Figure 3. 7 Comparison of basal drug metabolizing enzyme activity between 

standard, PP, and PV culture conditions 
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Figure 3.8. Transcript-level regulation of HepaRG cells cultured for 6 days followed by 48 hour 

at standard, PP or PV conditions was measured and compared. Transcript level analysis of phase 

I enzymes, phase II enzymes, and receptors compared to the standard conditioned HepaRG cells 

(a) and the PP conditioned HepaRG cells (b). Transcript level analysis of transporters, adhesion 

proteins and hypoxia response proteins were compared to the standard conditioned HepaRG cells 

(c) and the PP conditioned HepaRG cells (d); the standard condition was excluded to focus on 

changes between the PP and PV conditioned cells. Each value is the average of at least one 
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technical replicate, collected from two biological replicates. A fold-change >2 indicates a 

significant increase in expression; <0.50 indicates a significant decrease. The numerical labels 

represent the average fold change using the ΔΔCt method. NF indicates no transcript was 

quantified.  Figure 3. 8 Transcript-level regulation of HepaRG cells cultured at standard, PP, and 

PV conditions 
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Figure 3.9. Basal drug metabolizing enzyme activity of HepaRG cells cultures with L-cell or L-

WRN cell conditioned media. Activity was normalized to the enzyme activity of cells exposed to 

L-cell conditioned media after an 8-day culture period. The grey region of the curve represents 

1.25- and 0.8-fold change, those bars outside of this region are considered a significant 

difference in activity. 

Figure 3. 9 Basal drug metabolizing enzyme activity of HepaRG cells cultured with L-Cell and L-WRN cell conditioned media 
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CHAPTER 4: ASSESSMENT OF LIVER-SPECIFIC FUNCTION WITH HEPARG 
CELL MONOLAYERS CULTURED ON COLLAGEN SCAFFOLDS SPANNING A 

RANGE OF PHYSIOLOGICAL STIFFNESS 
 

4.1 Introduction 

In the drug development pipeline, new chemical entities with therapeutic potential 

undergo a series of in vitro assays to determine their suitability for pre-clinical (animal) and 

clinical (human) trials. In addition to targeting a particular pathway or disease state, the 

adsorption, distribution, metabolism, excretion, and toxicity (ADMET) of each chemical entity is 

evaluated throughout the development pipeline.1 The liver is the primary site of drug metabolism 

and a crucial component in early stage assessments of predominate metabolic pathway, potential 

drug-drug interactions, and hepatotoxicity of the parent molecule and its metabolites.2 To be 

predictive of in vivo responses, cell-based assays require cell types with similar metabolic 

competencies as the primary human hepatocytes (PHHs), expressing equivalent basal phase I and 

phase II metabolizing enzyme activity and an inducible response to a similar magnitude. 

Metabolic competency is characterized by the activity of phase I and II metabolic enzymes.3 

Phase I metabolism is accomplished by the cytochrome P450 (CYP) enzyme family. Phase II 

metabolism involves a number of enzyme families capable of appending hydrophilic molecules 

to the drug molecules, these enzymes include both UDP-glucuronosyltransferases (UGTs) and 

sulfotransferases (SULTs). Standard assays have been developed to quantify the activity, 

induction, and inhibition of phase I and II enzymes.4 These assays determine the metabolic 
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competency of cells, either as a quality control or when evaluating new cell lines or culture 

conditions.  

Current cell-based drug toxicity assays rely on two-dimensional (2D) cell culture formats 

in which primary human hepatocytes (PHHs), immortalized cell lines derived from the liver, or 

induced pluripotent stem cells are maintained on plasticware.5 PHHs are the current gold 

standard for drug metabolism and toxicity studies. Despite the easy use and throughput potential 

of the 2D cultures, the inability of this culture format to mimic structural components of the liver 

tissue often result in poor predictions of hepatotoxicity and drug-induced liver injury.6 One 

structural limitation of 2D cultures is the reduced number cell-cell and cell-extracellular matrix 

(ECM) contacts that form on planar surfaces as compared to in vivo tissue organization. 

Furthermore, monolayer culture formats result in decreases liver-specific functions and gene 

expression, ultimately resulting in rapid de-differentiation of PHHs and reduced CYP activity, 

inducibility, and inhibition.7–10  

In vitro hepatotoxicity models that employ three-dimensional (3D) culture platforms 

provide environments that sustain PHH differentiation and function for longer periods than 2D 

cultures;11,12 these 3D environments also are better able to predict hepatotoxicity.13 The inclusion 

of a 3D microenvironment has been shown to known to influence hepatocyte phenotype by 

alternating gene expression compared to 2D counterparts.14–18 A common method for culturing 

hepatocytes is in a sandwich culture system, where hepatocytes are cultured between two layers 

of ECM. The sandwich culture method has been shown to improve PHH morphology and 

viability, maintain liver-specific function, and improved polarity when compared to those 

cultured with 2D monolayers.19 The liver ECM is made up of fibronectin, laminin, 

peptidoglycans, and collagens; collagens account for about 60% of ECM molecules.20 Because 
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collagen makes up the majority of the liver ECM, is easy to use, and improves stability of 

hepatocyte cultures, collagen is an ideal in vitro ECM mimic.21  

The mechanical properties of the ECM impacts hepatocyte adhesion, motility, growth, 

and differentiation state.22 Tissue stiffness is an important diagnostic for detecting disease states 

in the liver. Healthy liver tissue has stiffness values between 300 Pa to 6 kPa. Increased stiffness 

of the liver is associated with abnormalities such as tumor formation or fibrosis, with ranges 

between 8 – 12.5 kPa being indicative of stage 3 and 4 of fibrosis.22,23 Liver models have 

incorporated synthetic hydrogels composed of polyvinyl alcohol (PVA) or polydimethylsiloxane 

(PDMS) since the stiffness of these materials can be tuned with crosslinking. These styles of 

cultures are a 2.5-dimentional method in which the hepatocytes are grown as monolayer on top 

of a hydrogel and still incorporate cell-ECM interactions similar to the sandwich culture method. 

Xia et al. prepared PVA hydrogels and tuned the stiffness by crosslinking the surface with 

glutaraldehyde; the PVA was then coated with fibronectin to promote cell attachment of the 

immortalized hepatocyte line L-02. They concluded that the stiffer PVA surfaces impaired 

migration and albumin production and promoted apoptosis.24 Natarajan et al. cultured PHHs on 

various PDMS scaffold prepared with different ratios of Sylgard precursors to adjust the 

stiffness; PDMS scaffolds were coated with collagen to promote cell adhesion. The PHHs 

cultured on softer scaffolds maintained greater hepatocyte function (albumin and urea secretion, 

CYP activity, and cell morphology) than the stiffer scaffolds.25 

In this work, we prepared collagen I scaffolds and tuned their stiffness with a 

combination of neutralization and chemical crosslinking techniques, followed by evaluating the 

metabolic profile of HepaRG cells cultured on the scaffolds at physiological stiffness. To ensure 

that the cells were exposed to similar chemical environments and attribute changes in cellular 
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drug metabolic activity to stiffness, each scaffold was coated with a thin layer of unmodified 

collagen before attaching the differentiated HepaRG cells. We chose the HepaRG cell line 

because their metabolic enzyme profile is similar to that of PHHs and HepaRG cells exhibit 

hepatocyte-like and other biliary-like cell characteristics.26,27 HepaRG cells also express various 

drug metabolizing enzymes, transporters, and nuclear receptors at levels comparable to PHHs.9,10 

To characterize the metabolic activation of HepaRG cells on different stiffness scaffolds within 

the healthy liver range, we analyzed the basal metabolic activity of drug metabolizing enzymes, 

acute CYP induction, and transcriptional regulation.  

 

4.2 Materials and methods 

4.2.1 Chemicals 
 

All chemicals and reagents were used as received unless otherwise specified. Cell culture 

medium and supplements were purchased from Gibco, except for those used in the maintenance 

of the Cryo Human Hepatocytes and HepaRG cell line (Lonza). Collagen I (rat tail) was 

purchased from Corning; 12-well CellAdhere Collagen I-coated flat bottom plates were 

purchased from Stem Cell Technologies. Chlorzoxazone, dextromethorphan (hydrobromide 

hydrate), (S)-mephenytoin, midazolam, testosterone, rifampicin, and O-[(3,4-

dichlorophenyl)methyl]oxime 6-(4-chlorophenyl)-imidazo[2,1-b]thiazole-5-carboxaldehyde 

(CITCO) were purchased from Cayman Chemical Company. Dimethyl sulfoxide (DMSO), 2-(N-

morpholino) ethanesulfonic acid (MES) monohydrate, and 7-hydroxycoumarin were purchased 

from Fisher Scientific. Phenacetin, 3-methylcholanthrene (3-MC), and sodium hydroxide 

(NaOH) were purchased from Millipore Sigma. 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide 

hydrochloride (EDC) was purchased from Oakwood Chemical.  
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4.2.2 Collagen scaffold preparation 
 

Collagen scaffolds were prepared in a standard 12-well cell culture plate with either 2 

mg/mL (310 µg of collagen/culture area cm2) or 4 mg/mL (625 µg of collagen/culture area cm2) 

using one of three methods: neutralization (N), neutralization followed by chemical crosslinking 

of the gel’s surface (Nx), or bulk crosslinking of the entire collagen scaffold (X). The neutralized 

collagen scaffolds were prepared by adding NaOH and phosphate-buffered saline (PBS) to a 

solution of acidified collagen. Once neutralized, the collagen solution was added to the 12-well 

plate and gelled overnight at 37°C. The neutralized-crosslinked scaffolds were prepared with the 

same neutralization procedure followed by a 1 hour, room temperature, incubation in 

crosslinking solution. The crosslinking solution contained a 60 mM:15mM ratio of EDC and 

NHS in MES buffer (0.1 M, pH = 5.0). The bulk crosslinked scaffolds were prepared by 

dissolving lyophilized acidic collagen in MES buffer (0.1 M, pH=5.0) to a final concentration of 

5 mg/mL and then mixing with a 60 mM:15mM ratio of EDC and NHS to achieve desired 

collagen concentrations. The bulk crosslinked collagen mixture gelled for 60 min at room 

temperature. Both neutralized-crosslinked and bulk crosslinked scaffolds were placed in reverse 

osmosis water overnight to remove any residual EDC and NHS. 

Each neutralized-crosslinked and bulk crosslinked scaffold after leeching was sterilized 

with a 70% ethanol (v/v) solution for 5 minutes; once the solution was removed the scaffolds 

were placed in the biosafety cabinet for 30 min. Prior to seeding cells, all scaffolds were 

incubated in a solution of collagen I (10 µg/mL) in 1x PBS overnight and then washed with 1x 

PBS. 
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4.2.3 Stiffness measurements 
 
 The Young's modulus of the collagen scaffolds, with the 10 μg collagen I surface coating, 

was determined with a Piuma Nanoindenter (Optics 11 Life) equipped with an indenter tip 

(0.033 N/m) fitted with a glass bead (8 µm radius). The indenter tips were calibrated on a glass 

surface before performing an 8x8 matrix scan in the center of a collagen scaffold. Each 

indentation in the matrix had a spacing of 100 µm to minimize interferences between the 

indentation points. The tips were cleaned between samples with collagenase and rinsed 

thoroughly with water, 70% ethanol, water, and 1X PBS buffer.  

Force curves were acquired with an indentation rate of 500 nm/sec and fitted with the 

Hertz model and a Poisson ratio of 0.5. For the neutralized and neutralized-crosslinked collagen 

scaffolds, the fit was limited to an indentation of 1000 nm. For the bulk crosslinked scaffolds, the 

fit was limited to an indentation of 800 nm. The reported Young’s modulus is the average and 

standard error of the mean of force curve fits for each indentation; any point in the indentation 

matrix whose force curve with a fit of R2 < 0.95 was rejected and not included in these datasets.  

 

4.2.4 Cell culture 
 

Differentiated NoSpin HepaRG Cryopreserved Cells (Lonza Bioscience) were cultured at 

a density of 2.6 x 105 cells/cm2 on each collagen scaffold and maintained at 37 oC and 5% CO2. 

Upon thawing, the cells were maintained for 24 hours in HepaRG medium containing basal 

medium supplement, a thawing and plating supplement, and 1% penicillin–streptomycin. After a 

medium exchange, the cells were maintained in HepaRG medium containing basal medium 

supplement, a maintenance and metabolism supplement, and 1% penicillin–streptomycin. This 

medium was exchanged every 2 – 3 days. For induction experiments, the HepaRG cells were 
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cultured for 6 days, followed by exposure to inducers for 48 hours in the same medium. Stock 

solutions of 3-MC (10 mM), rifampicin (10 mM), and CITCO (1 mM) were prepared in DMSO 

and stored at -20 oC until needed. Each stock was diluted 1:1000 in culture medium and 

compared to a DMSO (0.1% v/v) vehicle control. 

Cryopreserved Human Hepatocytes (Lonza Bioscience) were cultured at a density of 2.6 

x 105 cells/cm2 on each collagen scaffold and maintained at 37 oC and 5% CO2. Upon thawing, 

the cells were maintained for one hour in Hepatocyte plating medium containing plating media 

supplement. After a medium exchange, the cells were maintained in Hepatocyte Culture Medium 

(HCM), supplemented with ascorbic acid, bovine serum albumin -fatty acid free, hydrocortisone, 

human epidermal growth factor (hEGF), transferrin, insulin, and aentamicin/amphotericin-B  

(HCM singleQuot Kit, Lonza). Medium was exchanged every day. Widefield images of the 

PHHs cells were captured with a Nikon TE2000 microscope, 10x objective using a Photometrics 

Dyno CCD camera. 

 

4.2.5 Evaluation of metabolic enzyme activity 
 

Metabolic enzyme activity was evaluated with eight different substrates (Table 4.1).28,29  

The substrates were dissolved in DMSO at 1000X working concentration. The HepaRG cells 

were exposed to culture medium containing the substrates and basal medium supplement for 2 

hours, after which the medium was collected and stored at -20°C until analysis. The cell medium 

was mixed with cold acetonitrile containing known concentrations of isotopically labeled 

standards for each enzyme product at a 1:10 (v/v) ratio. A matrix blank containing fresh culture 

medium was run in parallel. After a 15 min incubation at -20°C, the precipitated protein was 

pelleted at 12,000 xg for 15 min at 4°C, the supernatant collected, and the solvent removed in 
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vacuo. The residual solid was resuspended in 100 μL of HPLC-grade water (Optima) and 

separated on a Waters Acquity UPLC equipped with a BEH C18 column (2.1 x 50 mm, 

1.7 μm) using a binary solvent system of (A) 0.5% formic acid (v/v) in water and (B) 0.5% 

formic acid (v/v) in acetonitrile. The total run time of each separation was nine min, using the 

following gradient profile at a 0.3 mL/min flow rate: 10% B for one min; a linear gradient to 

70% B over 5 min; 95% B for one min; 10% B for two min to wash and re-equilibrate the 

column. We did not observe carry over between sample injection and solvent blanks were 

injected every 10 samples   

Metabolites were detected and quantified with multiple-reaction monitoring on a Thermo 

TSQ Vantage triple quadrupole instrument equipped with a heated electrospray ionization 

(HESI) source set to 300 oC. Two transitions of each product were monitored 

to confirm its identity. The declustering voltage for each was optimized by direct infusion of neat 

solutions (10 µM) in Optima water. Each product’s transition was optimized for collision energy 

and reported in Table 4.1. Other parameters used for all analyses were: spray voltage (4800 V), 

vaporization temperature (300 °C), sheath gas pressure (50 psi), aux gas pressure (15 psi), 

capillary temperature (300 °C), and S-lens RF amplitude (120 V). Nitrogen gas was used for 

sheath, aux, and collision gas. Data were collected and processed with the Xcalibur software 

package. The peak area for each metabolite was averaged across three technical replicates; we 

report the ratio of the average peak area of treatment to the average peak area of vehicle. 

 

4.2.6 Urea production 
 

After collecting the medium for the CYP activity assay, the urea production of the cells 

was analyzed. Prior to collecting urea, each well was washed once with 1X PBS before 
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incubating in fresh HepaRG medium containing basal supplement for 1 hour. The medium was 

collected, and urea concentration quantified with the QuantiChrom Urea Assay (Kit-DIUR-100, 

BioAssay Systems) according to the manufacturer’s protocol. Equal volume of reagent and 

medium was added to each well and the plate was mixed for 50 minutes at room temperature. 

The samples were measured on a SpectraMax i3x Microplate Reader at an optical density of 430 

nm. Samples were compared to a seven-point calibration curve, which was prepared on each 

plate to account for plate-to-plate variation.  

 

4.2.7 Transcript Expression Quantification with RT-qPCR 
 

After collecting culture medium for CYP activity and urea measurements, the cells were 

washed and lysed using a TRIzol Plus RNA purification kit (ThermoFisher), according to the 

manufacturer’s suggested protocol. The TRIzol reagent was added directly to the cells and 

agitated for 10 minutes prior to RNA isolation. Reverse Transcriptase PCR was performed 

immediately after RNA isolation using the RNA isolation with a High-Capacity cDNA Reverse 

Transcription Kit (ThermoFisher) in an Eppendorf Master Cycler. 

Table 4.2 lists the primer pair sequences, optimal concentration, and reaction efficiency 

(90-110%) of each gene of interest. Amplification reactions were performed with PowerUp 

SYBR Master Mix (ThermoFisher), in a 384-well plate, on a QuantStudio 6 Flex Real-Time 

PCR system. Each sample was measured in triplicate, using the following program: 95 °C for 60 

sec, 40 cycles of 95 °C for 2 sec, and 60 °C for 30 sec. Each transcript was quantified using the 

∆∆Ct method against 18sRNA.30 
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4.2.8 Cell viability 
 

Viability was measured with the CellTiter96 AQueous One Solution Cell Proliferation 

(MTS) assay (Promega) after assessing enzyme activity and collecting culture medium for urea 

quantification. Prior to analysis, the cells were washed with 1X PBS. Working MTS assay 

solution was prepared by diluting the MTS reagent 1:5 (v/v) into HepaRG medium containing 

basal supplement. The cells were incubated at standard culture conditions for 2 hours, aliquots 

(100 µL) of medium transferred to a clear bottom 96-well plate, and absorbance values at 490 

nm measured on a SpectraMax i3x Microplate Reader. 

 

4.2.9 Statistical Analysis 
 

Cell-related datasets are reported as the average and standard error of the mean (SEM) of 

at least two separate vials of differentiated cells, with at least two technical replicates per vial. 

All data were analyzed with GraphPad Prism 7. Statistically significant differences correspond to 

a p-value of ≤ 0.05. To assess CYP activity, peak area or each metabolite product was 

normalized to a particular experiment condition, a normalized activity greater than 1.25 or less 

than 0.8 was considered significant since the LC-MS/MS peak area is highly reproducible, and 

1.25/0.8 is statistically significantly outside of normal variability range as measured in Chapter 3. 

For transcriptional regulation, a fold-change of greater than 2.0 was considered significant. 
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4.3 Results and Discussion 

 
 Figure 4.1 summarizes the experimental workflow used to compare liver-specific 

function, metabolic enzyme activity and transcriptional regulation between HepaRG cells 

cultured on different collagen scaffolds. 

 

4.3.1 Changing collagen density and the amount of chemical crosslinking can be used to 
tune the stiffness of collagen scaffolds 
 

Uniform collagen slabs were used as the ECM for HepaRG cell culture since collagen is 

the most abundant protein in both normal and cirrhotic livers.31 Neutralizing the acid-solubilized 

collagen solution is a common method for generating collagen slabs.32,33 Antoine et al. found the 

majority collagen hydrogels used in cell culture and tissue engineering applications have a final 

concentration of 2 mg/mL, therefore we decided to use this density as a baseline.34 However, the 

stiffness of 2 mg/mL collagen slabs has been reported previously to be 9 – 20 Pa using 

rheometry measurements, which is significantly less stiff than healthy liver ECM (300 Pa – 6 

kPa).35,36  

To prepare stiffer collagen scaffolds within the physiological range we increased collagen 

concentration and degree of cross-linking. Increasing the concentration of collagen in the 

gelation process translates to an increase in the density of collagen fibers. Chemically 

crosslinking the collagen fibers increases the rigidity of the gel with bifunctional linkers, which 

promotes the formation of amide bonds between carboxylic acids and free amines on the surface 

of collagen fibers.37 The baseline scaffold we prepared was 2 mg/mL of neutralized collagen 

(N2) as it is the most commonly used scaffold. We evaluated the effects of crosslinking the 

surface of the 2 mg/mL collagen scaffolds (Nx2) in combination with increasing collagen density 
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using a 4 mg/mL collagen slab (Nx4). We also evaluated the effect of crosslinking the entire 

scaffold by dissolving lyophilized collagen fibers in crosslinker resulting in a 2mg/mL scaffold 

prepared exclusively by crosslinking (X2). We evaluated how the degree of crosslinking effects 

stiffness by comparing N2, Nx2, and X2; we also can determine the effects of collagen density 

by comparing the Nx2 and Nx4 scaffolds. Lastly, all scaffolds received a thin layer of collagen 

(10 μg) on top. 

The stiffness of the four scaffolds and a commercial collagen plate was measured with a 

nanoindentor by assessing 64 points in an 800 x 800 μm array (Figure 4.2). The individual force 

curves were fit to a Hertz model. Neutralization of collagen results in the most pliant surface 

with a stiffness of 28.8 Pa; this collagen scaffold was included in our studies despite its non-

physiological relevance because it is a common method of preparation used in other works and 

an important point of comparison. Cross-linking the surface of the N2 collagen scaffold 

increased its stiffness approximately four-fold (116.1 Pa); this scaffold was included because it 

allows a direct comparison to the N2 scaffold based on their similar densities. Crosslinking the 

surface of the 4 mg/mL collagen scaffold (Nx4) resulted in a physiologically relevant stiffness of 

882.3 Pa, as did the bulk crosslinked (X2) scaffold of 2 mg/mL (4190 Pa). Increasing collagen 

density increases the amount of fibers within the collagen scaffold; doubling the density of 

collagen fibers, from Nx2 to Nx4, the stiffness increases about 7.5-fold and modulates stiffness 

within one order of magnitude. The degree of crosslinking between the N2, Nx2 and X2 

scaffolds indicate an order of magnitude change with increasing degrees of crosslinking. The 

surface crosslinking (Nx2) increased stiffness about 4.0-fold, while bulk crosslinking (X2) 

increased stiffness by 145.5-fold. These comparisons of density and crosslinking suggest that 

stiffness can be tuned by orders of magnitude with crosslinking and finely-tuned by increasing 
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the density of collagen. The commercial collagen coated plate has a surface stiffness of 18780 

Pa, a stiffness that corresponds to late stage liver fibrosis (8-12.5 kPa)22,38. 

  

4.3.2 The viability and urea production of the HepaRG cell line and PHH is unaffected by 
culture surface stiffness 
 

Before cells were seeded onto each scaffold a thin layer of collagen (10 μg) was added on 

top to allow for uniform integrin distribution on the surface of each scaffold enabling cell 

binding across all scaffolds, independent of mechanical or chemical modifications. Also, the 

thin-layer of collagen ensures the same density of binding motifs, circumventing effects cross-

linking would have on cellular behavior.39 HepaRG cells were cultured on each of the scaffolds 

for 8 days; PHHs were cultured on the scaffolds for 4 days. Hepatocyte viability was measured 

with an MTS assay and liver specific function was assessed by quantifying urea secretion. 

Figure 4.3 compares the viability of the HepaRG and PHHs on each collagen scaffold; 

each value is normalized to N2 scaffold to compare viability as a function of increasing surface 

stiffness. This data shows that all three scaffold preparations are cell-compatible, and that 

substrate preparation, sterilization, and stiffness does not induce cellular death. Xia et al. 

reported similar findings for L-02, an immortalized human hepatocyte line, cultured on three 

different polyvinyl alcohol hydrogels with stiffness values of 4800, 21,270, and 45,210 Pa.24 

Collagen stiffness also did not affect urea production in either the HepaRG or PHH cells. The 

HepaRG cells on the collagen scaffolds secreted an average of 0.0066 ± 0.0002 mg/mL/hr/106 

cells; the HepaRG cells secreted significantly less urea on the commercially coated collagen 

plates (0.0035 mg/mL/hr/106 cells). The PHHs secreted statistically equivalent amounts of urea 

on each substrate, including the commercially coated collagen plates, at a rate of 0.0035 ± 

0.0006 mg/mL/hr/106 cells. These urea concentration values were collected from incubating 1 
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million cells in 1 mL of culture medium for 1 hour. Images were collected on day 1, 2 and 4 of 

the PHHs on each scaffold type (Figure 4.4); on day 2 and 4 the PHHs developed a cobblestone 

layout characteristic of healthy hepatocytes on each collagen scaffold. 

The combination of both datasets suggests that the liver specific function of the HepaRG 

cells and PHHs is unaffected by underlying collagen scaffolds whose stiffness is less than or 

equal to physiological range associated with healthy liver tissue. Natarajan and colleagues 

measured urea secretion of PHHs cultured on collagen-coated PDMS slabs with stiffness values 

ranging between 2.36 – 3.00x106 kPa over a 7-day period. Initially urea secretion was equivalent 

across the PDMS slabs, however it decreased as a function of stiffness with increasing culture 

periods. On day 7, the difference between cells on the 2.36 kPa scaffold (155.4 μg/mL/million 

cells) was significantly greater than on the 3x106 kPa scaffold (74.5 μg/mL/million cells).25 

Therefore, there is precedent for impaired urea secretion of hepatocytes cultured on surfaces 

whose stiffness is orders of magnitude above a physiological range, however within a range of 

stiffness found in a healthy liver urea secretion is unchanged.  

 

4.3.3 Trends in time-dependent basal metabolic enzyme activity of HepaRG cells is the 
same across all scaffolds 
 
 Jackson et al. found that basal level drug metabolic activity of cryo-preserved HepaRG 

cells cultured on commercial collagen coated plates varied over 22-day period;3 they 

hypothesized these dynamic changes were due to de- and redifferentiation of the cells over the 

culture period stemming from high concentration of DMSO in metabolism and differentiation 

media. To determine if stiffness of the underlying ECM affects baseline drug metabolic activity, 

we evaluated HepaRG cells on each collagen scaffold, measuring the enzyme activity over a 24-

day period. Enzyme activity was quantified with an 8-in-1 cocktail containing seven CYP-



	

 132 

specific substrates as well as a substrate for the phase II SULT and UGT families. The 

production of each metabolite was quantified with LC-MS/MS using multiple-reaction 

monitoring.  

Figure 4.5 shows the basal drug metabolic activity over time of all four scaffolds; these 

values are normalized to day 1, allowing for overall changes in activity to be assessed as a 

function of time. The trends in enzyme activity are similar across all four collagen scaffolds. The 

drug metabolic activity is relatively unchanged during the first 4 days after plating, followed by 

an increase in activity until day 11. After day 11, the enzyme activity decreases until day 24. The 

maximum activity for each enzyme, as well as the maximum change in activity, for each 

collagen scaffold is summarized in Table 4.3. CYP1A2 activity highlights the activity trends 

over time for all scaffolds, on day 4 activity is relatively unchanged from the day 1 baseline. On 

day 7, activity increased by an average of 2.15-fold for all scaffolds and continued to increase to 

a peak on day 11 at 4.37, 3.08, 2.16, and 3.94-fold for N2, Nx2, Nx4 and X2, respectively. 

CYP1A2 activity decreased after day 11. This activity trend was observed in CYP2B6, 2C19, 

2D6 and 3A4 (midazolam oxidation); measure activity did not changes with time for CYP2E1, 

SULT and UGT. 

These data agree with the results obtained in Chapter 3, that HepaRG cultures prepared as 

monolayers on ECM-coated plates or scaffolds can maintain drug metabolic activity until day 11, 

after which is a rapid decline in activity. The trends in basal metabolic enzyme activity over the 

24-day culture period appears to be stiffness-independent. This could mean that drug 

metabolizing enzyme expression and activity is decoupled from surface stiffness. These results 

could also suggest that the interaction with the underlying ECM is a determining factor in 

metabolism, as the cells were in direct contact with the thin layer of collagen at the same density 
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and composition. The thin layer of collagen enables the cells to “feel” the stiffer scaffolds while 

keeping the cell-ECM contact consistent across each slab. Wang observed that CYP3A4 and Alb 

expression in the Huh-7.5 hepatocarcinoma cell line were markedly different when cultured on 

collagen or fibronectin; these genes are indicative of metabolic function and cellular health.40 

This study also found the cells produced significantly more albumin when cultured on 

fibronectin indicating that the ECM composition ins an important factor of in vitro hepatocyte 

cultures.  

 

4.3.4 Basal drug metabolic activity of HepaRG and PHHs is differentially expressed 
depending on scaffold stiffness 
 

4.3.4.1 HepaRG cells 

The metabolic enzyme activity (Figure 4.6) and transcriptional regulation of metabolic 

enzymes (Figure 4.7a) were quantified in HepaRG cells after an 8-day incubation. When 

compared to cells maintained on the N2 scaffolds, CYP1A2, 2C19, 2E1, and SULT activity were 

unchanged on the other collagen scaffolds and in the commercially coated collagen plates. The 

transcript number for CYP1A2, 2C19, and 2E1 were also unchanged; CYP2E1 was significantly 

downregulated at the stiffer surfaces (Nx4, X2 and the CCP) and indicates that activity is likely a 

consequence of translational regulation. We probed a single SULT transcript (SULT2A1) as a 

representative of the family. The significant upregulation of SULT2A1 could indicate alternative 

regulatory pathways influence SULT translation, although it could also indicate that SULT2A1 is 

not representative of the other family members. CYP2B6 activity was unchanged on the collagen 

scaffolds, however, it was significantly downregulated (0.65-fold change) on the commercial 

collagen plate. Gao et al measured clearance of CYP-specific substrates from microsomes 
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prepared using patient liver samples identified to be fibrotic or cirrhotic and compared to healthy 

controls. They use the clearance data to calculate difference in CYP activity between healthy and 

diseased state livers in vivo and they concluded that CYP1A2, 2B6, 2C19, and 3A4 were 

significantly lower in fibrotic/cirrhotic tissue.41 

A second grouping of enzymes is CYP2D6 and 3A4, whose activity was unchanged on 

Nx2 and Nx4 scaffolds; downregulated on the X2; and upregulated on the commercial plate. The 

X2 scaffold downregulation was 0.70-, 0.74- and 0.73-fold change for CYP2D6, 3A4 probed 

with midazolam (3A4-Midz), and 3A4 probed with testosterone (3A4-Test), respectively. On the 

commercial collagen plate there is a 1.22-, 1.40- and 1.37-fold increase for CYP2D6, 3A4-Midz, 

and 3A4-Test, respectively.  These trends for CYP3A4 are also observed in the transcriptional 

regulation in which there is an observed downregulation on the X2 scaffold.  The shared 

transcriptional and activity decreases of CYP2D6 and 3A4 was previously observed by Fisher et 

al, who quantified the amount of CYP2D6 and 3A4 enzymes with western blot from healthy or 

diseased (inflamed and fibrotic) liver explants.42 This could be explained by increased 

interleukin-6 (IL-6) or activation of a similar signaling pathway as increased concentrations of 

IL-6 has been associated with downregulation of CYP2D6 and CYP3A4 transcript.43 IL-6 is a 

proinflammatory cytokine that has been associated with liver fibrosis.44 

The UGT enzyme family activity increase was about the same for the stiffer collagen 

scaffolds with an average increase of 1.77± 0.21-fold. This aligns with UGT2B4 transcriptional 

upregulation; Nx2 and X2 were upregulated about the same at 5.35 and 6.44-fold while Nx4 was 

upregulated significantly more by 11.63-fold. The UGT activity and transcript on the commercial 

collagen plate is unchanged from the N2 scaffold. There has been limited literature into stiffness 
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effects, and fibrosis/cirrhosis effect on UGT activity; however, one report concluded no changes 

in UGT2B7 activity in fibrotic liver.45 

 

4.3.4.2 PHHs 

The metabolic enzyme activity (Figure 4.8) and transcriptional regulation of metabolic 

enzymes (Figure 4.7b) were quantified in PHHs after an 8-day incubation. When compared to 

cells cultured on the N2 scaffolds, stiffness of the underlying Nx2, Nx4, and X2 ECM had no 

significant effect on the activity of CYP2B6, 2C19 and 2E1. This trend corresponds with our 

observations in the HepaRG cells and suggests the translation of these CYPs is not affected by 

ECM stiffness. The transcriptional regulation of these enzymes also mirrors the HepaRG cells, 

with a significant downregulation in CY2E1 expression with increasing substrate stiffness. On 

the commercial collagen plates, the activity of CYP2B6 and CYP2E1 were unchanged. 

Increased ECM stiffness of the Nx2, Nx4, and X2 resulted in decreased CYP1A2, 2D6, 

3A4-Midz, SULT and UGT activity. The decrease in activity of these enzymes does not appear 

to be dependent on the magnitude of stiffness surface, but rather a universal decrease in activity 

at Nx2, Nx4 and X2 scaffolds. Decreases in activity correlate consistently across each stiffness 

scaffolds in the down regulation of transcripts for all enzymes except for UGT2B4, which was 

only downregulated on the Nx2 scaffolds; the expression level of UGT2B4 on the Nx4 and X2 

scaffolds was indistinguishable from cells on the N2 scaffolds. On the commercial collagen 

plate, CYP2C19, 2D6, and 3A4-Test activity was increased. Interestingly, the transcript 

regulation trends observed with PHHs cultured on prepared scaffolds and the commercial 

collagen plates is similar, which could indicate that the PHHs respond similarly to stiff scaffolds 
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until a particular point- potentially under 30 Pa like the N2 scaffold- in which the cell’s behavior 

changes.   

A potential explanation for these changes, in both HepaRG and PHHs, is the cells 

recognize the stiffer surfaces as inflamed or “unhealthy” causing the hepatocytes to illicit an 

immune response to signal help from non-parenchymal and immune cells. Furthermore, the 

sensitivity of PHHs in comparison to HepaRG cells to surface stiffness is displayed in the overall 

trends of the enzyme activity and transcriptional data, in which the PHHs enzyme activity and 

transcript was downregulated on the Nx2 scaffold. The HepaRG cells didn’t have significant 

transcriptional downregulation or decreased enzyme activity until higher surface stiffness on the 

X2 scaffold. 

 

4.3.4.3 Hepatocytes could recognize the increased ECM stiffness as inflammation of an 
immune response 

  
The observed transcript and activity changes for the various metabolizing enzymes could 

indicate that cellular ECM stiffness modulates some of the metabolizing enzyme’s 

transcriptional regulation and activity; this has been previously measured in fibrotic/cirrhotic 

livers and summarized in a review by Cobbina.45 Looking into liver physiology, increased liver 

stiffness is associated with fibrosis and cirrhosis; a leading cause of fibrosis and cirrhosis is 

chronic liver inflammation.46 This results in the liver actively sending signals to the body to 

mount an immune system response, which is usually mediated by nonparenchymal cells. The 

signaling molecules of an immune response are known as cytokines such as interleukins-1b (IL-

1b), interleukin-6 (IL-6), and tumor necrosis factor-α (TNF-a). It has been observed that in 

response to liver injury and inflammation, stellate cells and hepatocytes secrete mediators and 

cytokines to modulate the immune response. 47,48 Rowell and colleagues concluded that 
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hepatocytes cultured in vitro can secrete various cytokines and modulate the quantity of these 

cytokines in response to the environment. Rowell induced cytokine production with bacterial 

infections and proinflammatory signaling.49 One example of the effect these cytokines have on 

hepatocytes was displayed by Hakkola et al., who showed that CYP2E1 expression was 

downregulated in the presence of interleukin- 1b, TNF-a, and IL- 6.50 Another example is by 

Kim et al., who observed that increased concentrations of IL-6 was associated with 

downregulation of CYP2D6 and CYP3A4 transcript.43 These literatures suggest that HepaRG 

cells cultured on the stiffer surfaces could recognize the stiff surface as “liver injury” and 

therefore send inflammatory signals to illicit an immune response, which ,in turn, inhibits or 

induces metabolic enzyme transcripts.  

 

4.3.5 HepaRG cells inducibility is unaffected by the culture stiffness 

The inducibility of the HepaRG cells on the various scaffolds was determined by 

exposing the cells to: 3-methylcholanthrene (3-MC), a known inducer of aryl hydrocarbon 

receptor (AhR) which upregulates the expression of CYP1A2 transcript; rifampicin (Rif), a 

known inducer of the pregnane X receptor (PxR), which upregulates the expression of CYP3A4, 

2C19, and UGT1A family; CITCO, a known inducer of receptor constitutive androstane receptor 

(CaR), which upregulates the expression of CYP2B6. After a 48-hour exposure each inducer, 

metabolic enzyme activity (Figure 4.9) and transcriptional regulation (Figure 4.10) were 

measured.  

Exposure to 3-MC did not increase CYP1A2 activity as expected, with only cells on the 

N2 scaffold experiencing a discernible change (1.47-fold change) from the vehicle control. 

CYP1A2 activity between the induced and vehicle controls were indistinguishable on the Nx2, 
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Nx4 and X2 scaffolds; cells on the commercial collagen plate had reduced CYP1A2 activity 

(0.40-fold) compared to the vehicle.  Transcript analysis confirmed the activity of 3-MC by 

upregulating CYP1A2 as expected. The extent of upregulation is stiffness-dependent with a 25.6-

fold increase on the N2 scaffold, a 17.58-fold increase on the Nx2 scaffold, a 33.13-fold increase 

on the Nx4 scaffold, a 10.06-fold increase on the X2 scaffold, and a 3.07-fold increase on the 

commercial plates.  

Rifampicin induced CYP3A4 activity on all scaffolds when measuring the testosterone 

oxidation, however activity probed with midazolam oxidation only indicates increased CYP3A4 

activity on the X2 scaffolds and the commercial collagen plate. CYP3A4 activity increased on 

the N2 scaffold, by 1.23 and 1.00-fold when probed with testosterone and midazolam, 

respectively. On Nx2, 1.28 and 1.03-fold; on Nx4, 1.25 and 1.05-fold; on X2, 1.39 and 1.26-fold; 

and on the commercial collagen plate, 1.71 and 1.31-fold, probed with testosterone and 

midazolam, respectively. CYP2C19 activity was induced on only the X2 scaffold; UGT activity 

was unchanged on all scaffolds in the presence of rifampicin. These results suggest that the 

inductive potential of rifampicin on enzyme activity is somewhat effective for CYP3A4-Test, 

albeit slightly higher than when probed with midazolam. The HepaRG cells inductive potential 

with rifampicin might be preferential to stiffer scaffolds since CYP3A4 and 2C19 activity was 

increased more on the X2 and commercial plate. There also was not clear trend in transcriptional 

regulation of CYP3A4, CYP2C9 and UGT2B4 when comparing the results for each scaffold. For 

the N2 and Nx4 scaffolds, rifampicin downregulates CYP2C9 and UGT transcript, but has no 

effect on CYP3A4 genes (N2: 0.87-, 0.27- and 0.38-fold change; Nx4: 1.47-, 0.29-, 0.27-fold 

change for CYP3A4, CYP2C9, and UGT, respectively). HepaRG cells on Nx2 and commercial 

collagen plates were unaffected on the transcript level regulation. The cells from the X2 scaffold 
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had upregulated transcript for CYP3A4 and CYP2C9 (5.14-, 2.25- fold change), but 

downregulated UGT2B4 (0.36-fold change), which is contestant with the activity observations. 

Comparing the effect of rifampicin across the scaffolds, we compared the inducibility of 

CYP2C9. In the presence of rifampicin, on the N2 scaffolds, CYP2C9 was downregulated 0.27-

fold; on Nx2 a 1.20-fold upregulation; on Nx4 a 0.29-fold downregulation; on the X2 a 2.25-fold 

upregulation; and on the commercial collagen plate a 1.46-fold upregulation. The effect of 

rifampicin on the HepaRG cells is dependent on scaffold stiffness in which stiffer scaffolds (X2) 

exhibit an inductive effect while softer scaffolds (N2 and Nx4) exhibit an inhibitory effect. These 

transcriptional trends are also correlated with enzyme activity where the stiffer scaffolds have 

increased activity. This could suggest that the surface stiffness is modulating the effect or 

sensitivity of the cells to extracellular inducers.  

Exposure to CITCO did significantly increase the activity of CYP2B6 in cells on all 

scaffolds on average 1.56±0.06 -fold, as expected. However, we did not measure increased 

CYP2B6 activity on the commercial collagen plate. We measured the transcriptional regulation 

of CaR protein (gene name NR112) to confirm activity of CITCO, but there was no consistency 

with increase on the transcript level. NR112 was unaffected in cells cultured on the N2, Nx2 and 

X2 scaffolds, and upregulated on the Nx4 (3.36-fold increase) and commercial collagen plate 

cultured cells (2.25-fold increase). The inconsistency of upregulation could be a result of 

measuring the receptor transcript rather than CYP2B6 directly.  

The discrepancy between activity and transcript is interesting because on the transcript 

level, the HepaRG cells responded as expected in the presence of the respective inducer. 3-MC 

had expected inductive effects at the transcript level but failed to increase CYP1A2 activity on 

stiffer scaffolds. Rifampicin had inconsistent inductive effect at the transcript level and increased 
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activity only in the cells cultured on the stiffer surfaces (X2 and commercial collagen plate).  The 

inducible effect of CITCO on CYP2B6 activity is unmodulated by culture stiffness as the 

increase in CYP2B6 activity was uniform all collagen scaffolds. The magnitude of inductive 

effect the three inducers have on the cells could be modulated by the effect the surfaces have on 

the cells. The different ECM stiffness scaffolds could be influencing how the cells are regulating 

pathways such as post-translational modifications on the enzyme level or post-transcriptional 

regulation of mRNA.  

 

4.4 Conclusions and future work 

This study compared HepaRG cells cultured on different collagen scaffolds ranging in 

stiffness from below to above healthy liver stiffness. HepaRG cells were plated onto collagen 

scaffolds and cultured for eight days. We measured cell health and viability, metabolic changes 

over 24 days, basal and induced metabolic enzyme activity, and transcriptional regulation. We 

also evaluated PHHs basal metabolic enzyme activity and transcriptional regulation on the 

different collagen scaffolds. 

ECM stiffness has little influence on the transcriptional regulation and activity of drug 

metabolizing enzymes in HepaRG cells. On the transcriptional level, metabolic enzyme 

transcripts were relatively unchanged, except in the Nx4 (4190 Pa) scaffold in which there was 

significant downregulation. The drug metabolic enzyme activity trends for each enzyme were 

unique; however, the overall trend in HepaRG cells was that activity remain unchanged with 

increasing stiffness of the physiological stiffness scaffolds (N2, Nx2, Nx4 and X2). We observed 

conflicting activity trends between the collagen scaffolds and commercial collagen plates for 

CYP2B6, CYP3A4, and UGT. Across all measurements of liver specific function (urea 
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production, basal and time dependent metabolic enzyme activity, and transcript analysis), the 

HepaRG cells behave similarly across all scaffolds we evaluated. This suggests that the HepaRG 

cells are relatively insensitive to a wide range of ECM stiffness.  

On the other hand, the PHHs were more sensitive to changes in ECM stiffness. This is 

clear from the transcript analysis, in which most of the measured drug metabolism enzyme genes 

were significantly downregulated in all stiffnesses above N2. Furthermore, the basal metabolic 

enzyme activity for CYP1A2, 2C19, 2D6, 3A4, SULT and UGT were significantly 

downregulated on the stiffer collagen scaffolds. The PHHs did behave differently on the 

commercial collagen plates in which we observed increased activity for CYP2C19, 2D6, and 

3A4. All in all, the significant transcriptional downregulation and drug metabolizing enzyme 

activity decreases between N2 and Nx2 (a difference of 86.3 Pa) indicates that small stiffness 

changes can have dramatic effect on PHHs drug metabolizing enzyme profile. 

Overall, the ECM stiffness has little effect on HepaRG cells for ECM within the large 

range of healthy liver stiffness (300-8000 Pa), but ECM stiffness should be taken into account 

for PHHs. The HepaRG cells are more resilient to ECM stiffness changes indicating that any 

physiological ECM stiffness will result in constant liver-specific function. In future studies, 

changing ECM stiffness is not necessary to assess an ideal liver model. An important insight we 

have highlighted, though, is that quantification of both enzyme activity and transcriptional 

regulation is necessary to assess changes in hepatocyte metabolic profile. While zonation has 

been observed at the transcriptional level, this work emphasizes transcriptional and enzyme 

activity changes do not always align, suggesting there are alternative regulatory pathways that 

must be considered in vitro. Some pathways to consider are post-transcriptional regulation, post-

translational modification, and enzyme kinetics. 
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Analysis of this work led to the hypothesis that hepatocytes could recognize increasing 

surface stiffness as an inflammatory immune response, as evident by downregulation of nuclear 

receptor transcripts. Physiologically, Wang et al. measured the difference between healthy and 

fibrotic rat livers. They measured fibrotic liver at 1.8 kPa and healthy liver at 1.5 kPa- a 20% 

increase in overall liver stiffness.51 The decrease in metabolic enzyme transcripts as ECM 

surface stiffness increases could be explained by the hepatocytes recognizing the stiff surface as 

a chronic inflammatory response causing the release of cytokines. If this is the case, then 

modulating ECM stiffness and composition would be beneficial to understand the effect chronic 

inflammation has on hepatocyte function. 
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4.5 Figures and tables 

Table 4.1. MS/MS Transition monitoring for each drug metabolizing enzyme product using the 8-in-1 cocktail. 

Enzyme Substrate 

Final 

Concentration 

(μM) 

Product 

Decluste

ring 

Voltage 

(V) 

Ion 

Mode 

Parent 

m/z 

Product 

m/z 

Collision 

Energy (eV) 

CYP1A2 Phenacetin 100 Acetaminophen 6 Positive 152.2 110 15 

      152.2 65.03 30 

CYP2B6 Bupropion 50 Hydroxy bupropion 6 Positive 256.02 238.1 8 

      256.02 130.1 47 

CYP2C19 (S)-mephenytoin 100 4’- Hydroxymephenytoin 6 Negative 232.9 190.1 19 

      232.9 161.0 25 

CYP2D6 Dextromethorphan 100 Dextrorphan 4 Positive 258.04 157.1 36 

      258.04 199.1 25 

CYP2E1 Chlorzoxazone 15 6-Hydroxychlorzoxazone 2 Negative 184.0 120.1 22 

      184.0 64.0 33 

CYP3A4 Midazolam 5 1-Hydroxymidazolam 

 

6 Positive 342.04 324.1 19 

     342.04 168.1 36 

CYP3A4 Testosterone 

 

50 6-beta-Testosterone 

 

8 Positive 305.2 269.2 13 

    305.2 105.1 36 

SULT 7-

hydroxycoumarin 

100 7-Hydroxycoumarin 

sulfate 

6 Negative 240.7 161.0 20 

    240.7 133.0 34 

UGT 
7-

hydroxycoumarin 
100 7-Hydroxycoumarin 

glucuronide 

6 Negative 337.0 161.0 29 

     337.0 175.0 13 

Table 4. 1 MS/MS Transition monitoring for each drug metabolizing enzyme product using the 8-in-1 cocktail  
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Table 4.2 List of 22 genes evaluated in this study. 
 

Gene 
Symbol 

Protein 
Abbreviation  Main Function Forward Primer (5’ – 3’) Reverse Primer (5’ – 3’) Efficiency 

(%) 
18sRNA 18s rRNA Ribosome CGCCGCTAGAGGTGAAATTC TTGGCAAATGCTTTCGCTC 107.5 
CYP1A2 CYP1A2 Phase I Enzyme CTTCGGACAGCACTTCCCTG AGGGTTAGGCAGGTAGCGAA 103.9 
CYP2C9 CYP2C9 Phase I Enzyme TCCCTGACTTCTGTGCTACATG ACTGGAGTGGTGTCAAGGTTC 113.9 
CYP2E1 CYP2E1 Phase I Enzyme TTGAAGCCTCTCGTTGACCC CGTGGTGGGATACAGCCAA 109.9 
CYP3A4 CYP3A4 Phase I Enzyme TCACAAACCGGAGGCCTTTT TGGTGAAGGTTGGAGACAGC 100.4 
CYP8B1 CYP8B1 Phase I Enzyme TGCACATGGACCCTGACATC GTGTCAGGGTCCACCAACTC 91.9 
SULT2A1 SULT2A1 Phase II Enzyme TGAGGAGCTGAAACAGGACAC AAGTCTTCAGCTTGGGCCAC 106.6 
UGT2B4 UGT2B4 Phase II Enzyme ACACATGAAGGCCAAGGGAG GAACCAGGTGAGGTCGTGG 94.3 

AHR AhR Transcription Factor CTTCCAAGCGGCATAGAGAC AGTTATCCTGGCCTCCGTTT 101.5 
NR1I3 CaR Transcription Factor TGATCAGCTGCAAGAGGAGA AGGCCTAGCAACTTCGCATA 102.6 
NR1I2 PxR Transcription Factor CCAGGACATACACCCCTTTG CTACCTGTGATGCCGAACAA 104.3 
ABCB1 P-gp Efflux Pump GCCAAAGCCAAAATATCAGC TTCCAATGTGTTCGGCATTA 93.6 

ABCC2 MRP2 Transporter 
(Excretion) 

TGAGCAAGTTTGAAACGCACAT  AGCTCTTCTCCTGCCGTCTCT 
99.6 

ABCC3 MRP3 Transporter 
(Excretion) 

GTCCGCAGAATGGACTTGAT TCACCACTTGGGGATCATTT 
108.5 

ABCG2 BCRP 
Transporter 
(Excretion) 

TGCAACATGTACTGGCGAAGA TCTTCCACAAGCCCCAGG 
101.5 

SLOC1B1 OATP1B1 Transporter (Uptake) GCCCAAGAGATGATGCTTGT ATTGAGTGGAAACCCAGTGC 97.3 
SLCO2B1 OATP2B1 Transporter (Uptake) TGATTGGCTATGGGGCTATC CATATCCTCAGGGCTGGTGT 106.5 
SLC10A1 NTCP Transporter (Uptake) GGGACATGAACCTCAGCATT  CGTTTGGATTTGAGGACGAT 101.4 
SLC22A1 OCT1 Transporter (Uptake)  TAATGGACCACATCGCTCAA  AGCCCCTGATAGAGCACAGA 104.5 

ALB Albumin Globular Protein TGAGCAGCTTGGAGAGTACA GTTCAGGACCACGGATAGAT 124.1 

KRT19 CK-19 
Biliary-

like/Progenitor  
Cell Marker 

TTTGAGACGGAACAGGCTCT AATCCACCTCCACACTGACC 100.8 

TJP1 ZO-1 Tight-Junction CGAGTTGCAATGGTTAACGGA  TCAGGATCAGGACGACTTACTGG 106.9 
      

Table 4. 2 List of 22 genes evaluated in this study 
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Figure 4.1. Experimental workflow comparing the responses of HepaRG cells cultured collagen 

scaffolds of increasing stiffness. (a) Collagen I scaffolds with densities of either 2 or 4 mg/mL 

were prepared in a 12-well plate. The collagen was pipetted into the wells and gelated with 

neutralization (N2), neutralization and cross-linking of surface proteins with EDC/NHS (Nx2 and 

Nx4), or bulk crosslinked by resuspending lyophilized in a EDC/NHS-containing solution (X2). 

(b) Each scaffold was coated with a thin layer of collagen I, the HepaRG cells were seeded onto 

the scaffolds, and maintained for six days under standard culture conditions. For the next 48 hours 

HepaRG and PHH cells were left in standard conditions to assess basal activity levels or induced 

with one of three different CYP inducers (3-MC, rifampicin or CITCO). (c) Finally, hepatocyte 

viability was evaluated with the MTS assay, urea secretion with a colorimetric assay, metabolic 

enzyme activity was evaluated with a quantitative LC-MS/MS method, and transcriptional 

regulation was evaluated with RT-qPCR. 

Figure 4. 1 Experimental workflow comparing the response of HepaRG cells cultured on collagen scaffolds of increasing 
stiffness 
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Figure 4.2 The stiffness of the four scaffolds and a commercial collagen plate (CCP) were 

measured with a nanoindentor by assessing 64 points in an 800 x 800 μm array. The individual 

force curves were fit to a Hertz model. The average Young’s modulus was plotted with SEM of 

force curve fits for each indentation 

Figure 4. 2 Stiffness of four collagen scaffolds and a commercial collagen plate 
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Figure 4.3. (a, b) Cell viability and (c,d) urea secretion of HepaRG cells after an 8 days culture 

on collagen scaffolds with different underlying stiffnesses. Data points represent the separate 

cultures setup from two vials of cells; the mean was plotted with error bars representing the 

SEM. Significance was determined with a one-way ANOVA analysis. 

Figure 4. 3 Cell viability and urea secretion of HepaRG cells after an 8 days culture on collagen scaffolds of different stiffness 
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Figure 4.4. Widefield images of PHHs cells grown over 4 days for basal metabolic enzyme activity on different collagen stiffnesses. 

Over the 4 days displayed above, a clear morphological change can be observed. On day 0 the cells appear rounded are shape. On day 

2 and 4 the cells are adopting a more cobblestone morphology. The PHHs on the Nx2, Nx4 and X2 scaffolds on day 4 appear to have 

more dark regions of cells which could be indicative of cells spreading on top of their neighbors (like spheroids). Images were collected 

using a Nikon TE2000 microscope, 10x objective and captured with a Photometrics Dyno CCD camera. Scale bars are 100 μm. 

. Figure 4. 4 Widefield images of PHHs cells grown over 4 days on different collagen stiffnesses 
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Figure 4.5 Metabolic enzyme activity of HepaRG cells on the different collagen scaffolds over a 

24 day period. Metabolic activity was determined with an LC-MS/MS method in which the 

products of an 8-in-1 cocktail were identified and quantified against standards using multiple 

reaction monitoring.  Each time point is normalized to Day 1. The dotted black lines and grey 

box represent 1.25- and 0.8-fold change from the average value collated on Day 1 and represent 

a significant difference in activity. Data points represent the average of two biological replicates 

± SEM. 

Figure 4. 5 Metabolic enzyme activity of HepaRG cells on the different collagen scaffolds over a 24 day period 
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Table 4.3. Summary of maximal increase in drug metabolizing enzyme activity and day it was 
observed. a 

 N2 Nx2 Nx4 X2 

 

Day 

Max 

Activity 

(Fold 

Change) 

Day 

Max 

Activity 

(Fold 

Change) 

Day 

Max 

Activity 

(Fold 

Change) 

Day 

Max 

Activity 

(Fold 

Change) 

CYP1A2 11 4.37 11 3.08 7 2.16 11 3.94 

CYP2B6 11 1.82 11 1.55 11 1.52 11 1.77 

CYP2C19 11 5.72 11 4.11 11 3.92 11 4.59 

CYP2D6 7 3.49 7 3.56 7 3.06 7 3.76 

CYP2E1 11 1.07 -- N/A -- N/A -- N/A 

CYP3A4- Midz 11 2.70 7 2.15 7 1.85 11 1.53 

CYP3A4- Test 11 1.46 11 1.03 -- N/A 11 1.03 

SULT 15 1.03 N/A N/A 11 1.05 N/A N/A 

UGT 11 1.50 11 1.18 4 1.09 7 1.18 

Table 4. 3 Summary of maximal increase in drug metabolizing enzyme activity and day it was observed 

a --/ N/A indicates no increase in enzyme activity was observed over the 24 days. 
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Figure 4.6 Basal metabolic enzyme activity of HepaRG, normalized to the average enzyme 

activity for cells on the N2 scaffolds for each enzyme, after an 8 day culture period. The grey 

region of the curve represents 1.25- and 0.8-fold change, those bars outside of this region are 

considered a significant difference in activity. Bars represent the average ± SEM, from 2 

biological replicates. 

Figure 4. 6 Basal metabolic enzyme activity of HepaRG, normalized to the average enzyme activity for cells on the N2 scaffolds 
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Figure 4.7 Transcript-level regulation of (a) HepaRG and (b) PHH cells cultured for 8 days. 

Transcript level analysis of phase I and phase II enzymes, nuclear receptors, genes compared to 

the N2 cultured cells. Each value is the average of at least one technical replicate, collected from 

two biological replicates. A fold-change >2 indicates a significant increase in expression; <0.50 

indicates a significant decrease. The numerical labels represent the average fold change using the 

ΔΔCt method. NF indicates no transcript was quantified. 

Figure 4. 7 Transcript-level regulation of HepaRG and PHH cells cultured for 8 days on collagen scaffolds of different 
stiffnesses 
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Figure 4.8. Basal metabolic enzyme activity of PHHs cultured for 4 days. Enzyme activity was 

normalized to the average enzyme activity for cells on the N2 scaffolds for each enzyme. The 

grey region of the curve represents 1.25- and 0.8-fold change, those bars outside of this region 

are considered a significant difference in activity. Bars represent the average ± SEM, from 2 

biological replicates. 

Figure 4. 8 Basal metabolic enzyme activity of PHHs cultured for 4 days 
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Figure 4.9.  Induced metabolic enzyme activity of HepaRG cells cultured for 6 days followed by 

48 hours exposed to one of three inducers (3-MC, rifampicin, or CITCO). Enzyme activity was 

normalized to the DMSO vehicle control for each metabolic enzyme. The grey region of the 

curve represents 1.25- and 0.8-fold change, those bars outside of this region are considered a 

significant difference in activity. Figure 4. 9 Induced metabolic enzyme activity of HepaRG cells 

on collagen scaffolds of different stiffnesses 
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Figure 4.10 Transcript-level regulation of HepaRG cells after a 48 hour induction with either 3-

MC, rifampicin, or CITCO. The numerical labels represent the average fold change using the 

ΔΔCt method, using 18sRNA as the housekeeping gene and a DMSO vehicle control. Each value 

is the average of at least one technical replicate collected from two separate experimental setups. 

A fold-change >2 indicates a significant increase in expression; <0.50 indicates a significant 

decrease. Figure 4. 10 Transcript-level regulation of HepaRG cells induced with 3-MC, 

rifampicin or CITCO 
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CHAPTER 5: HEPARG CELLS CULTURED IN 3D PAPER-SCAFFOLDS ENHANCES 
DRUG METABOLIC ENZYME ACTIVITY IN RESPONSE TO PHYSIOLOGICALLY 

RELEVANT MICROENVIRONMENTS 
 

5.1 Introduction 

Current cell-based assays cannot accurately predict drug-induced liver injury or 

hepatotoxicity in patients—two factors which account for a significant number of late-stage drug 

failures.1,2 Preclinical assays often employ primary human hepatocytes (PHHs) and cell lines 

presenting hepatocyte-like characteristics, however, these cells do not maintain the 

characteristics and metabolic activity of hepatocytes in vivo. One plausible reason for this failure 

is the monolayer culture format, which are commonly relied on due to their ease of setup, 

maintenance, and analysis, but lack many aspects of the tissue microenvironment. 

Microenvironmental aspects include tissue structure defined by the arrangement of multiple cell 

types, extracellular matrix organization, and extracellular components. The extracellular 

components include soluble factors that influence cellular health and behavior, including 

signaling molecules, oxygen and nutrients, and excreted waste products. The tissue 

microenvironment has profound effects on cellular function, although it is not clear which of 

these components are most important for generating liver-like conditions and responses in vitro. 

In Chapter 3 we evaluated the effects of both oxygen concentration and the presence of 

signaling molecules in the Wnt pathway on enzyme activity and transcriptional regulation of 

HepaRG cells in a monolayer format. Specifically, we compared cells cultured under standard 

conditions (21% O2) to oxygen concentrations representative of the periportal (PP) and 
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perivenous (PV) regions of the liver. These studies were guided by extensive studies of in vivo 

pathway regulation and preferential distribution of liver-specific activities in hepatocytes.3,4 

While the phenomena of zonation is known to occur, the underlying microenvironmental cues 

that generate this patterning is unknown. This initial work focused on oxygen, as there is a 

substantial difference of oxygen supplies in the PV and PP regions. Furthermore, oxygen is a key 

regulator of many cellular processes, not only through hypoxia regulated genes but also through 

its influence on ATP-generating processes and mitochondrial stress.  

The datasets from our initial studies confirm that phycological factors, including oxygen 

and morphogens, play an important role in modulating the basal hepatic function of hepatoma 

HepG2 line and differentiated HepaRG cells. These results also highlight the importance of 

considering oxygen concentrations when preparing in vitro liver model assays, as cytochrome 

P450 (CYP) enzyme activity and differences in transcriptional regulation of these enzymes in the 

PV and PP culture conditions aligned with zonation. Discrepancies in activity of conjugating 

enzymes in the sulfotransferase (SULT) and uridine 5’-diphospho-glucuronosyltransferase 

(UGT) family suggest further culture parameters must be considered.   

In this chapter, we expand on this preliminary study to assess the effect of PV and PP 

oxygen tensions as well as Wnt and Rspondin in culture methods that include a 3D collagen 

matrix. Specifically, we compared liver-specific function, enzymatic activity, and transcriptional 

regulation across HepaRG cells cultured as monolayers on collagen slabs and with two different 

paper-based cell culture formats: the cell-laden method and the on top method. The cell-laden 

method consisted of a cell and collagen ECM mixture distributed throughout the entire thickness 

of the paper. The on top method is a combination of the collagen monolayer and paper-based 

cell-laden formats, where the volume of the paper is filled with a collagen ECM to form a paper 
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fiber and collagen-based scaffold and the cell are cultured as a monolayer on top of the paper-

collagen scaffold. 

The paper-based culture platform uses the stacked cellulose fibers of a sheet of paper to 

provide a three-dimensional (3D) space to support cells suspended in a hydrogel.5 The paper 

fibers provide a pre-organized scaffold framework to support the cell-laden hydrogels, which 

provide the necessary ECM to mimic that aspect of the tissue microenvironment. This 3D 

environment offers increased cell-cell and cell-ECM interactions compared to monolayer 

cultures.6 An additional benefit of the hydrogel is a nutrient distribution that matches the 

diffusion-limited regime observed in epithelial and stromal tissues. Such an environment is not 

capable of forming in monolayer cultures, where all cells are exposed to a uniform concentration 

of nutrients and oxygen7,8.  

Previous studies found that placing PHHs in an extracellular rich environment, such as a 

collagen sandwich, allows the cells to maintain a differentiated and active state that is maintained 

much longer than those in 2D cultures.9,10 The inclusion of a 3D environment results in the 

ability to better predict hepatotoxicity. Common 3D liver model methods include spheroid and 

organoid cultures.11 Higuchi et al. showed that HepaRG spheroids have a 2-fold higher secretion 

of albumin and a 1.5-fold increase in CYP3A4 activity than with monolayer formats.12  The 

improved predictive nature of spheroids is attributed to the biocomplexity and pericellular 

interactions formed in these multicellular aggregates.6,13–16 However, the interpretation of the 

effect of the cellular microenvironment can become more challenging because 

microenvironmental influences on cellular behavior require histological slicing. The overlapping 

gradients of oxygen, nutrients, and soluble factors that extend across these structures also make it 

difficult to probe microenvironment-cellular function relationships—individually or in concert.17   
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The paper-based culture platform overcomes many of the limitations of spheroids: By 

simply stacking cell-containing sheets, paper-based cultures enable for a rapid, modular 

assembly of thick, tissue-like structures. The modularity of this platform also grants the ability to 

generate defined extracellular environments through controlled composition of the stacked 

structures, which can also include the combination with luminescent sensors. Furthermore, the 

ability to separate the cell populations by simply peeling apart the layers provides a means to 

evaluate live cells as a function of extracellular environment without the need for fixation.  

This platform was first described by Whitesides and further developed in our 

laboratory.5,18 We show in Chapter 2 that using paper scaffold to culture HepG2 cells prevented 

masses of cells from forming, allowing us to better assess the access of the cells accessibility to 

nutrients. We also showed that the cellular distribution around the paper fibers and the 

distribution of nutrients throughout the scaffold via capillary action through the paper fibers,14–16 

are promising features that support hepatocyte-specific function.  

 In the current study we exposed HepaRG cells in either monolayers, atop collagen slabs 

in paper scaffolds, or suspended in collagen within paper scaffolds to different culture 

conditions. A standard culture condition of standard media and atmospheric oxygen (std); a PP 

conditions of standard culture medium and PP oxygen concentrations (11% O2 tension); or a PV 

condition with culture medium containing Wnt and Rspondin and PV oxygen concentrations (5% 

O2 tension). Urea synthesis, CYP activity, and transcriptional regulation were compared between 

the three culture methods and across the three microenvironmental conditions. We noted that the 

urea synthesis across the microenvironmental culture conditions was equivalent, meaning the 

cultured conditions did not affect cell health. The standard condition microenvironment resulted 

in the highest metabolic enzyme activity. Maximum enzyme activity was culture format-
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dependent, with the highest activity measured in the monolayer or laden format. In vivo-like 

zonation trends for CYP activity and transcript were measured between the PP and PV 

conditions paper-based culture methods and showed further enhanced activity and transcriptional 

distribution between the PP and PV microenvironment. 

 

5.2 Materials and methods 

5.2.1 Chemicals 

All chemicals and reagents were used as received unless otherwise specified. All cell 

culture medium and supplements were purchased from Gibco, except for those used in the 

maintenance of the HepaRG cell line (Lonza). Chlorzoxazone, dextromethorphan (hydrobromide 

hydrate), (S)-mephenytoin, midazolam, and testosterone were purchased from Cayman Chemical 

Company. Dimethyl sulfoxide and 7-hydroxycoumarin were purchased from Fisher Scientific. 

Collagen I (rat tail) was purchased from Enzo Life Sciences. Phenacetin and sodium hydroxide 

(NaOH) were purchased from Millipore Sigma. The CellTiter-Glo 2.0 (CTG) reagent was 

purchased from Promega. 

 

5.2.2 Preparation of paper scaffold 

Cells were cultured in paper scaffolds, whose preparation and sterilization was detailed 

previously by our lab.22,23 Briefly, sheets of Whatman 105 lens paper were patterned with wax 

borders using a Xerox ColorQube 8570 printer. Each scaffold was 18 mm in diameter and 

contained a 4 mm wax border, which defined the cell culture region (10 mm in diameter). The 

wax border also ensured the scaffolds remained at the air-medium interfaces throughout the 

duration of the culture. Once both sides of the paper were wax patterned, it was baked at 99 oC 
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for 15 min. Prior to use, the individual paper scaffolds were cut out and sterilized under UV light 

for one hour. Each scaffold fit into the well of a standard 6-well plate.  

 

5.2.3 LWRN cell culture and secretion 

Both the L and L-WRN cell lines were purchased from the American Type Culture 

Collection (ATCC). The cell lines were maintained as monolayers at 20% O2, 37 oC, and 5% 

CO2 in Dulbecco's Modified Eagle's Medium (DMEM) medium supplemented with 10% FBS, 

0.5 mg/mL G-418, and 0.5 mg/mL hygromycin B. This maintenance medium was exchanged 

every 2-3 days and the cells were passed at 80% confluency with TrypLE, using standard 

procedures. 

Conditioned medium was collected following the protocol recommended by ATCC. Each 

cell type was maintained in a T150 flask with DMEM medium supplemented with 10% FBS. 

The cells were washed with 1X PBS, 25 mL of fresh medium added to flask to the flask, and the 

medium exchanged every 24 hours. The conditioned medium was collected, centrifuged at 1000 

xg for 5 min, the supernatant decanted, and stored at 4 oC until processed further. Medium 

collected from days 1 – 4 and 5 – 8 were pooled, steri-filtered (0.22 μm), and stored at -80°C. 

 

5.2.4 HepaRG cell culture 

Differentiated NoSpin HepaRG Cryopreserved Cells were obtained from Lonza 

Bioscience and cultured as monolayers on collagen slabs, monolayers on sheets of collagen-

laden paper, or as suspensions in collagen that were seeded into the paper sheets. The collagen 

slabs were prepared by neutralizing a solution of acidified collagen I, with NaOH and phosphate-

buffered saline (PBS). The neutralized collagen solution (2 mg/mL) was added to standard 12-
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well cell culture plates and incubated overnight at 37°C (263 µg of accessible collagen/cm2). 

Collagen slabs were washed once with 1x PBS prior to cell seeding. The paper scaffolds were 

prepared by filling the cell containing region with a uniform layer of collagen (25 µL collagen at 

2 mg/mL). Preformed collagen slabs in the paper were incubated overnight at 37°C in 1x PBS, 

prior to cell seeding. Cell-laden scaffolds seeded by adding cell-laden collagen into an empty 

paper scaffold; the HepaRG cells were suspended in 2 mg/mL collagen for a final density of 

80,000 cells/µL (1.81x108 cell/cm3) and each scaffold was seeded with 12.5 μL of gel. A total of 

1 million HepaRG cells were seeded to all three culture methods. 

Once seeded, the cells were maintained for 24 hours in HepaRG medium containing basal 

medium supplement, a thawing and plating supplement, and 1% penicillin–streptomycin. After a 

medium exchange, the cells were maintained in HepaRG medium containing basal medium 

supplement, a maintenance and metabolism supplement, and 1% penicillin–streptomycin. 

Medium was exchanged every two to three days. On day 6, the cells were exposed to one of 

three experimental conditions for 48 hours: standard culture conditions (std), PP conditions, or 

PV conditions. At std conditions cells were incubated at 37°C, atmospheric oxygen and 5% CO2. 

At PP conditions cells were incubated at 37°C, 11% O2 and 5% CO2. At PV conditions cells were 

incubated at 37°C, 11% O2 and 5% CO2 in a 1:1 ratio of medium and L-WRN conditioned 

medium. The oxygen tensions were regulated in a custom-build hypoxia chamber, as detailed  

previously.24 

 

5.2.5 Evaluation of metabolic enzyme activity 

Drug metabolizing enzyme activity was evaluated with eight different substrates (Table 

5.1).25,26 The substrates were dissolved in DMSO at 1000X working concentration. The HepaRG 
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cells were exposed to culture medium containing the substrates and basal medium supplement 

for 2 hours, after which the medium was collected and stored at -20°C until analysis. The cell 

medium, and a matrix blank of just culture medium, was mixed with cold acetonitrile containing 

known concentrations of isotopically labeled standards (Table 5.2) for each enzyme product at a 

1:10 (v/v) ratio. After a 15 min incubation at -20°C, the precipitated protein was pelleted at 

12,000 xg for 15 min at 4°C, the supernatant collected, and the solvent removed in vacuo. The 

residual solid was resuspended in 100 μL of HPLC-grade water (Optima) and separated on a 

Waters Acquity UPLC equipped with a BEH C18 column (2.1 x 50 mm, 1.7 μm) using a binary 

solvent system of (A) 0.5% formic acid (v/v) in water and (B) 0.5% formic acid (v/v) in 

acetonitrile. The total run time of each separation was nine min, using the following gradient 

profile at a 0.3 mL/min flow rate: 10% B for one min; a linear gradient to 70% B over 5 min; 

95% B for one min; 10% B for two min to wash and re-equilibrate the column. We did not 

observe carry over between sample injection and solvent blanks were injected every 10 

samples.   

Metabolites were detected and quantified with multiple-reaction monitoring on a Thermo 

TSQ Vantage triple quadrupole instrument equipped with a heated electrospray ionization 

(HESI) source set to 300 oC. Two transitions of each product were monitored 

to confirm its identity. The declustering voltage for each product was optimized by direct 

infusion of neat solutions (10 µM) in Optima water. Each product’s transition was optimized for 

collision energy and reported in Table 5.1. Other parameters used for all analyses were: spray 

voltage (4800 V), vaporization temperature (300 °C), sheath gas pressure (50 psi), aux gas 

pressure (15 psi), capillary temperature (300 °C), and S-lens RF amplitude (120 V). Nitrogen gas 

was used for sheath, aux, and collision gas. Data were collected and processed with the Xcalibur 
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software package (Thermo Scientific). The peak area for each metabolite was averaged across 

three technical replicates; we report the ratio of the average peak area of treatment to the average 

peak area of vehicle.  

 

5.2.6 Urea production 

After collecting the medium for the CYP activity assay, the urea production of the cells 

was analyzed. Prior to collecting urea, each well was washed once with 1X PBS before 

incubating in fresh HepaRG medium containing basal supplement for 1 hour. The medium was 

collected, and urea concentration quantified with the QuantiChrom Urea Assay (Kit-DIUR-100, 

BioAssay Systems) according to the manufacturer’s protocol. Equal volume of reagent and 

medium was added to each well and the plate was mixed for 50 minutes at room temperature. 

The samples were measured on a SpectraMax i3x Microplate Reader at an optical density of 430 

nm. Samples were compared to a seven-point calibration curve, which was prepared on each 

plate to account for plate-to-plate variation.  

 

5.2.7 Transcript Expression Quantification with RT-qPCR 

After collecting culture medium for CYP activity and urea measurements, the cells were 

washed and lysed using a TRIzol Plus RNA purification kit (ThermoFisher), according to the 

manufacturer’s suggested protocol. The TRIzol reagent was added directly to the cells and 

agitated for 10 minutes prior to RNA isolation. Reverse Transcriptase PCR was performed 

immediately after RNA isolation using the RNA isolation with a High-Capacity cDNA Reverse 

Transcription Kit (ThermoFisher) in an Eppendorf Master Cycler. 
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Table 5.3 lists the primer pair sequences, optimal concentration, and reaction efficiency 

(90-110%) of each gene of interest. Amplification reactions were performed with PowerUp 

SYBR Master Mix (ThermoFisher), in a 384-well plate, on a QuantStudio 6 Flex Real-Time 

PCR system. Each sample was measured in triplicate, using the following program: 95 °C for 60 

sec, 40 cycles of 95 °C for 2 sec, and 60 °C for 30 sec. Each transcript was quantified using the 

∆∆Ct method against 18sRNA.27 A fold-change of greater than 2.0 was considered significant. 

 

5.2.8 Statistical Analysis 

Cell-related datasets are reported as the average and standard error of the mean (SEM) of 

at least two separate vials of differentiated cells, with at least two technical replicates per vial. 

All data were analyzed with GraphPad Prism 7. Statistically significant differences correspond to 

a p-value of ≤ 0.05. To assess CYP activity, peak area of each metabolite product was 

normalized to a particular experiment condition. A normalized activity greater than 1.25 or less 

than 0.8 was considered significant since the LC-MS/MS peak area is highly reproducible and 

1.25/0.8 is statistically significantly outside of normal variability range based on previous data 

(see Chapter 3). For transcriptional regulation, a fold-change of greater than 2.0 was considered 

significant. 

 

5.3 Results and Discussion 

 Figure 5.1 summarizes the experimental workflow followed to compare liver-specific 

function, metabolic enzyme activity, and transcriptional regulation between HepaRG cells 

cultured on different collagen scaffolds. 

 



	

 172 

5.3.1 HepaRG urea secretion is unaffected by culture microenvironment but influenced by 
culture method 
 

HepaRG cells were seeded and maintained under standard culture conditions for 6 days 

then exposed to experimental conditions for 2 days before urea secretion was assessed (Figure 

5.2). Urea synthesis and secretion is a marker for liver specific function and cell health. Under 

standard culture conditions, HepaRG cells cultured as a monolayer on a collagen slab produced 

0.020 milligrams of urea per 1 mL of culture medium per hour (mg/mL/h/106 cells, or 0.71 

mM/h/106 cells). Monolayers of HepaRG cells placed on top a collagen-laden paper scaffolds, 

termed the on top format, produced 0.013 mg/mL/h/106 cells (or 0.46 mM/h/106 cells. Cells 

suspended in collagen and seeded directly into the paper scaffolds, termed laden format, 

produced 0.011 mg/mL/h/106 cells (or 0.39 mM/h/106 cells). The amounts of urea secreted by 

the HepaRG cells in the monolayer, on top, and laden formats were equivalent (Figure 5.2a). 

When exposed to PP conditions, the HepaRG cells in each format secreted statistically 

equivalent amounts of urea. The PP conditioned HepaRG cells also secreted statistically 

equivalent amounts of urea as the standard conditioned HepaRG cells. Urea secretion was culture 

format-dependent when cultured in the PV condition, with both the on top and laden secreting 

significantly lower amounts of urea than the monolayer cultures: a 0.51- and 0.56-fold decrease, 

respectively (Figure 5.2b). Compared to standard conditions, the PV conditioned HepaRGs 

secreted statistically equivalent amounts of urea. 

A comparison of urea secretion as a function of culture conditions and format highlight 

that there is no single setup that significantly improves HepaRG cell health. These results also 

highlight that the paper scaffolds do not reproducibly hinder cellular health and thus these 3D 

cultures could be used for drug metabolism and hepatotoxicity studies. We are not aware of other 

studies that compared hepatocyte-like cell health as a function of culture conditions and format, 
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although, the work by Janani and Mandal highlight that the way cells interact with the ECM in a 

3D culture can have profound effects on urea secretion.28  Primary rat neonatal hepatocytes 

cultured on liver ECM-coated silk scaffolds for 10 days showed that urea synthesis increased 

when scaffolds contained large pore sizes (70-80 μm); a high porosity (90% void volume), 

resulting in a significantly higher swelling ratio. Their hypothesis was that scaffolds with large 

pore sizes promoted cellular aggregates to form from a rough surface architecture, thus 

demonstrating an increased amount of urea synthesis. Li et al. found similar results in which 

HepaRG cells secreted more urea in a highly packed spheroid. They compared urea secretion of 

HepaRG cells cultured as sandwich cultures and spheroids and found that spheroids secreted on 

average 23.5-fold more urea (2 mg/mL/106 HepaRG cells of urea secreted by spheroids).29    

 

5.3.2 The trends in drug metabolizing enzyme activity of HepaRG cells is culture method 
dependent 
 
 Previous characterization of cryo-preserved HepaRG cells cultured on commercial 

collagen coated plates found that the basal-level activity of drug metabolizing enzymes varied 

over a 22-day period.30 The authors hypothesized these dynamic changes were due to de- and 

redifferentiation of the cells—a consequence of a high concentration of DMSO in the culture 

medium. To determine if placing the HepaRG in the 3D environment afforded by the laden 

culture stabilized their drug metabolizing activity, we quantified the activity of 6 CYPs and the 

SULT and UGT families over a 24-day period. In this experimental setup, enzyme activity was 

measured every 4-5 days using an 8-in-1 cocktail of substrates, whose metabolites were 

quantified against isotopically labeled internal standards with LC-MS/MS using multiple-

reaction monitoring. We compared HepaRG cell stability and activity as a function of time 

between traditional monolayer cultures and the 3D paper scaffold culture methods; ensuring that 
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the enzyme activity of the cells were reproducible and consistent between setups. The on top 

format served to bridge the gap between monolayers and laden culture method, assessing if the 

paper-fibers altered liver-specific function. 

In Figure 5.3, we measured the enzyme activity of the HepaRG cells cultured as 

monolayers on collagen; maximal enzyme activity is summarized in Table 5.4. The metabolic 

activity is relatively unchanged during the first 4 days after plating. From days 4 to 11, the 

enzyme activity of cells increased, with significant increases of CYP1A2, 2C19, 2D6 and 3A4 

activity measured. After day 11, activity decreased until day 24. The measured increase in CYP 

activity is similar to the trends found by Jackson et al, who observed increased CYP and Phase II 

enzyme activity until about day 10, after which enzyme activity leveled off or slightly decreased 

until day 22. They measured the largest changes in CYP2A6, 2B6, and 2C9 activity and smaller 

changes in CYP1A2, 2C19 and 3A4,30 which is similar to our measurements in which some 

CYPs showed large changes in activity while other did not vary over time. One notable 

difference between our measurements and Jackson’s is that we observed a decrease in CYP 

activity after day 10 back down to activity levels observed on day 1. These data are similar to the 

results obtained in Chapter 3 and 4, which show that HepaRG cultures prepared as monolayers 

on ECM-coated plates or slabs can maintain metabolic activity until day 11, after which they 

show a rapid decline in activity. 

The trends in enzyme activity for the laden format indicates most CYPs activity was 

unchanged over the first four days, except for CYP1A2 which increased in activity. From day 4 

to 11 the enzyme activity of CYP1A2, 2B6, 2C19, 2D6, and 3A4 all significantly increased and 

maintained increased activity until day 15—a notable difference from the monolayer culture 

format. From days 15 to 24, enzyme activity decreased significantly below the activity measured 
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on day 1. The increased enzymatic activity from day 7 until day 15, which is different from the 

monolayer format, suggests that the HepaRG cell laden throughout the paper-scaffolds are 

maintaining elevated enzymatic activity longer, enabling longer culture times with consistent 

enzyme activity. 

The on top format followed similar trends to the laden and monolayer format; during the 

first 4 days, CYP1A2 and CYP2C19 demonstrated increased activity similar to the laden culture. 

Also, on day 4 the UGT and SULT enzyme activity was significantly decreased—the Phase II 

activity maintained this trend over all 24 days. From days 4 to 7 the enzyme activity of CYP1A2, 

2B6, 2C19, and 3A4 increased and was followed by a declining activity after day 7 until day 24, 

during which the enzyme activity was significantly decreased as compared to the day 1 activity.  

The on top culture method’s activity trends are unique from both the monolayer and 

laden format. In the on top format significant increases and decreases in enzyme activity on day 

4 is similar to the laden culture method suggesting that the paper-scaffold cultures are enabling 

changes in enzymatic regulation earlier than the monolayer. Also, the peak in metabolic activity 

on day 7 in the on top method, rather than day 11 in the monolayer, indicates the HepaRGs can 

adapt to the environment quicker on the paper scaffolds. This could be a result of the paper-

scaffolds cultures to float at the air-medium interface, minimizing the distance oxygen needs to 

travel. Also, the hydrophilic cellulose paper fibers act as highways for nutrients to be delivered 

throughout the entire culture providing more in vivo like nutrient delivery. The enzyme activity 

in the on top culture method, however, does quickly decease after day 7 which is constant with 

the monolayer format. 

These data are similar with the results obtained in Chapter 3 and 4, that HepaRG cultures 

prepared as monolayers on ECM-coated plates or slabs can maintain metabolic activity until day 
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11, after which is a rapid decline in activity. However, with the cell-laden paper-based culture 

methods, the trends in metabolic enzyme activity over the 24-day culture period appears to be 

culture-method dependent because of the prolonged increase in activity. 

 

5.3.3 HepaRG cells basal metabolic activity is influenced by the culture method 

Based on the data obtained from the 24-day culture experiment, we quantified the 

enzyme activity and transcriptional regulation after 6 days in standard culture conditions 

followed by 48 hours at liver specific culture condition because all culture formats around day 8 

exhibited increasing trends in enzyme activity. We were confident that the HepaRG cells, 

regardless of culture method, needed time to increase activity of the CYPs and Phase II enzymes- 

allowing the cells to adjust to the culture format prior to introduction to a physiological 

microenvironment. The 48 hours in the physiological conditions enabled further enzyme activity 

and transcript modulation as a result of the microenvironment.  

Metabolic enzyme activity (Figure 5.4) and transcript (Figure 5.5b) was normalized to 

the cell monolayers to assess the effect of culture method independent of the cultures 

microenvironment. Comparing cell culture methods between the standard condition and 

physiological microenvironments, we measured a decrease in activity of: CYP1A2, 2D6, 3A4, 

SULT, and UGT for the on top culture method and a decreased activity of CYP1A2, 2B6, 2C19, 

2D6, 3A4, SULT, and UGT in the laden culture method. However, transcriptional regulation 

suggests the opposite trends in which CYP1A2 is upregulated 29.86- and 13.61-fold in the on top 

and laden culture, respectively. The CYP3A4 transcript was unaffected by culture format. 

Furthermore, CYP2E1 is significantly upregulated in the on top and laden culture, but on the 

activity level CYP2E1 is unchanged in the different culture format. The only matching trends 
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between activity and transcript was UGT activity and UGT2B4 transcript in which there is 

decreased activity and transcriptional downregulation in the on top format; in the laden format 

there was no effect on activity and a significant transcriptional upregulation.  

Transcriptional regulation of transporters and cell polarization markers are significantly 

different based on culture format. Two markers for hepatocyte differentiation are cytokeratin-19 

(CK-19, KRT19) and albumin. CK-19 is a common marker for biliary-like HepaRG cells and 

CK-19 has been observed in hepatocytes around the bile canaculi.32  Albumin is a protein 

secreted by normal functioning hepatocytes—an elevated albumin transcript and albumin 

production is a traditional marker for hepatic-like function.33 On the transcript level, the paper-

based culture methods have upregulated KRT19 in all culture conditions and an upregulation of 

Alb transcript in the PP and PV conditioned cultures as compared to the monolayer cultures. The 

upregulation of biliary-like and hepatocyte-like differentiation markers in the paper-based culture 

methods suggest the paper scaffolds help maintain HepaRG differentiation. Leite and colleagues 

observed increased differentiation of HepaRG cells cultured as small spheroids in a spinner-

bioreactor.34 While Janani and Mandal cultured rat hepatocytes on custom silk fiber hydrogels, 

one surface was significantly more porous than the others resulting in a softer, rougher surface 

for cells, when the fibers were hydrated. They observed increased CK-19 positive rat hepatocytes 

on the rougher surface and concluded that the cellular aggregation in on the rough surface 

contributed to hepatocyte differentiation.28  

Transporters and tight-junction proteins are good markers cell polarization. At the 

transcript level, we measured an upregulation of multiple transporters, ABCB1, ABCC2, ABCC3, 

SLCO1B1, and SLCO10A1 from monolayer to the paper-based culture methods. MRP2 (gene 

ABCC2) is a well-studied transporter and has been shown to have increased activity as HepaRG 
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cells differentiate and polarize.35 ABCC2, was upregulated by 7.26- and 37.59-fold under 

standard conditions in the on top and laden format, respectively. Under PP conditions, there was 

an 8.65-fold increase in the on top method and no effect in the laden method; for the PV 

conditions, ABCC2 was upregulated 3.92- and 428.7-fold when cultured on top of the paper 

scaffold and laden, respectively. Török and colleagues compared transcriptional regulation of 

ABCC2 in HepaRG cells, cultured between two layers of Matrigel, to mature hepatocytes 

differentiated from human embryonic stem cells (HUES9); the differentiated HUES9 are a 

baseline for differentiated and polarized hepatocytes. The HepaRG had 43-fold increase in 

ABCC2 and various other upregulated transporter genes,36 and concluded that the higher 

expression of ABCC2 in HepaRG is indicative hepatocyte polarization. We can conclude that the 

HepaRG cells in the paper-based cultures have better polarization than the monolayers 

potentially as a result of the paper-fibers acting as a sinusoid for nutrients. 

The paper-based culture methods provide a benefit to the overall function of HepaRG 

cells as indicated by modulating the influence of microenvironmental factors on metabolic 

enzyme activity and increasing the transcript of various transporters potentially indicating 

enhanced cell polarizability and differentiation. The paper fibers themselves and the distribution 

of HepaRG cells around the fibers may facilitate radial nutrient delivery to the hepatocytes 

similar to the in vivo liver sinusoid. Integration of in vivo like characteristics such as nutrient 

distribution via culture method, and inclusion of physiologically relevant microenvironments 

may benefit the overall responsiveness of HepaRG cells to their microenvironment.  
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5.3.4 The maximum metabolic activity of HepaRG cells is observed under standard culture 
conditions 
 

We quantified the enzyme activity and transcriptional regulation after 6 days in culture 

followed by 48 hours at specific culture condition. Metabolic enzyme activity (Figure 5.6) and 

transcriptional regulation (Figure 5.5a) of HepaRG was normalized to the standard condition 

microenvironment to assess the effect of cultured microenvironment independent of the culture 

method. As monolayers HepaRG cells cultured at both PP and PV conditions has decreased 

CYP1A2, 2B6, 2C19, 2D6, and 3A4 enzyme activity as compared to the standard conditions. 

The activity of UGT and SULT were decreased at PP conditions but unchanged at the PV 

conditions. The activity decrease from the standard condition to the physiological condition is 

similar to the results obtained in Chapter 3 in which the PP and PV monolayer conditions had 

decreased metabolic enzyme activity. At the transcript level, these activity decreases are 

reflected as a downregulation of the CYP genes in the monolayer cultures; at both PP and PV 

microenvironmental conditions there is significant downregulation of the CYP1A2, CYP2C9, 

CYP3A4, and UGT2B4 transcript much like activity decrease; the one exception is that SULT1A2 

was significantly upregulated under the PP condition, but SULT activity was decreased. 

In the on top culture format, we measured decreased CYP1A2, 2B6, 2C19, 2D6, 3A4, 

UGT and SULT enzyme activity in the PP conditions as compared to the standard conditions. 

For the PV conditions we measured decreased CYP2B6, 2C19, 2D6, and 3A4 enzyme activity, 

and increased CYP2E1 activity. At the transcript level, these activity decreases are reflected as a 

downregulation of the CYP genes in the PP cultures as CYP1A2, CYP2C9, and CYP3A4 are 

significant downregulated. However, the transcriptional regulation of the PV conditions do not 

match the activity trends; CYP2C9 and CYP2E1 are both downregulated, CYP1A2 and CYP3A4 

are unchanged. 
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In the laden culture format, we measured decreased CYP1A2, 2B6, 2D6, 3A4, UGT and 

SULT enzyme activity in the PP conditions as compared to the standard conditions. For the PV 

conditions we no enzyme decreased in activity while CYP1A2, UGT and SULT measured 

increased activity as compared to the standard condition. At the transcript level, the decreased 

activity trend is reflected as a downregulation of the CYP genes in the PP cultures as CYP1A2, 

CYP2C9, CYP2E1 and CYP3A4. However, the transcriptional regulation for CYPs and SULT in 

the PV conditions unchanged. 

Overall, the decreased enzyme activity trends in the paper-based cultures is 

predominantly due to the PP and PV microenvironments. Yet, the magnitude of decrease 

observed between the monolayer to the laden culture formats are different, specifically 

highlighted by CYP1A2, and CYP2C19. The culture methods (monolayer vs laden) modulate the 

effect the PP and PV microenvironments have on the HepaRG cells. CYP1A2 activity decreased 

by 0.02- and 0.09-fold under the PP and PV conditions, respectively, when cultured as a 

monolayer; However, in the laden format, CYP1A2 activity decrease was 0.11- and 1.53-fold 

change in the PP and PV conditions, respectively. For CYP2C19, in the monolayer format, 

activity decreased by 0.38- and 0.67-fold at the PP and PV conditions, respectively; in the laden 

format, activity decreased by 0.92- and 1.20-fold change under the PP and PV conditions, 

respectively. 

The reduced effect of the cultured microenvironment between the monolayer, on top and 

laden culture method holds true for both transcriptional regulation and enzyme activity. The 

nonuniform downregulation of enzyme activity between the collagen monolayer and paper-based 

culture methods could be due to the path by which oxygen and other nutrients travel from bulk 

medium to the cell. In the monolayers, all the cells are at the bottom of the well-plate, so cells 
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take oxygen and nutrients directly from the media around themselves— nutrients are refreshed 

via diffusion from bulk medium. In the paper-based cultures, the cells take nutrients and oxygen 

from the various parts of the scaffold (paper fibers, collagen ECM, or medium) which is then 

replenished via diffusion and distributed via capillary action of the paper fibers. The 

microenvironmental impact on the HepaRG cells is felt in both the monolayer and paper-based 

cultured, but the magnitude of these effects is influenced by the culture method.  

The enzyme activity data overall points to the standard culture condition and monolayer 

method yielding the highest overall enzymatic activity. But highest enzyme activity in a non-

physiologically relevant environment but may not be the same as in vivo activity. Rather, making 

comparisons between physiologically relevant culture conditions in a head-to head comparison 

to observe trends in environmental changes is more important. 

 

5.3.5 Basal metabolic activity of the HepaRG cells follows liver zonation trends when 
comparing physiological conditions 
 

We quantified the enzyme activity and transcriptional regulation after 6 days in culture 

followed by 48 hours at specific culture condition. Metabolic enzyme activity (Figure 5.7) and 

transcript (Figure 5.8) of all three culture methods in the PP and PV conditions was measured. 

Measurements were normalized to the monolayer cultured at the PP microenvironmental 

conditions to assess the effect of integrating physiologically relevant culture formats.  

The zonal distribution of CYPs and Phase II enzyme activity in the liver is the CYPs and 

UGT activity is higher in the perivenous region while SULT activity is higher in the periportal 

region. We observed these zonally distributed trends of the measured enzymatic activity for 

CYPs and UGT between the PP and PV microenvironment; however, we did not observe zonal 

trends in SULT activity. Comparison of the PV monolayer to the PP monolayer, we measured 
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significant increased activity of the CYP1A2, 2B6, 2C19, 2D6, and 3A4 with midazolam, SULT 

and UGT; the largest increase in activity in the PV monolayer was CYP1A2 at 4.74-fold, 

CYP2D6 at 22.07-fold, and CYP3A4 at 8.56-fold. The increased activity in the PV 

microenvironment follows the same trends observed in Chapter 3. 

The paper-based cultures enhance metabolic activity and responsiveness to the 

microenvironment. CYP1A2 and 2D6 activity is modulated in the paper-scaffold cultures 

indicated by the magnitude of the enzymatic activity increase between the monolayer and laden 

culture method all within the PP microenvironment: CYP1A2 activity increases by 2.45-fold 

when comparing the PP monolayer to the PP laden format. The modulated activity effect by the 

culture method also holds true when comparing the PV culture conditions to the PP monolayer: 

CYP1A2 activity increases 4.74-fold in PV monolayer, 15.84-fold in PV on top, and 35.40-fold 

in PV laded. The increased activity of CYP2C19, 2D6, 3A4 with midazolam, and UGT between 

the PP and PV microenvironment is independent of the culture method indicated by a similar 

activity increase across the monolayer, on top, and laden culture formats.  

At the transcript level, comparisons of the PP and PV monolayer formats show CYP1A2 

and SULT2A1 transcripts were upregulated by 2.67, and 8.45-fold, respectively while CYP2C9, 

CYP2E1, and UGT2B4 were downregulated by 0.29, 0.001, and 0.001-fold, respectively. The 

discrepancy between the PP and PV monolayer transcriptional regulation and enzymatic activity 

suggests there are alternative regulatory pathways promoting increased enzymatic activity in the 

absence of increased transcript. Within the paper-based culture methods, CYP1A2, CYP2C9, 

CYP3A4, and SULT2A1 were significantly upregulated at both PP and PV conditions suggesting 

that the paper scaffold is contributing to transcriptional regulation. Furthermore, the PV 

conditioned paper-based culture methods have significantly more transcriptional upregulation 
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than the PP conditioned cells; cells in the on top method for the PP microenvironment has 10.79, 

1.70, 2.75, and 4.02-fold increases for CYP1A2, CYP2C9, CYP3A4, and SULT2A1, respectively. 

Cell in the on top format within the PV microenvironment we measured a 939.59, 38.00, 579.93, 

and 582.4- fold increase for CYP1A2, CYP2C9, CYP3A4, and SULT2A1, respectively. The laden 

formats followed the same trends in upregulation between the PP and PV cultured 

microenvironments.  

The enzymatic activity and transcriptional regulation between the PP and PV culture 

conditions as well as the enhancement effect by the paper-based culture format suggests that the 

inclusion of physiological conditions- both microenvironmental and culture method— into 

HepaRG cell culture promotes zonation-like patterning of metabolic enzymes. The zonation-like 

patterning observed between the PP and PV microenvironmental culture conditions is more 

important than the magnitude of enzymatic activity because the inclusion of zonation trends 

means that the HepaRG cells are behaving more like their in vivo counterparts.  

 

5.4 Conclusions and future work 

This study compared the effect of two physiological conditions— 3D culture method and 

culture microenvironment— on the metabolic enzyme activity and transcriptional regulation of 

HepaRG cells. We cultured the HepaRG cells as monolayers on collagen slabs, on top of 

collagen coated paper scaffolds and within the paper-scaffold with cell-laden collagen; HepaRG 

cells in these three methods were cultured under standard culture conditions, and physiological 

conditions representative of the periportal and perivenous region of the liver lobule. This design 

provided for superior control over the extracellular environment, allowed for comparisons to 

zonal characteristics observed in vivo. Single-region modeling, rather than an entire gradient 
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allowed us to culture large numbers of cells in a single experiment enabling viability, health, 

metabolic activity, and transcript profile measurements from the same set of cells; for 

comparison spheroid cultures accommodate 1000- 20,000 cells per spheroid.37  

The enzyme activity and transcriptional regulation of drug metabolizing enzymes was 

significantly decreased and downregulated, respectively, when comparing standard culture 

condition HepaRG cells to those cultured in the PP and PV microenvironments. The decrease in 

metabolic enzyme activity is likely a result of physiological oxygen tension as it is less than the 

standard 21% oxygen tension- the enzymatic activity of CYP1A and 2B families decrease by 

about 0.5-fold at when oxygen tension is reduced from 6.5 ppm O2 at atmospheric levels to 3.3 

ppm O2.38  

The inclusion of paper-based culture methods significantly influenced time-dependent 

and basal drug metabolizing enzyme activity. The laden paper-based scaffold culture extended 

the HepaRG cells stable enzyme activity by four days as compared to the monolayer and on top 

culture formats; this enabling HepaRGs in the laden format to be cultured for extended periods 

of time with stable enzymatic activity. The maximal basal enzyme activity was measured in the 

standard condition monolayers compared to the paper-based culture formats, but the inclusion of 

the paper-based culture method did appear to modulate the responsiveness of HepaRG cells to 

the culture microenvironment. This indicates that the culture method is an important factor when 

modeling in vivo liver physiology. Furthermore, the paper-based culture methods have 

upregulated transporter transcripts, KRT19, and Alb all three of which indicate the HepaRG are 

maintaining differentiation and cellular polarization better than the monolayer culture format. 

Others have observed enhanced differentiation of HepaRG cells when cultured as spheroids.12 

We hypothesize that the culture method dictates nutrient delivery to the cells— monolayers are a 
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relatively static culture environment where cells take in nutrients from their surroundings and 

diffusion replenishes the nutrients. The paper-based culture is more dynamic in which the paper 

fibers help distribute nutrients throughout the culture which then diffuses into the collagen ECM 

and then the cells. The dynamic nutrient distribution the of the paper-based cultures allows the 

hepatocytes to better respond to microenvironmental changes suggesting that paper-based culture 

methods are an improvement to in vitro liver modeling. 

Although the standard condition monolayer has the highest activity of metabolic enzymes 

as compared to the PP and PV conditions, enhanced metabolic activity is not as important as 

modeling zonation patterns and trends in vitro. When making direct comparisons between the 

HepaRG cells cultured at the PP and PV microenvironments, we observed increased metabolic 

activity in the PV conditioned cells for all the enzymes measured as well as upregulated 

metabolic enzyme transcripts in the PV conditioned cells. Furthermore, the laden culture format 

further enhanced increased in drug metabolizing enzyme activity and upregulation in transcript 

due to increased polarization and differentiation as compared to the monolayers. As a result, 

comparison between HepaRG cells cultured in paper scaffolds at PP and PV relevant conditions 

would provide relevant insights to in vivo zonation patterns. 

Future works into physiological microenvironments should include other mutagens 

present in the liver, as well as nutrient gradients such as glucose. Furthermore, since the 

transcriptional regulation between the standard, PP and PV cultured microenvironment fails to 

match trends in enzymatic activity, other regulatory pathways such as post translational 

modifications and enzyme kinetics should be explored. Comparing these regulatory pathways to 

primary human hepatocytes or freshly isolated hepatocytes could help us better understand the 
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differentially regulated metabolic enzyme activity in the liver and connections to in vitro culture 

methods. 

 



	

 187 

5.5 Figures and tables 

Table 5.1. MS/MS Transition monitoring for each drug metabolizing enzyme product using the 8-in-1 cocktail. 

Enzyme Substrate 

Final 

Concentration 

(μM) 

Product 
Declustering 

Voltage (V) 
Ion Mode Parent m/z 

Product 

m/z 

Collision 

Energy 

(eV) 

CYP1A2 Phenacetin 100 
Acetaminophen 

6 Positive 152.2 110 15 

     152.2 65.03 30 

CYP2B6 Bupropion 50 
Hydroxy bupropion 

6 Positive 256.02 238.1 8 

     256.02 130.1 47 

CYP2C19 (S)-mephenytoin 100 4’- 

Hydroxymephenytoin 

6 Negative 232.9 190.1 19 

     232.9 161.0 25 

CYP2D6 Dextromethorphan 100 
Dextrorphan 

4 Positive 258.04 157.1 36 

     258.04 199.1 25 

CYP2E1 Chlorzoxazone 15 6-

Hydroxychlorzoxazone 

2 Negative 184.0 120.1 22 

     184.0 64.0 33 

CYP3A4 Midazolam 5 1-Hydroxymidazolam 

 

6 Positive 342.04 324.1 19 

     342.04 168.1 36 

CYP3A4 Testosterone 

 

50 6-beta-Testosterone 

 

8 Positive 305.2 269.2 13 

    305.2 105.1 36 

SULT 7-

hydroxycoumarin 

100 7-Hydroxycoumarin 

sulfate 

6 Negative 240.7 161.0 20 

    240.7 133.0 34 

UGT 
7-

hydroxycoumarin 
100 7-Hydroxycoumarin 

glucuronide 

6 Negative 337.0 161.0 29 

     337.0 175.0 13 

Table 5. 1 MS/MS Transition monitoring for each drug metabolizing enzyme product using the 8-in-1 cocktail 

187 

 



	

 188 

Table 5.2 Concentration of isotopically labeled standards. 

 

Isotopically labeled standard 

Stock concentration Concentration in ACN Final 
concentration in 
sample 

6-hydroxy chlorzoxazone d2 10 mM in DMSO 5 μM 0.05 μM 
(+/-) hydroxybupropion d6 0.382 in ACN 0.191 μM 1.91 nM 
(+/-) 4-hydroxymephenytoin d3 10 mM in DMSO 5 μM 0.05 μM 
Dextrorphan d3 0.384 mM in MeOH 0.192 μM 1.92 nM 
7-hydroxy coumarin-D5 sulfate potassium salt 10 mM in DMSO 5 μM 0.05 μM 

Table 5. 2 Concentration of isotopically labeled standards 
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Table 5.3 List of 22 genes evaluated in this study. 
 

Gene 
Symbol 

Protein 
Abbreviation  Main Function Forward Primer (5’ – 3’) Reverse Primer (5’ – 3’) Efficiency 

(%) 
18sRNA 18s rRNA Ribosome CGCCGCTAGAGGTGAAATTC TTGGCAAATGCTTTCGCTC 107.5 
CYP1A2 CYP1A2 Phase I Enzyme CTTCGGACAGCACTTCCCTG AGGGTTAGGCAGGTAGCGAA 103.9 
CYP2C9 CYP2C9 Phase I Enzyme TCCCTGACTTCTGTGCTACATG ACTGGAGTGGTGTCAAGGTTC 113.9 
CYP2E1 CYP2E1 Phase I Enzyme TTGAAGCCTCTCGTTGACCC CGTGGTGGGATACAGCCAA 109.9 
CYP3A4 CYP3A4 Phase I Enzyme TCACAAACCGGAGGCCTTTT TGGTGAAGGTTGGAGACAGC 100.4 
CYP8B1 CYP8B1 Phase I Enzyme TGCACATGGACCCTGACATC GTGTCAGGGTCCACCAACTC 91.9 
SULT2A1 SULT2A1 Phase II Enzyme TGAGGAGCTGAAACAGGACAC AAGTCTTCAGCTTGGGCCAC 106.6 
UGT2B4 UGT2B4 Phase II Enzyme ACACATGAAGGCCAAGGGAG GAACCAGGTGAGGTCGTGG 94.3 

AHR AhR Transcription Factor CTTCCAAGCGGCATAGAGAC AGTTATCCTGGCCTCCGTTT 101.5 
NR1I3 CaR Transcription Factor TGATCAGCTGCAAGAGGAGA AGGCCTAGCAACTTCGCATA 102.6 
NR1I2 PxR Transcription Factor CCAGGACATACACCCCTTTG CTACCTGTGATGCCGAACAA 104.3 
ABCB1 P-gp Efflux Pump GCCAAAGCCAAAATATCAGC TTCCAATGTGTTCGGCATTA 93.6 

ABCC2 MRP2 Transporter 
(Excretion) 

TGAGCAAGTTTGAAACGCACAT  AGCTCTTCTCCTGCCGTCTCT 
99.6 

ABCC3 MRP3 Transporter 
(Excretion) 

GTCCGCAGAATGGACTTGAT TCACCACTTGGGGATCATTT 
108.5 

ABCG2 BCRP 
Transporter 
(Excretion) 

TGCAACATGTACTGGCGAAGA TCTTCCACAAGCCCCAGG 
101.5 

SLOC1B1 OATP1B1 Transporter (Uptake) GCCCAAGAGATGATGCTTGT ATTGAGTGGAAACCCAGTGC 97.3 
SLCO2B1 OATP2B1 Transporter (Uptake) TGATTGGCTATGGGGCTATC CATATCCTCAGGGCTGGTGT 106.5 
SLC10A1 NTCP Transporter (Uptake) GGGACATGAACCTCAGCATT  CGTTTGGATTTGAGGACGAT 101.4 
SLC22A1 OCT1 Transporter (Uptake)  TAATGGACCACATCGCTCAA  AGCCCCTGATAGAGCACAGA 104.5 

ALB Albumin Globular Protein TGAGCAGCTTGGAGAGTACA GTTCAGGACCACGGATAGAT 124.1 

KRT19 CK-19 
Biliary-

like/Progenitor  
Cell Marker 

TTTGAGACGGAACAGGCTCT AATCCACCTCCACACTGACC 100.8 

TJP1 ZO-1 Tight-Junction CGAGTTGCAATGGTTAACGGA  TCAGGATCAGGACGACTTACT
GG 

106.9 

      
Table 5. 3 List of 22 genes evaluated in this study
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Figure 5.1. Experimental workflow comparing the responses of HepaRG cells exposed to 

different culture conditions where cells were maintained as monolayer on collagen I slabs. (a) 

Collagen slabs (2 mg/mL) coated the bottoms of a 12-well plate and collagen-laden paper 

scaffolds gelate overnight. (b) The HepaRG cells were seeded onto the collagen slabs, on top of 

paper scaffold and into the paper scaffolds with cell-laden collagen. They were incubated for six 

days under standard culture conditions (20% O2, 5% CO2, and 37 oC) before being placed in at 

the experimental conditions for 48 h: standard (20% O2, 5% CO2), periportal (11% O2, 5% CO2) 

or perivenous (5% O2, 5% CO2, +Wnt). (c) Finally, cell health was evaluated by quantifying urea 

secretion using a colorimetric assay, CYP activity was quantified with LC-MS/MS, and 

transcriptional regulation was determined with RT-qPCR. 

Figure 5. 1 Experimental workflow comparing the responses of HepaRG cells cultured in 2D and 3D to physiological 

microenvironments 
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Figure 5.2. Assessment of HepaRG urea secretion after 48 hours in experimental conditions. Urea 

secretion of the HepaRG cells quantified with a colorimetric assay (Bioassay Systems). (a) Urea 

secretion was normalized to the standard (Std) condition to assess changes in microenvironmental 

culture conditions. (b) Urea secretion was normalized to the monolayers to assess changes in 

culture method. Data points represent the individual technical replicates pooled from two 

biological replicates; the mean was plotted with error bars representing the SEM. Significant 

difference was measured with a one-way ANOVA analysis. Std- standard conditions, PP- 

periportal conditions, PV- perivenous conditions, Mono- HepaRGs cultured as a monolayer on a 

collagen slab, On Top- HepaRGs cultured on top of a collagen-laden paper scaffold, Laden- 

HepaRGs cultured in the paper scaffold with cell-laden collagen. 

Figure 5. 2 Assessment of HepaRG urea secretion after 48 hours in experimental conditions 
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Figure 5.3. HepaRG cells were cultured on a collagen slab, on top of the paper scaffold, and 

within the paper scaffold at standard culture conditions for 24 days. CYP activity was measured 

with the 8-in-1 CYP cocktail every 4 days and activity was normalized to day 1 measurements. 

Dotted black lines represent 1.25- and 0.8-fold change, those associated with a significant 

difference in activity. Data points represent one biological replicate. 

Figure 5. 3 Drug metabolizing enzyme activity of HepaRG cells cultured as monolayers and in paper-scaffolds over 24 days 
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Table 5.4 Summary of maximal increase in drug metabolizing enzyme activity and day it was observed. a 

 Monolayer On Top Laden 

 
Day 

Max Activity (Fold 

Change) 
Day 

Max Activity (Fold 

Change) 
Day 

Max Activity (Fold 

Change) 

CYP1A2 11 3.73 7 2.91 11 3.43 

CYP2B6 11 1.57 7 1.70 15 1.68 

CYP2C19 11 4.01 7 7.86 7 1.89 

CYP2D6 7 2.35 7 1.99 15 2.38 

CYP2E1 -- N/A -- N/A 7 1.24 

CYP3A4- Midz 11 2.16 7 1.35 7 1.98 

CYP3A4- Test 11 1.49 -- N/A 11 1.10 

SULT 7 1.02 -- N/A -- N/A 

UGT 15 1.15 -- N/A 7 1.09 

Table 5. 4 Summary of maximal increase in drug metabolizing enzyme activity and day it was observed 

 a --/ N/A indicates no increase in enzyme activity was observed over the 24 days. 
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Figure 5.4. Metabolic enzyme activity of HepaRG cells cultured for 6 days followed by 48 hours 

at standard, PP or PV conditions. Enzyme activity was normalized to the average monolayer 

activity for each CYP within each cultured microenvironmental condition. Dotted black lines 

represent 1.25- and 0.8-fold change, those associated with a significant difference in activity. 

Bars represent the average ± SEM, from 2 biological replicates. 

Figure 5. 4 Metabolic enzyme activity of HepaRG cells cultured at standard, PP, and PV microenvironments- normalized to 
culture format 
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Figure 5.5. Transcript-level regulation of HepaRG cells cultured for 6 days followed by 48 hours 

at standard, PP or PV conditions was measured and compared. Transcript level analysis of phase 

I enzymes, phase II enzymes, nuclear receptors, transport enzymes and hepatocyte markers were 

compared to the monolayer culture format within each microenvironmental condition(a) and the 

standard culture condition within each culture format (b). Each value is the average of at least 

three technical replicates, collected from two biological replicates. A fold-change >2 indicates a 

significant increase in expression; <0.50 indicates a significant decrease. The numerical labels 

represent the average fold change using the ΔΔCt method. NF indicates no transcript was 

quantified. 

Figure 5. 5 Transcript-level regulation of HepaRG cells cultured as monolayers and in paper-scaffolds at standard, PP and PV 
conditions 
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Figure 5.6. Metabolic enzyme activity of HepaRG cells cultured for 6 days followed by 48 hours 

at standard, PP or PV conditions. Enzyme activity was normalized to the average standard 

condition activity for each CYP within each cultured format. Dotted black lines represent 1.25- 

and 0.8-fold change, those associated with a significant difference in activity. Bars represent the 

average ± SEM, from 2 biological replicates. 

Figure 5. 6 Metabolic enzyme activity of HepaRG cells cultured at standard, PP, and PV microenvironments- normalized to 
culture method 
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Figure 5.7. Metabolic enzyme activity of HepaRG cells cultured for 6 days followed by 48 hours 

at PP or PV conditions. (a) Enzyme activity was normalized to the average PP condition, 

monolayer format for each CYP within each cultured microenvironmental condition. The 

standard condition was excluded to focus on changes between the PP and PV conditioned cells. 

Dotted black lines represent 1.25- and 0.8-fold change, those associated with a significant 

difference in activity. Bars represent the average ± SEM, from 2 biological replicates. Figure 5. 7 

Drug metabolic enzyme activity of HepaRG between PP and PV microenvironment 
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Figure 5.8. Transcript-level regulation of HepaRG cells cultured for 6 days followed by 48 hours 

at PP or PV conditions was measured and compared. Transcript level analysis of phase I 

enzymes, phase II enzymes, nuclear receptors, transport enzymes and hepatocyte markers were 

compared to the PP condition, monolayer culture format. The standard condition was excluded to 

focus on changes between the PP and PV conditioned cells. Each value is the average of at least 

three technical replicates, collected from two biological replicates. A fold-change >2 indicates a 

significant increase in expression; <0.50 indicates a significant decrease. The numerical labels 

represent the average fold change using the ΔΔCt method. NF indicates no transcript was 

quantified. 

Figure 5. 8 Transcript-level regulation of HepaRG cells cultured at PP and PV microenvironment 
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APPENDIX A: IMAGES OF HEPG2 IN PAPER SCAFFOLDS 
 
HepG2 cells were cultured in 3D paper-scaffolds and images to assess distribution of cells. 

Representative images are shown. 

 
Methods 

Cell laden paper scaffolds (large and small) were cultured under standard conditions for 

48 h. 40,000 cells were placed on a 1.5 glass coverslip and cultured for 48 h under standard 

conditions. Cells were fixed with 3.2% paraformaldehyde, permeabilized with 0.5% trition-X. 

Cell nuclei were stained with DRAQ5 (1, 5-bis{[2-(di-methylamino)ethyl]amino}-4, 8-

dihydroxyanthracene-9, 10-dione) and actin was stained with phalloidin conjugated to Alexa 

fluor 488. 

Samples were mounted onto glass slides using Prolong Gold mounting solution. For the 

cells on top of the glass coverslips and small single zone scaffolds, 20 μL of mounting solution 

was used; for the large single zone scaffolds, 75 μL of mounting solution was used. 

Fluorescent images (tile and Z-Stacks) were collected on a Zeiss LSM710 spectral confocal laser 

scanning microscope with a digital AxioCam camera, acquired with Zen 2.3 acquisition 

software, using 20 and 40x objectives (Plan-apochromat 20x/0.8 M27; Plan-apochromat 

40x/0.95 Korr M27). Excitation light was provided by an argon laser. The paper fibers of the 

scaffold auto fluoresce under blue light so 488/414-474 nm (ex/em) was used to capture the 

described auto fluoresce. Alexa fluor 488 was imaged using 543 nm excitation and 502-561 nm 

emission; DRAQ5 was imaged using 633 nm excitation and 642-700 nm emission.  The images 

were collected with pinhole size set to 1 AU for the 633 nm excitation, 642-700 nm emission 

channel, and pixel sizes set to 0.415 μm unless specified next to specific image.  
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ImarisViewer software was used to visualize Z-stacks, tile scans, and planar images (XY, 

XZ, YZ). Videos were captured using the screen capture function of Microsoft power point. 

Videos of 3D renderings and slice view were captured. A “3D rendering” is a stitching the Z-

stack in the X,Y and Z axis while a “slice view” video is each XY image in the Z-stack is cycled 

through. 

  
 
Figure A.1 Planar projection of HepG2 cells on a glass coverslip. Images were collected as a Z-

stack (0.3 μm slice, 13.5 μm range) using a Zeiss LSM710 spectral confocal laser and 40x 

objective. Voxel size is 0.173x 0.173x 0.300 μm. Yellow is nuclei, Blue is f-actin. Scale bar is 20 

μm.Figure A. 1 Planar projection of 2D HepG2 
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Figure A.2 Snapshot of HepG2 cells in a paper-scaffold. Images were collected as a 3x3 tile 

scan (1185 x 1185 μm) using a Zeiss LSM710 spectral confocal laser and 20x objective. Pixel 

size is 0.415x 0.415 μm. Magenta is nuclei, blue is f-actin, and turquoise are paper fibers 

(autofluorescence). Scale bar is 100 μm. 

Figure A. 2 Snapshot of HepG2 cells in a paper-scaffold 
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a)      b)       c) 

   
 
Figure A.3 Snapshots of HepG2 cells in a paper-scaffold at different Z-axes. HepG2 cells were 

seeded on one side of the scaffold (a) and imaged deeper into the 40 μm scaffold thickness. The 

middle region (b) and deeper region (c). Images were collected as a Z-stack (0.5 μm slice, 37 μm 

range) using a Zeiss LSM710 spectral confocal laser and 20x objective. Voxel size is 0..415x 

0.415x 0.500 μm. Red is nuclei, green is f-actin and blue is paper-fibers. Scale bar is 50 μm. 

Figure A. 3 Snapshots of HepG2 cells in a paper-scaffold at different Z-axes 
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Figure A.4 Planar projection of HepG2 cells in a paper-scaffold. Images were collected as a Z-

stack (0.8 μm slice, 75 μm range) using a Zeiss LSM710 spectral confocal laser and 20x 

objective. Voxel size is 0.450x 0.450x 0.800 μm. Blue is nuclei, yellow is f-actin and grey is 

paper fibers. Scale bar is 50 μm. 

Figure A. 4 Planar projection of HepG2 cells in a paper-scaffold 
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APPENDIX B: CHAPTER 2 CALCULATIONS OF OXYGEN AT THE SURFACE OF 
CELLS AT THE BOTTOM OF THE WELL PLATE 

 
 
SI Equation sheet 1: 
The following equations to calculate oxygen delivery to the surface of cells was described by Al-
Ani et al. 29 
 
Calculating the moles of oxygen delivered to the surface of the cell per second (Units 
mol/s*cm2): 

!"#$%&%	()*$+),"-*)	.#/0)1 =	3$44&5$.1	6.)44$7$)18	.4	9#/0)1	$1	!)($&%(!)($"	3);8ℎ	$1	7%) ∗ 1000 ∗ A&,4"7)	.#/0)1	8)15$.1 
 
Cellular oxygen requirement (mol/s*cm2): 

!"##$#%&	()*+",	&"-$.&"/",01 = (4)*+",	!(,1$/50.(, ∗ !"##	7",1.0*) ∗ 	10!"# 
 
Oxygen concentration at liquid surface (mol/L): 

!"#$%&	()	*+,-+.	/-0(1% = (1 −%7!! − 0.06) ∗ =)>?/@ℎ%B+1	CB%//-B% ∗ %!! ∗ (
!!	D?*-E+*+)#	+&	>%.+(

0.209 )	 
 
Oxygen concentration at cell surface (mol/L): 

4)*+",	%0	;"##	1$&<%;" = (4$	%0	#.-$.=	1$&<%;") ∗ (1 − (
%&''	)*+,&-	.&/012&3&-45

6&'17&289'&	)"		
)) 

 
Constants: 

Molar percent CO2 5.0% 
Atmospheric pressure 1.00 atm 
Media Depth (cm) 0.361 (100 uL media in a 96 well plate) 
Oxygen consumptionrate (amol/cell*s) 34 (https://doi.org/10.1007/s10544-008-9254-8) 
Cell Density (cell/ cm2) 125,000 
Diffusion constant (cm2/s) 2.86 x 10-5 

Oxygen Solubility at 20.9% (mol/L) 2.00 x 10-4 
 
At 20% O2: 

4)*+",	%0	#.-$.=	1$<%;" = (1 − 0.05 − 0.06) ∗ 1	%0/ ∗ 0.209	4$ ∗ (
2.86 × 10!:

/(#
F

0.209
) 

4)*+",	%0	#.-$.=	1$<%;" = G. HI × GJ!;
KLM
N

 

 
 

!"##$#%&	()*+",	&"-$.&"/",01 = O34
%/(#
;"## ∗ 1

∗ 125,000
;"##
;/$S ∗ 	10

!"# 
 

!"##$#%&	()*+",	&"-$.&"/",01 = T. UV	W	GJ!<=
KLM

XK= ∗ Y
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Z%)./$/	="#.["&%\#"	()*+", = 	
2.86 × 10!: ;/

$
1

(0.361	;/) ∗ 1000
∗ 1.78 × 10!>

/(#
F

 

Z%)./$/	="#.["&%\#"	()*+", = 	G. TG × GJ!<<
KLM

XK= ∗ Y
 

 

4)*+",	%0	;"##	1$&<%;" = O1.78 × 10!>
/(#
F
S ∗ (1 − (

4.25	)	10!"$ /(#
;/$ ∗ 1

1.41 × 10!"" /(#
;/$ ∗ 1		

) 

 

4)*+",	%0	;"##	1$&<%;" = OG. UT × GJ!;
KLM
N
S 

 
At 8% O2: 

4)*+",	%0	#.-$.=	1$<%;" = (1 − 0.05 − 0.06) ∗ 1	%0/ ∗ 0.209	4$ ∗ (
2.86 × 10!:

/(#
F

0.209
) 

4)*+",	%0	#.-$.=	1$<%;" = ^. IG × GJ!?
KLM
N

 

 
 

!"##$#%&	()*+",	&"-$.&"/",01 = O34
%/(#
;"## ∗ 1

∗ 125,000
;"##
;/$S ∗ 	10

!"# 
 

!"##$#%&	()*+",	&"-$.&"/",01 = T. UV	W	GJ!<=
KLM

XK= ∗ Y
 

 

Z%)./$/	="#.["&%\#"	()*+", = 	
2.86 × 10!: ;/

$
1

(0.361	;/) ∗ 1000
∗ 6.81 × 10!:

/(#
F

 

Z%)./$/	="#.["&%\#"	()*+", = 	V. TJ × GJ!<=
KLM

XK= ∗ Y
 

 

4)*+",	%0	;"##	1$&<%;" = O2.56 × 10!:
/(#
F
S ∗ (1 − (

4.25	)	10!"$ /(#
;/$ ∗ 1

5.40 × 10!"$ /(#
;/$ ∗ 1		

) 

 
4)*+",	%0	;"##	1$&<%;" = _G. TV × GJ!? @ABC `  
 
 
 
At 3% O2: 

4)*+",	%0	#.-$.=	1$<%;" = (1 − 0.05 − 0.06) ∗ 1	%0/ ∗ 0.209	4$ ∗ (
2.86 × 10!:

/(#
F

0.209
) 
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4)*+",	%0	#.-$.=	1$<%;" = U. V^ × GJ!?
KLM
N

 

 
 

!"##$#%&	()*+",	&"-$.&"/",01 = O34
%/(#
;"## ∗ 1

∗ 125,000
;"##
;/$S ∗ 	10

!"# 
 

!"##$#%&	()*+",	&"-$.&"/",01 = T. UV	W	GJ!<=
KLM

XK= ∗ Y
 

 

Z%)./$/	="#.["&%\#"	()*+", = 	
2.86 × 10!: ;/

$
1

(0.361	;/) ∗ 1000
∗ 2.56 × 10!:

/(#
F

 

Z%)./$/	="#.["&%\#"	()*+", = 	U. JU × GJ!<=
KLM

XK= ∗ Y
 

 
 

4)*+",	%0	;"##	1$&<%;" = (4$	%0	#.-$.=	1$&<%;") ∗ (1 − (
!"##	4)*+",	a"-$.&"/",01

7"#.["&%\#"	4$		
) 

4)*+",	%0	;"##	1$&<%;" = O2.56 × 10!:
/(#
F
S ∗ (1 − (

4.25	)	10!"$ /(#
;/$ ∗ 1

2.02 × 10!"$ /(#
;/$ ∗ 1		

) 

 
4)*+",	%0	;"##	1$&<%;" = _−	U. IG × GJ!? @ABC `  
** This means there is ~50% oxygen deficiency for the cells 
 
 


