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1 Introduction

1.1 Pharmacological research
The development of drugs for the treatment of human diseases is a very long and thorough

process. On average, only one in five to ten thousand possible drug candidates reaches

approval by the US Food and Drug Administration (Giri et al., 2011)
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Figure 1: The drug development process ( Brodniewicz et al., 2018)

1.1.1 Drug discovery

The first step on this path is drug discovery, in which compounds that interact with central
targets of the disease are identified. Based on detailed knowledge of these targets, large-
scale screening of compounds is carried out to find those that interact the most favorable.
The ones that do are then further modified to either improve the desired effect or reduce

unwanted interactions (Brodniewicz ef al., 2010).

1.1.2 Preclinical and clinical drug development

When a compound has been identified and modified, it progresses to preclinical testing.
There, it is investigated regarding pharmacokinetics, pharmacodynamics and overall
effect on the organism, especially toxicity and dosing (Fox et al. 2002). Methods in the
preclinical phase include cell culture and molecular methods (in vitro), animal testing (in

vivo) and increasingly computational modelling (in silico) approaches to ensure that the



compound is safe for human testing (Jankovic et al. 2019; Sinha et al., 2019). In vivo
experiments are currently the only reliable and approved way to investigate a drug for
teratogenicity and carcinogenesis. Before a compound is cleared for clinical testing, its
toxicity needs to be investigated in two mammalian species, one of them non-rodent
("Directive 2001/83/EC," 28/11/2001).

The clinical stage of drug development begins with phase I clinical trials, the dose-finding
phase. Here, the compound is given to 20-80 healthy volunteers, who are then closely
monitored regarding toxicity, side effects, pharmacokinetics and pharmacodynamics
(Fox et al., 2002). In phase II clinical trials, the compound is administered to 100-300
patients with the disease it is intended to treat to show its efficacy compared to placebo.
The last clinical phase before approval is sought from regulatory bodies are the phase III
trials, where the compound is given to 1000-3000 patients and compared to existing
treatments. Drug interactions, side effects and dosage are also evaluated in this step.
After phase III, the entirety of the data that has been collected up to this point is compiled
and reviewed by the researchers, a process that can take several years. It is then presented
to the regulatory bodies. In the European Union this is the European Medicines Agency
(EMA), in the United States this is the Federal Drug Administration (FDA). If the
evidence regarding nontoxicity, efficacy and the properties of the compound is deemed
sufficient and the compound is deemed safe, it is granted approval and can be
manufactured for the market (Fox et al., 2002).

In phase IV, which is continuously done after regulatory body approval, the drug and the
patients taking it are constantly monitored for side effects and long-term effects
(pharmacovigilance) (Fox et al., 2002). Even after approval has been granted, a drug can
be withdrawn or further restricted due to unforeseen toxicity or interactions. Major causes
for drug withdrawal are liver toxicity, immune-related side-effects, and an increase of

cardiovascular risk (Onakpoya et al., 2011).

1.1.3 In vivo research

The practice of using laboratory animals to test the safety and efficacy of a treatment is
not a new one, it has led to such immense breakthroughs such as the use of insulin in the
treatment of diabetes (Vecchio et al. 2018), the diphtheria antitoxin (Grundbacher, 1992)
and a large number of surgical procedures including organ transplantation (Song ef al.,
2013). Despite their accomplished history, in vivo studies face immense challenges in

modern drug development. Besides concerns for the wellbeing and safety of the animals,



the limitations of extrapolating animal test data to human applications are becoming more
apparent (Leist et al., 2013). In vivo experiments are currently the only approved and
reliable way to investigate a drug for chronic toxicity, teratogenicity and carcinogenesis

before human application in clinical trials (Fox et al., 2002).

1.1.4 In vitro research

In vitro research summarizes all approaches being done in the laboratory, mainly cell
culture and molecular methods. It has been used for a long time to investigate the behavior
of cells and molecules under standardized conditions (Dambach ez al., 2005). Cell culture
experiments are performed by culturing one or several types of cells under sterile
conditions and observing their reaction to certain conditions, such as stress, chemical
exposure, or hypoxia. When performed with human cells, they can help to predict the
effects of drugs on human tissue, a shortfall of animal testing (Dambach ef al., 2005).

In the drug development process, in vitro research is used to gather as much data as
possible about a compound before the in vivo application in animal models (Jankovic et
al.,2019). This helps in narrowing down the number of candidates that move into animal
testing, but also provides insight into the effects of the tested compounds on cells in
different concentrations and under varying conditions (Ghanemi, 2015). A challenging
part when bridging the gap between cell culture and animal testing is in vitro to in vivo
extrapolation (IVIVE), because even the more sophisticated cell culture approaches lack
the complexity of in vivo conditions (Louisse et al., 2010). Thus, a diligent choice of cell
line and culture conditions is crucial to ensure that the data provided is reliable, as it is
used to further refine the following steps in the drug development process (Ghanemi,

2015).

1.1.5 Cell lines in hepatotoxicity studies

1.1.5.1  Primary human hepatocytes (pHH)

Primary human hepatocytes are the gold standard for in vitro liver toxicity studies. They
are the only model of in vitro studies for drug development currently approved by the
US-American FDA and have been shown to possess stable levels of liver-specific enzyme
activity for several days after isolation, which can be used in the investigation of the
metabolism of rapidly-clearing drugs as well as acute liver injury mechanisms (Kidambi

et al.,2009).
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However, it has also been shown that directly after isolation, pHH begin to rapidly de-
differentiate, losing their enzyme function, morphology, and their characteristic zonal
polarization (Godoy et al., 2009; Treyer et al., 2013). As Figure 2 shows, pHH in culture
lose their morphological features and flatted, when cultured in 2D. Adding media
substrates and coating the cell culture plates with collagen have aided in maintaining
hepatocyte function longer (Koike et al., 1996; Kost et al., 1991). However, it is currently
not possible to halt or even significantly slow this deterioration to a point where pHH can
reliably be cultured over what is required for long-term study of liver toxicity (Guguen-

Guillouzo et al., 2010).

Initial state

SDISSlD ey

Primary human hepatocytes in culture

Figure 2. In culture, pHH rapidly lose function and zonal polarity and take on a flattened morphology
(after Treyeretal., 2013)

Other major drawbacks of pHH include their scarce availability of the cells as well as
limited predictability of the viability of cells after isolation, especially if the cells have to
be shipped or the donor tissue is of poor quality (Berendsen et al., 2011; Green et al.,

2017).

1.1.5.2  Hepatoma cells lines

1.1.5.2.1 HepG?2 cell line

The HepG2 cell line was first described in 1979 by Aden ef al. It was isolated from the
liver of a 15-year old boy who suffered from hepatoblastoma, which had developed
independently of hepatitis infection (Aden ef al. 1979). It has been shown in numerous
studies to have residual activity of liver specific enzymes, albeit on much lower levels
than pHH (Aninat ef al., 2006; Wilkening ef al. 2003). Among these is the secretion of
plasma proteins typically secreted by the liver, such as albumin and transferrin (Bouma
et al., 1988). Additionally, the cells maintain a comparatively high morphological
differentiation (Wilkening et al., 2003).

HepG2 cells are often used in studies in place of pHH, due to the lack of inter-individual
variation and the general availability (Wilkening ef al., 2003). In addition to this, several

studies have investigated the potential of increasing the liver-like function of HepG2 by
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means of changing culture conditions, both by medium additives as well as by 3D culture
(Luckert et al., 2017; Ramaiahgari et al., 2014).

Ramaiahgari ef al. found an increase of activity of several key enzymes when HepG2
cells were cultured over 21 days in 3D culture (Ramaiahgari et al., 2014) However,
Luckert et al. found this to be mainly a function of culture-time and less of 3D culture
itself. Despite this, they reported finding an increase in Cytochrome p450 (CYP) 1A2
activity in 3D culture (Luckert et al., 2017).

We chose the HepG2 cell line for our experiments, as it represents a very well-described,
stable cell line that has a residual activity of most liver-specific enzymes of interest to our
study. Over the last decades, several other hepatoma cell lines for the study of in vitro
liver toxicity have been described, among them include Huh-7, HepaRG and HLE. In
addition to this, attempts have been made to create induced pluripotent stem cells that can
mimic hepatocyte function while circumventing major drawbacks like scarce availability

and rapid deterioration (Castell et al., 2006).

1.1.6 Epigenetic modification

With pHH in scarce supply, many attempts have been made to alter the epigenetics of
more widely available cell lines, such as hepatoma cells.

Epigenetics are an integral part of regulating cell specialization and activity throughout
the human body. They enable cells with a (near) identical genome to fulfill a variety of
different functions and adapt to their role in physiological processes. Several different
epigenetic mechanisms are known. On the level of the gene, methylation of nucleotides,
most notably the methylation of cytosine in position 5 (5mC) at the promotor leads to the
repression and inactivation of the gene in question. Other mechanisms include ribonucleic
acid (RNA) modification, microRNAs and other covalent modifications, such as
acetylation and ubiquitination (Dupont ef al., 2009).

In many cancers the epigenetics change drastically over the progression from
physiological tissue to cancer, deactivating or mutating tumor-suppressor genes like p53
and activating proto-oncogenes. Drugs that can partially or fully reverse these changes

have been used to treat certain cancers successfully (Kanwal ef al., 2012).
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1.1.7 Epigenetic modification of hepatoma cell lines
1.1.7.1 5-Azacytidine and Vitamin C

5-Azacytidine (5-Aza) demethylates the C-5 position of cytosine, creating 5-
hydroxymethyl cytosine (ShmC), leading to the reversing of the repression of the affected
gene. The mechanism of this is still a subject of study, although it has been shown that it
is dependent on the activity of ten-eleven-transferases (TETSs) in in vitro studies (RuoB et
al., 2019; Sajadian ef al., 2016; Seeliger et al., 2013).

Vitamin C (ascorbic acid) is an essential molecule for the synthesis of collagen fibers,
where it hydroxylates the Proline side chain. It has been demonstrated that Vitamin C can
enhance the effects of 5-Aza in reversing the hypermethylation of tumor suppressor genes
(Sajadian et al., 2016).

Co-stimulation of HepG2 cells with 5-Azacytidine and Vitamin C has been shown to
increase the activity of several liver-specific enzymes, such as the cytochrome p450
enzymes CYP2C9, CYP2D6 as well as increase expression of several genes like CYP1A2
and CYP2C9, albeit on a much lower level than in pHH and to increase the expression of
epithelial-like markers such as HNFa (RuoB ez al., 2019).

5-Azacytidine is known to induce demethylation in genes in several hepatocellular
carcinoma cell lines (Huh-7, HLE and HLF) through the ten-eleven translocation protein
2 (TET2) (Sajadian et al., 2015). This effect was further enhanced in Huh-7 and HLE cell
culture by the addition of Vitamin C (Sajadian ef al., 2016). The treatment was also shown
to partially reverse EMT in HepG2 cells as data published by RuoB et al. showed (Ruof3
etal.,2019).

1.2 The Liver

1.2.1 Anatomy
Located in the upper right abdomen, the liver weighs approximately 1.4-1.8 kg and fulfills
a central role in energy and substrate metabolism, detoxification and the first-pass-effect.

(Aumiller, 2010, pp. 656-658).

1.2.1.1 Liver histology

The microscopic unit of the liver is the liver lobule. The entire parenchyma of the liver is
made up of these hexagonal structures, which are approximately 1 mm in diameter and 2
mm high. At the center of each lobule is the central vein, which ultimately drains the

blood to the liver veins. On each of the corners is a triad of branches of bile duct, portal
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vein and hepatic artery, the portal triad. The function of the portal triad is the delivery of
both highly oxygenated blood from the hepatic artery and highly nutritious blood from
the portal vein, as well as the drainage of bile to the gall bladder (Aumiiller, 2010, pp.
660-664).

loeng axis (1 mm)

triad

Figure 3: Liver organization on a microscopic level. Nutrient and oxygen gradients exist depending on the distance
from central vein and allow for zonal specialization of hepatocytes. The liver acinus is a histological unit of
organization as well as a functional one, while the acinus is a purely functional one. Picture from Godoy et al. Article
published under creative commons license Creative Commons CC-BY-NC for non-commercial use, distribution, and
reproduction in any medium (Godoy et al., 2013)

The functional unit of the liver is the liver acinus, which has a triangular shape and spans
between two portal triads and one central vein. The blood flows from the portal triads to
the central vein, changing its composition along the way due to the metabolic activity of
the hepatocytes (Aumiiller, 2010, p. 661).

Due to the gradients in oxygen and nutrients, the cells show a high level of zonal
differentiation. In the periportal zone there is a high partial pressure of oxygen, and the
cells perform tasks of the carbohydrate, amino acid, and lipid metabolism as well as
plasma protein synthesis. The cells in the perivenous zone have much less oxygen and
specialize in the detoxification of xenobiotics and other substances that need to be
excreted. Zonal differentiation is a key mechanism of liver functionality, allowing for a
myriad of different tasks being performed simultaneously. Liver toxicity becomes first
apparent in the perivenous zone (Kietzmann, 2017).

Within the microscopic architecture of the lobule, the blood from the portal triad flows
by a fenestrated membrane, the sinusoidal membrane, allowing the blood plasma to enter

the space of Dissé, but keeping blood cells out. The hepatocytes, which make up around
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60% of the cells in the liver, can freely access the plasma in the space of Dissé and interact
with it. Their apical side faces away from the sinusoids and forms the bile canaliculi
around tight junctions between neighboring hepatocytes. The basolateral sides face the
space of Dissé and interact with the plasma in it, exchanging nutrients and metabolites.

Alongside the hepatocytes, other non-parenchymal cells are present in the liver.
The sinusoidal endothelial cells form the membrane separating the space of Dissé from
the blood (Aumiiller, 2010, pp. 661-662). Kupffer cells fulfill a function as tissue
macrophages in the liver and are an important part of the immune response in liver
inflammation by secreting pro-inflammatory cytokines like tumor necrosis factor o
(TNFa) (Roberts et al.,, 2006). Other immune cells such as pit cells (specialized
lymphocytes), granulocytes and dendritic cells can be found in the liver as well
(Aumiiller, 2010, p. 662). Hepatic stellate cells are located in the space of Diss¢ and act
as storage cells for lipophilic substances, such as vitamin A. In chronic liver disease they
undergo a phenotypical change and secrete extracellular matrix proteins, which can lead
to fibrosis (Bataller e al., 2005). A small portion of cells in the liver are cholangiocytes,

which line the biliary tract (Aumiiller, 2010, p. 662).

1.2.2 Physiology
The liver is a vital organ, performing a central role in glucose, protein and lipid
homeostasis, as well as plasma protein synthesis and the biotransformation of xenobiotics

and endogenous substances (Aumiiller, 2010, pp. 660-664).

1.2.2.1  Ammonia detoxification

A key function of the hepatocytes is the detoxification of ammonia to urea (Horn, 2009).
Ammonia is a by-product of the protein metabolism of every cell in the body and it causes
irreversible neurological damage when it accumulates in the plasma (Horn, 2009). In the
Urea cycle, ammonia is metabolized by several key enzymes including arginase, and
carbamoyl phosphate synthetase 1 (CPS1), which is the pacemaker enzyme (Horn, 2009).
This process is located in the cytosol and mitochondria of the hepatocytes and insufficient
detoxification leads to hepatic encephalopathy (Horn, 2009).

Ammonia detoxification is present, albeit very low in HepG2 cells compared to pHH

(Cipriano et al., 2017).
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1.2.2.2  Biotransformation
One of the most important functions of the liver is the metabolism of potentially harmful
substances, both foreign and from the body itself. This process, known as

biotransformation occurs in the hepatocytes in three phases (Horn, 2009).

1.2.2.2.1 Cytochrome p450 (CYP) isoenzymes

Phase I, catalyzed by enzymes of the CYP family, includes oxidative, reductive and
hydrolytic reactions to add functional groups (-OH, -SH or -NH> ) (Horn, 2009).
Several enzymes have been identified as being of key importance to the
development and metabolism of drugs.

CYP3AA4 is directly involved in the metabolism up to 60% of the prescription drugs
currently used. Furthermore, it can be inhibited and induced by many widely
available substances, such as grapefruit juice and St John’s wart as well as being a
key enzyme in drug interactions (Dresser et al., 2000).

CYP1A2 metabolizes several commonly used drugs, among them tricyclic
antidepressants and the anticancer drug Tamoxifen (Lim ef al., 2011; Zhou et al., 2010).
CYP2C9 also metabolizes Tamoxifen, as well as many other drugs like Warfarin

and Diclofenac (Lim et al., 2011).

1.2.2.2.2 Phase-II-enzymes

Phase I paves the way for phase II, in which the functional groups are modified by
addition of molecules such as glucuronides and sulfate esters to increase the water
solubility of the compound (Wilkening et al., 2003). Two of the most important groups
in drug metabolism are the glutathione-S-transferase (GST) and uridine diphosphate
glucoronosyl-transferase (UGT) groups (Jancova et al, 2010). These enzymes are
expressed at high levels in pHH; however, they are also present in HepG2. While the
activity of UGT is much lower in HepG2 compared to pHH, the activity of several
enzymes from the GST-group, among them GSTal have been described as higher in
HepG2 (Westerink et al., 2007). Additionally, increased GST activity is linked to

chemotherapeutic resistance (Hayes et al., 1995).
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1.2.2.2.3 Excretion enzymes

Phase III excretion enzymes consist of transporters of the Antigen-Binding-Cassette
(ABC) family, that transport the conjugated molecules through either the apical
membrane into the bile canaliculi or the basal membrane into the bloodstream (Treyer et
al., 2013). Major proteins with this function are Multidrug Resistance Protein 1 (MDR1)
and Multidrug resistance related Protein 1 (MRP1). MDR1 and MRP1 are transmembrane
proteins that serve to translocate molecules via membranes (Dean et al, 2001; Kumar et
al., 2019; Lu et al., 2015). MRP1 (ABCCI) and MDRI (ABCBI) gene overexpression
occurs in a variety of cancer cells and is associated with resistance against chemotherapy

(Dean et al., 2001).

1.2.3 Drug induced Liver injury

Drug induced liver injury (DILI) represents by far the leading cause of acute liver failure
(ALF) in countries such as Germany and the US, with 46% of cases of ALF caused by
Acetaminophen-mediated toxicity and a further 11% by toxicity from other drugs
(Stravitz et al., 2019). While the mechanism of the toxicity of some substances like
acetaminophen (APAP) is well understood and predictable, other drugs cause
idiosyncratic and very unpredictable effects (David et al., 2010).

The main limitation of pHH in 2D is a rapid deterioration in function and loss of their
distinct morphology over the span of days. Other cell lines such as HepG2 exhibit steady,
albeit low activity of liver-specific enzymes, but are more readily available and generally
easier to culture. Their low activity makes them unsuited for use in comprehensive
toxicity testing, although specific aspects, such as cholestatic DILI can already be
investigated, as this form of DILI does not require metabolic activity on the level of pHH

(Sison-Young et al., 2017).

1.3 Liver cell culture

Liver cells in vivo express a specific pattern of surface molecules on their apical,
basolateral, and sinusoidal sides, leading to a high level of polarization. In two-
dimensional cell culture, they lose their polarity and rapidly deteriorate. This is due to the
liver cells changing their gene expression toward proliferation and losing metabolic

function in the process. The aim of current research is hence to maintain polarity and
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function by culturing the hepatocytes in a more physiological environment (Elaut et al.,
2006).

To circumvent the loss of functionality and polarity, several culture-based strategies have
been established: Perfused liver slices resemble in vitro conditions closely because they
contain all the cells of the liver in their physiological configuration, but they are difficult
to handle and quickly lose function as well (Bessems et al., 2006). In microfluidic
“organs-on-a-chip”, a small number of functional cells is seeded on a plate with several
channels, through which fluids are pumped and the metabolites analyzed (Kimura et al.,
2018). This approach has been successfully applied to models of lung and kidney tissue,
however, due to the complex organization of the liver this technology is still in its infancy
(Beckwitt et al., 2018). Hepatospheres are formed by conglomeration of hepatocytes
when their adherence to other molecules is prohibited. Within them, liver cells show
higher polarity and bile canaliculi formation as well as an increase in cell-cell contact
(Hussain et al., 2018). Another approach to more closely mimic in vivo conditions is co-
culture, in which hepatocytes and several types of non-parenchymal cells (NPC) are
cultured together. This has been successfully done with Kupffer cells, stellate cells, and
hepatic sinusoidal cells to name a few (Gebhardt et al., 2003).

1.3.1 Sandwich culture

The simplest of three-dimensional methods is the sandwich culture. Here, the cell culture
plate is coated in sterile collagen, which is left to polymerize. The cells are seeded on top
of the polymerized collagen, left to adhere, and then covered with another layer of
collagen or other basal-membrane-like substances (e.g. Matrigel) (Hughes, ef al., 2010).
It has been demonstrated that this allows the cells to retain some of their functions for
longer, thus staving off dedifferentiation. While this by no means is the be-all-end-all of
3D culture, it serves as a baseline to compare other methods to, as it is easy to reproduce
and standardize across labs.

Collagen sandwich culture is a well-established method, mainly for culturing pHH, where
it has been demonstrated to help maintain structural characteristics of pHH and a higher
activity of liver-specific functions compared to regular 2D culture (Dunn et al., 1989) and
is commonly used as a comparison method when investigating more complex culturing
techniques (Nagaki ef al., 2001).

The culturing of HepG2 in collagen sandwich culture was investigated in a paper

published in 2016 by Luckert ef al., in which the activity of several CYPs as well as the
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changes in gene expression over 21 days were described (Luckert et al., 2017). A similar
approach to the collagen sandwich is the collagen gel, in which the cells are immersed in

the collagen before it polymerizes (Godoy et al., 2010).

1.3.2 Scaffolds

Scaffolds are porous structures that allow cultured hepatocytes to interact with a three-
dimensional environment and other cells. This culture technique has been shown to
improve functions in hepatocytes, such as plasma protein synthesis and biotransformation
capability as well as prolong them. The main techniques for scaffold creation are 3D
printing, polymerization of organic or non-organic materials and electro-spinning (Chua
et al., 2005; Zhu et al., 2016). Decellularized liver tissue can be classified as a scaffold
as well, albeit a natural one (Pan ef al., 2011). A major factor in scaffold quality is the
porosity. The more porous the scaffold is, the better cells can migrate into the center of
the scaffold and be supplied by nutrients there. At the same time, a higher porosity results
in less mechanical stability, which makes using it for culturing harder (Hollister, 2005).
For pHH, fairly easily manufactured 3D culture techniques such as hydrogels and
spheroid culture have been shown to extend biotransformation and secretion over a longer
period of time than 2D culture sources (Prestwich, 2008; Wang et al., 2020), however,
they suffer from several key drawbacks such as poor transfer of nutrients and medium
(Godoy et al., 2013).

More complex scaffolds can be created by several methods, such as 3D-printing, cryogels
and electrospinning and have shown promise for cell culture application in the cultivation
of pHH (Brown et al., 2018; Damania et al., 2018; Jain et al., 2015; Kizawa, et al., 2017).
Similarly, for HepG2, a much more robust and readily available cell line, an increase in
liver-like functionality was shown in 3D culture (Wei et al., 2020). Especially for urea
and albumin production, which can readily be determined in the supernatant, several
studies were able to show an increase for HepG2 cultured in 3D (Jain et al., 2015; Zhang
et al., 2016). 3D cell culture can be combined with continuous-flow techniques and co-

culture with hepatic NPCs (Kimura et al., 2018).

1.3.2.1 Cryogels
Cryogels are one of the techniques to create a scaffold quickly and comparatively
inexpensively. One of their main advantages is, that single components can be adjusted

or exchanged according to the experimental setup and the cells (Hixon et al., 2017)
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Cryogels are created by freezing a solution of proteins and cross-linkers while it freezes.
The mixture cross-links around the forming ice crystals and creates an interconnected
network of pores. This network allows cells to diffuse deeper into the scaffold and form
cell-cell connections inside the scaffold (Hixon et al., 2017). In our scaffold, the main
components of the extracellular matrix are Poly-(2-hydroxyethyl-methacrylat) (pHEMA)
as a structural element as well as collagen and gelatin as naturally occurring proteins to
mimic better the physiological composition.

Biocompatible monomers and polymers, such as poly (lactic-co-glycolic acid) (PLGA),
poly (glycolic acid) (PGA), and Poly(hydroxyethyl)methacrylate (pHEMA) have been
used successfully in creating for several years (Mikos et al., 2000; X. Wang et al., 2020).
pHEMA was developed in 1953 for the development of contact lenses and optical
implants (Wichterle ef al., 1960). Apart from its use as a scaffold component it is used in
cell culture flasks, where it prevents cell adherence to the walls, which is why scaffolds
containing it require a protein component such as collagen for cells to adhere to the
scaffold matrix (Stol ef al., 1985). pHEMA-based scaffolds have successfully been
established for several cell types, such as osteoblasts, muscle cells and corneal cells
(Haussling et al., 2019; Kilic et al., 2019; Stol et al., 1985). Another major group of
materials is biological materials such as rat tail collagen, alginate, and cold fish gelatin,
which are generally non-toxic and have been used in a variety of cell-culture methods
including hydrogels, sandwich and cryogels (Bachmann et al., 2015; Brown et al., 2018;
Dunn et al., 1989).

1.4 Aim of the study

This study aims to investigate the following:

1. The effect of 3D culture on the metabolic activity and gene expression in HepG2
cells

2. The effect of sandwich culture on the metabolic activity and gene expression in
HepG2 cells

3. The combined effect of either culture type in combination with stimulation with
5-Azacytidine and Vitamin C on the metabolic activity and gene expression in
HepG2 cells

4. The characterization of several scaffolds using hydrogel polymerization with

pHEMA, Bis-acrylamide, collagen, and gelatin.
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2 Materials and methods

2.1 Materials

2.1.1 Consumables

Material

Supplier

Cellstart Cell Culture Flasks
25,75 and 175 cm?

Greiner Bio - One, Frickenhausen, Germany

Cellstart Cell Culture Plates
24, 48 and 96 wells

Greiner Bio - One, Frickenhausen, Germany

Costar Stripette
5, 10, 25 and 50 ml

Corning, Corning, USA

Falcon 15 ml centrifuge tubes

Sigma Aldrich Chemie, Steinheim, Germany

Falcon 50 ml centrifuge tubes

Sigma Aldrich Chemie, Steinheim, Germany

Falcon Cell Culture Plates
6 wells

Becton, Dickinson & Co., Franklin Lakes, USA

Pipette Tips 20, 200, 1000 pl

Biozym Scientific,
Hessisch Oldendorf Sarstedt, Germany

Syringe 2 ml

B. Braun AG, Melsungen, Germany

Table 1: List of Consumables

2.1.2 Chemicals

3,3’-Methylene-bis(4-hydroxycoumarin)

Sigma Aldrich Chemie, Steinheim, Germany

4-Methylumbelliferone

Sigma Aldrich Chemie, Steinheim, Germany

5-Azacytidin (5-Aza)

Sigma Aldrich Chemie, Steinheim, Germany

5-Carboxyfluorescein (5-CF)

Sigma Aldrich Chemie, Steinheim, Germany

5(6)-Carboxy-2’,7’-dichlorofluorescein
diacetate (CFDA)

Sigma Aldrich Chemie, Steinheim, Germany

7-Benzyloxy-4(trifluoromethyl)coumarin
(BFC)

Sigma Aldrich Chemie, Steinheim, Germany

7-Ethoxycoumarin (ECOD)

Sigma Aldrich Chemie, Steinheim, Germany

7-Hydroxy-4(trifluoromethyl)coumarin

Sigma Aldrich Chemie, Steinheim, Germany

(HFC)

Acetic Acid VWR, Leuven, Belgium
Acetonitrile Carl Roth, Karlsruhe, Germany
Agarose Carl Roth, Karlsruhe, Germany

Ammonium chloride (NH4ClI)

Carl Roth, Karlsruhe, Germany

Ascorbic Acid-2-Phosphate (Vitamin C)

Carl Roth, Karlsruhe, Germany

Boric Acid

Carl Roth, Karlsruhe, Germany

Brij 35 Carl Roth, Karlsruhe, Germany

Bufuralol Hyrochlorid Toronto Research Chemicals, Toronto, Canada
Bupropion Hydrochlorid Toronto Research Chemicals, Toronto, Canada
Calcein AM Sigma Aldrich Chemie, Steinheim, Germany
Chloroform Carl Roth, Karlsruhe, Germany
Chlorzoxazone Carl Roth, Karlsruhe, Germany

Coumarin crystallin

Toronto Research Chemicals, Toronto, Canada

D-(+)-Glucose

Sigma Aldrich Chemie, Steinheim, Germany

Dibenzylfluoresceine (DBF)

Carl Roth, Karlsruhe, Germany
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Diclofenac

Toronto Research Chemicals, Toronto, Canada

Dicumarol (3,3 methylene-bis (4-
hydroxycoumarin) )

Sigma Aldrich Chemie, Steinheim, Germany

Diethylpyrocarbonate (DEPC)

VWR, Leuven, Belgium

Dimethylsulfoxid (DMSO)

Carl Roth., Karlsruhe, Germany

DMEM without Phenol Red

PAA Lab., Traun, Osterreich

dNTP Mix for PCR

Axon Labortechnik GmbH, Kaiserslautern, Germany

Dulbecco’s modified eagle’s medium
(DMEM) 10x

Biochrome, Berlin, Germany

Dulbecco’s modified eagle’s medium
(DMEM) High glucose

Sigma Aldrich Chemie, Steinheim, Germany

Dulbecco’s Phosphate buffered saline

Sigma Aldrich Chemie, Steinheim, Germany

Dulbecco’s Phosphate buffered saline 10x

Sigma Aldrich Chemie, Steinheim, Germany

Essigséure Carl Roth, Karlsruhe, Germany

Ethanol Carl Roth, Karlsruhe, Germany

Ethanol 99% Carl Roth, Karlsruhe, Germany

FCS Gibco, Paisley, UK

Fluoresceine Sigma Aldrich Chemie, Steinheim, Germany
Glycerol Carl Roth, Karlsruhe, Germany

Hoechst 33342 Sigma Aldrich Chemie, Steinheim, Germany
Isopropanol VWR, Leuven, Belgium

Magnesium chloride (MgCl)

Carl Roth, Karlsruhe, Germany

Monochlorobimane (MCB)

Sigma Aldrich Chemie, Steinheim, Germany

N-(1-naphthyl) ethylenediamine

Sigma Aldrich Chemie, Steinheim, Germany

dihydrochloride

O-Phtalaldehyde Sigma Aldrich Chemie, Steinheim, Germany
Ornithine Sigma Aldrich Chemie, Steinheim, Germany
Penicillin / Streptomycine (P/S) PAA Lab., Traun, Austria

peqGOLD TriFast Peqlab Biosystems, Erlangen, Germany
Phenacetin PAA Lab., Traun, Austria

Phosphate buffered Saline (PBS)

PAA Lab., Traun, Austria

Probenecid

Sigma Aldrich Chemie, Steinheim, Germany

Reaction Buffer B for PCR

Axon Labortechnik GmbH, Kaiserslautern, Germany

Resazurin Sodium Salt

Sigma Aldrich Chemie, Steinheim, Germany

Rhodamine 123

Sigma Aldrich Chemie, Steinheim, Germany

S-Mephenytoin

Toronto Research Chemicals, Toronto, Canada

Salicylamid

Sigma Aldrich Chemie, Steinheim, Germany

Sodium hydroxide (NaOH)

Carl Roth, Karlsruhe, Germany

Sodium Pyruvate

Sigma Aldrich Chemie, Steinheim, Germany

Sulforhodamine B (SRB) sodium salt

Sigma Aldrich Chemie, Steinheim, Germany

Sulfuric acid (H2SO4)

Carl Roth, Karlsruhe, Germany

Taq Polymerase

Axon Labortechnik GmbH, Kaiserslautern, Germany

Tris(hydroxymethyl)-aminomethan (TRIS)

Sigma Aldrich Chemie, Steinheim, Germany

Trypan blue 0,5%

Carl Roth, Karlsruhe, Germany

Trypsin/Ethylenediaminetetraacetic acid
(EDTA)

Sigma Aldrich Chemie, Steinheim, Germany

7-Hydroxycoumarin (Umbelliferon)

Carl Roth, Karlsruhe, Germany

Urea

Carl Roth, Karlsruhe, Germany

Table 2: List of Chemicals
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Centrifuge Fresco 17 & 21

Heraeus Instruments, Waltham, USA

Centrifuge Megafuge 40 R Thermo Fisher Scientific, Waltham, USA
Fluorescence Microscope EVOS-fl Peglab Biosystems, Erlangen, Germany
FLUOstar Omega BMG Labtech, Ortenberg, Germany

Forma 900 -80 °C Freezer

Thermo Fisher Scientific, Waltham, USA

Heratherm Oven

Thermo Fisher Scientific, Waltham, USA

Incubator BINDER

Binder, Tuttlingen, Germany

Lambda Plus Multi Channel Pipette
50 -200 uL.

Corning, Corning, USA

Lambda Plus Pipette 0.5 - 10 uL

Corning, Corning, USA

Lambda Plus Pipette 10 - 100 uLL

Corning, Corning, USA

Lambda Plus Pipette 100 - 1000 pL

Corning, Corning, USA

Lambda Plus Pipette 2 - 20 uL

Corning, Corning, USA

Laminar Flow Bench Safe 2020

Thermo Fisher Scientific, Waltham, USA

Light Microscope Primo Vert

Carl Zeiss Microlmaging,
Munich, Germany

LVIS Plate BMG Labtech, Ortenberg, Germany
Magnetic stirrer RH B 2 IKA - Werke, Staufen, Germany
SecuFlow fume hood Walder Laboreinrichtungen, Wangen,

Germany

Waterbath Aqualine AL25

Lauda Dr. R. Wobser, Konigshofen.
Germany

Weighing scale ABJ 120-4 M

Kern & Sohn, Balingen, Germany

Weighing scale PCB 250-3

Kern & Sohn, Balingen, Germany

Intas GelDoc

Intas Science Imaging, Géttingen, Germany

Table 3: List of Equipment

2.1.4 Programs

OMEGA Software for FluoStar,

BMG Labtech, Offenburg, Germany

ImageJ V1.53

National Institute of Health, Maryland, USA

GraphPad V5.01

Graph Pad Software, San Diego, USA

Word

Microsoft

Excel

Microsoft

Intas GelDoc

Intas Science Imaging,
Gottingen, Germany

Endnote V9.2

Clarivate Analytics

Table 4: List of Programs

2.1.5 Kits used

‘ ThermoFisher First Strand cDNA Kit

’ Thermo Fisher Scientific, Waltham, USA ’

Table 5: List of ready kits used
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2.2 Methods

2.2.1 Cell culture

The HepG2 cells were cultured in 175 cm?

flasks before experimentation. For
experiments, the cells were cultured in either 2D, sandwich or scaffold culture in 24-well-
plates. Medium consisted of Dulbecco’s Modified Eagle’s Medium with high glucose, to
which 1% Penicillin/Streptomycin (P/S) and 10% Fetal Calf Serum (FCS) were added.
Cell culture flasks and plates were placed in an incubator at 37 °C, 5% CO». The medium

in the cell culture flasks was exchanged every 3-4 days.

2.2.1.1 Trypsination and splitting

Upon reaching 80-90% confluency, as assessed under the microscope, the cells were
washed with Dulbecco’s Phosphate Buffered Saline (DPBS). Then, 1,5-2 ml of
Trypsin/EDTA (T/E) were added for a 175 ml flask. They were placed in the incubator at
37 °C, 5% CO; and after 10 minutes it was assessed whether all cells had been mobilized
from the surface. When all cells were in suspension, 10 ml of medium with FCS were
added to dilute and inactivate the T/E and the solution was transferred into a 50 ml falcon
tube, in which it was centrifuged at 600 *g for 10 minutes. The supernatant was discarded,
and the pellet resuspended, either to be used in experiments or transferred back into a cell
culture flask. For experiments, the cells were counted in a Neubauer cell counting

chamber using Trypan blue as a dye and diluted to the necessary concentrations.

22.1.2 Stimulation with 5-AZA and Vitamin C

After 24 hours of incubation to allow for cell adherence, half of the cells were treated
with medium containing 10 uM 5-Azacytidine (5-Aza) and 0.5 mM Vitamin C as well as
10% FCS and 1% P/S. The cell solution was renewed after 24 hours to maintain a steady

concentration. The protocol was adapted after the protocols for HLE, and Huh-7 cell lines

of Sajadian ef al. (Sajadian et al., 2016).

2.2.2 Sandwich culture

2221 Isolation of rat tail collagen
For the sandwich cultures and the cryogels, collagen was isolated from rat tail tendons.
For this, the tails were broken between the vertebrae and the tendons pulled out. The

tendons were then air-dried in the cell culture bench under ultraviolet light for sterilization
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for 24 hours. After this, 3.5 g of the isolated tendons were stirred in 1 1 of 0,1% acetic
acid for the cryogels. For the sandwiches, 8.4 g of the isolated tendons were stirred in 1 1

of 1% acetic acid for 48 hours.

2222 Preparation of Sandwich culture

The preparation of a sandwich culture was modified after Dunn et a/. (Dunn et al., 1989).
To prepare the collagen solution, one part of 10x Dulbecco’s Modified Eagle’s Medium
(DMEM) with Phenol Red was mixed with nine parts of the rat tail collagen (8,4 g/1).
This solution was then neutralized stepwise to pH 7,3 using Sodium Hydroxide (NaOH)
and repeatedly agitated. To avoid polymerization and contamination, all of the steps were
performed on ice and under the laminar flow bench. When neutralized, 50 pl of the
solution were spread in each of the wells of a 24-well-plate. The plates were then placed
in the incubator for 30 minutes to polymerize, after which cells were seeded on them.
After 4 hours of cell attachment a second layer of collagen solution was added on top of

them and after further 30 minutes for polymerization, medium was added.

A. Collagen layer

B. Collagen layer seeded with cells

( ) (e- ) ( J (&) | )
~——
C. Cells "sandwiched" between two collagen layers

Figure 4: Preparation of sandwich culture. After preparing the surface of the cell culture plate with collagen, cells
are added, left to adhere, and then coated with another layer of collagen

2.2.3 Preparation of cryogels

2.23.1 Creation of scaffolds

A protocol similar to that used by Ruof3 ef al. for the creation of cryogels from a rapidly
polymerizing solution was used ( RuoB ef al., 2018). Figure 5 shows the scaffold creation
process. For standardized casting forms, we used 2 ml syringes with a diameter of 9,82

mm, from which we removed the tips. Because the solution rapidly polymerizes after all
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the components have been added, it is important to work on ice and to make sure all the
necessary chemicals and equipment are ready and cooled before starting. In the first step,
ddH>0, rat tail collagen and cold fish gelatin were mixed in a 50 ml falcon and thoroughly
agitated. Then poly (2-Hydroxyethyl methacrylate) (pHEMA) and bis-acrylamide (BAA)
were added, working under the fume hood. The solution was then agitated again. All these
steps were performed while keeping the components on ice.

In the final step, tetramethylethylendiamine (TEMED), ammonium persulfate (APS) and
glutaraldehyde (GA) were added in quick succession and the solution was briefly
agitated. It was then immediately poured into the prepared syringes and placed at -20 °C

for 24 hours. Table 6 shows the different scaffold compositions used for experimentation.

Add APS,
A TEMED,
* Glutaraldehyde
Scaffold casting

1. Collagen, vortexing
Gelatin,
ddH,0 U
[T  |0UTT

BAA Cool to 4°Conice Store at-18°C

N

m—— O S
| 74 —L -y Ll

Incubate at-18°C Cut the scaffolds EOH  PBS Midia
for 24h FCS

Figure 5: Scaffold creation (modified after Ruofs et al. ((Ruof3 et al., 2018)). Briefly, the polymerization solution is
cooled, the cross-linkers are added, after which they are quickly mixed and poured into the casts. While Polymerization
takes place, they are stored at -18°C. After Polymerization is completed, they are removed from the casts, cut, sterilized,
washed with DPBS and incubated in medium before being used in cell culture.

Substance Composition | Composition 2 | Composition 3 | Composition 4
1

pHEMA 98% 1,0 ml 1,6 ml 2,0 ml 3,0 ml

BAA 2% 500 pl 260 pl 1,0 ml 1,5 ml

Collagen 3,5 g/l | 1,0 ml 3,0 ml 1,0 ml 1,0 ml

Gelatin 300 g/l | 2,0 ml - 2,0 ml 2,0ml

ddH>O 5,5ml 5,14 ml 4,0 ml 2,5 ml

Table 6: Table of scaffold compositions and the concentration of contents
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2.2.3.2  Cutting and sterilization of scaffolds

Scaffold . . Sterilizati . Pre- .

Figure 6: Scaffold creation workflow

Figure 6 shows the scaffold creation workflow. After 24 hours of polymerization, the
syringes were taken out of the freezer and the polymerized solution was cut into 3 mm
thick disks. The top and bottom 6 mm as well as any unevenly cut scaffolds were
discarded. The scaffolds were then viewed under the fluorescence microscope, where
they could be evaluated regarding regular pore formation without the need for a dye due
to the innate fluorescence of the polymerized proteins.

The scaffolds were then placed in a 50 ml falcon tube and suspended in 70% ethanol
(without additives) and placed on the orbital shaker for 6-24 hours for sterilization. After
sterilization, they were repeatedly washed with DPBS to remove the ethanol. Before
seeding could be performed, the scaffolds were placed in cell culture plate wells and
submerged in DMEM with 10% FCS and 1% P/S and placed in the incubator overnight
to allow for the medium to diffuse into the scaffold. Preliminary tests showed that without
medium incubation the adherence and survival of cells were severely limited. The

protocol was adapted accordingly with the scaffolds being pre-incubated for 24 hours

before seeding of cells.

Figure 7: Scaffolds and adherent cells without (left) and with (right) 24 hours of pre-incubation in medium with FBS

2233 Seeding of cells on scaffolds
On day 0, cells were seeded on either scaffold, sandwich or in 2D culture. After seeding

was complete according to the individual protocol, they were placed in the incubator for
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24 hours with medium to allow for cell adherence. For experiments, HepG2 cells in
passage 8 to 10 were used, as it has been demonstrated that between passage 8 and 16

enzyme activity is the most stable (Lin et al., 2012; Westerink et al., 2007).

2.2.3.3.1 Surface seeding

On the day the cells were seeded, the medium was removed from the scaffolds and then
air-dried for 30 minutes to allow for better absorption of the cell solution. After this, 50
ul of cell solution (concentration 2x 107 cells/ml) were added on top of the scaffold. The
scaffolds were incubated at 37 °C, 5% CO: for 4 hours to allow for cell adherence and

then covered in medium.

2.2.3.3.2 Orbital seeding

For orbital seeding, the scaffolds were placed in a sterile falcon tube and submerged in
medium containing 1-3 x 10° cells/ml. Cells were then placed on the orbital shaker for 30
- 60 minutes at 2-5 rotations/minute to allow flowing of the medium through the cryogels.
Afterwards, they were placed in a sterile 24-well-plate and placed in the incubator for 4

hours to allow for adherence. They were then covered in medium.

2.2.4 Microscopy

Cells and scaffolds were placed under a microscope for evaluation of morphology,
viability, and confluence. The cells could be evaluated using either normal light for
morphology or staining with Hoechst and Calcein AM. The structure of the scaffolds
could be assessed using the innate fluorescence of its protein bonds, which could be
increased by dyeing it with Hoechst, Calcein AM or Sulforhodamine B (SRB). Before
staining, the medium was removed from the cells, and they were washed three times with

DPBS.

22.4.1 Pore diameter measurement

All conditions showed formation of pores in at least a portion of the scaffold. For each
condition, a total of three pictures was analyzed with 30 pores measured for each picture.
Formations of long “channel”-like pore structures were not analysed in this fashion to

avoid skewing the measurements (Kumari et al., 2016).
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2.2.4.2  Hoechst staining

Hoechst is a dye that interacts with a cell’s DNA and therefore stains the nuclei of both
living and dead cells. The stock solution of 1 mg/ml was diluted 1:1000 in DPBS and
then transferred into the wells. They were then incubated for 30 minutes at 37 °C, 5%
CO; and washed four times with DPBS. Microscopy was then performed in the DAPI
channel with excitation at A= 358 nm and emission at A= 461 nm, the reported

wavelengths for this dye (Romano et al., 2018, Atale et al., 2014).

2243 Calcein AM Staining

Calcein acetoxymethyl ester (Calcein AM) is a dye that can only be transported through
the cell membrane by active transport and therefore only accumulates in living cells. The
1:1000 diluted stock solution (which was 4 mM) was transferred onto the cells and
incubated for 30 minutes. They were then washed four times with DPBS and placed under

the microscope in the GFP channel (excitation A= 488 nm, emission maximum A= 510

nm) (Wang et al., 2008).

2244 SRB Staining

Sulforhodamine B (SRB) is commonly used to quantify cells in 2D culture. It binds to
proteins under acidic conditions. For evaluation of scaffolds, they were submerged in a
0.4% solution of SRB in 1% acetic acid for 1 minute. They were then washed five times
in 1% acetic acid and placed under the microscope, where they were assessed using the
RFP channel (Excitation A= 558 nm, emission maximum A= 583 nm). Cells were first

fixed with ethanol and then stained as described above (Skehan et al., 1990).

2.2.5 Functional assays

After seeding cells out on day 0, they were stimulated for 48 hours and then on day 3 the
metabolic experiments were started. In 2D and sandwich culture, 200,000 cells in 700 pl
medium were used in 24-well-plates (1,9 cm? per well). For scaffold culture, 200,000

cells were used per scaffold.
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Day 1:
) . . . Day 2: Day 3: Day 4:
Celllj g}e/e%in Sm;l_u/lazt;o;lnévnh Stimulation with 5- RNA isolation Urea
g Vitamin C Aza and Vitamin C Phase I - 1111 testing Measurement

Figure 8: Workflow of the Stimulation and Testing

2.2.5.1 Ammonia detoxification

For the measurement of Urea production, the cells were washed three times with DPBS.
Then the cells were incubated for 24 hours with reaction solutions containing magnesium
chloride (MgCl,), sodium pyruvate, ammonium chloride (NH4Cl) and L-ornithine in
DPBS.

Ul U2 U3
MgCl 1 mM 1 mM 1 mM
Sodium pyruvate 1 mM 1 mM 1 mM
NH4ClI - 300 mM 300 mM
L-ornithine - - 100 mM

Table 7: Contents of Ammonia detoxification test solutions

After 24 hours, 80 pl of the supernatant were transferred into a 96-well-plate. To this, 60
ul of O-Phtaldehyde solution (0.75 M sulfuric acid (H2SOs4), 15 mM O-Phtalaldehyde, 4
mM Brij-35) and 60 pl of NED-reagent (2.25 M H2SO4, 80 mM Boric acid, 3 mM N-(1-
naphthyl) ethylenediamine dihydrochloride (NED), 4 mM Brij-35) were added and
incubated for 2 hours. For each measurement, a standard curve containing concentrations
of Urea ranging from 0 pg/ml to 100 pg/ml was incubated in triplicate.

After the incubation, the absorption at A= 460 nm was measured in the plate reader and

the values were normalized using the standard curve (Jung et al., 1975; Zawada et al.,

2009).

2.2.5.2  CYP activity assays
For the measurement of the activity of CYP1A2, CYP2C9 and CYP3A4 the cells were

prepared by removing medium and washing with DPBS twice on day 3. A test solution



containing an enzyme reactant, medium and inhibitors of the respective phase II

enzymes was prepared. Then the test solution was added to the wells and incubated at

37 °C, 5 % COxz for 30 minutes. After 30 minutes, 100 pl of supernatant were

transferred to a 96-well plate. Alongside the supernatant, a dilution curve of the

respective transformation product was pipetted into the 96-well plate. The plate was

then analyzed using the plate reader ( Donato et al., 2004). Table 8 contains reagents

and the wavelengths from the plate reader at which measurements were taken.
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CYP 1A2 CYP 2C9 CYP 3A4
Reactant 7-Ethoxycoumarin Dibenzylfluoresceine 7-Benzyloxy-4-
25 uM 20 uM coumarin
10 pM
Product 7-Hydroxycoumarin Fluoresceine 7-Hydroxy-4-
coumarin
Phase II Salicylamid 1uM Dicoumarol 10 uM Salicylamid 1.5 uM
Inhibition Probenecid 2 uM Probenecid 2 uM
Excitation / 355 nm/ 485 nm / 355nm/
Emission 460 nm 520 nm 520 nm
Standard curve | 7-Hydroxycoumarin Fluoresceine 7-Hydroxy-4-
1 pmol/pl 5 mM coumarin
50 mM

Table 8: Contents of CYP test solution

2253
22531

Phase II measurement

Uridine diphosphate glucoronosyltransferase (UGT) measurement

For the activity of UGT, the ability of the cells to conjugate 4-Methylumbelliferone (4-

MU) with glucose from Uridine diphosphate (UDP)-Glucose was measured. After 48

hours of stimulation, the cells were washed twice with DPBS. Then, 700 pl of a 6.25 uM

4-MU solution in serum-free medium were added to the wells and incubated for 30

minutes and 60 minutes respectively. After incubation, 100 pl of the supernatant were

transferred to a 96-well plate and measured in the plate reader at excitation 355 nm and

emission 460 nm. It was compared to a standard curve of 4-MU with the highest

concentration at 6.25 uM. It is important to note that in this reaction, the emission of the

unconjugated 4-MU is measured, so a decrease in emission is due to conjugation from

increased enzyme activity (Donato et al., 2004).
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2.2.5.3.2 Glutathione S-transferase (GST) activity measurement

GST conjugates monochlorobimane (MCB) with free glutathione. After removing the
medium and washing the cells with DPBS, 700 pl of an 80 pm solution of MCB in serum-
free medium was added. The cells were then incubated for 30 minutes, after which 100
ul of the supernatant were transferred to a 96-well-plate. Fluorescence was then measured
at emission A= 355 nm and excitation A= 460 nm. For this experiment normalization was

done in relation to cell number (Donato et al., 2004).

2.2.5.4  Efflux assays

The membrane-bound enzymes MDR1 and MRP1 transport molecules across the cell
membrane. The cells were washed three times with DPBS, then a solution of either 4 uM
5(6)-Carboxy-2’,7’-dichlorofluorescein diacetate (5-CDFA) for MRP1 or 3 uM
rhodamine (for MDR1), both in DPBS, was added and left to incubate for 30 minutes.
During this time, the cells took up the compounds by passive diffusion. After 30 minutes,
the solutions were removed, and the wells washed with DPBS another three times. Then
a 11 mM glucose solution of DPBS was added for 30 minutes, after which the supernatant
was collected and measured in the plate reader at excitation A= 485 nm and emission A=
520 nm for both. The results were compared to a standard curve of 5-Carboxyfluorescein

(5-CF) and rhodamine, respectively (Schyschka et al., 2013).

2.2.6 Resazurin conversion assay

Due to the high protein content of the scaffold, SRB staining, a well-established method
of cell quantification could not be used. Instead, a resazurin assay can be used to quantify
cells in 3D- or extracellular matrix environments (Uzarski et al., 2017). 2D and sandwich
culture cell quantification was also performed using resazurin conversion to avoid
creating additional confounding factors. Standard curves were created in 2D culture
(Figure 9).

The conversion of resazurin to resorufin is an assay that can be used to determine cell
number in cell culture. Viable cells have the ability to convert the redox dye resazurin
into resorufin, for which the fluorescence can be measured at 590 nm. For the conversion
assay, the cells were washed with DPBS once for 2D culture and twice for sandwich and
scaffold culture to remove any interfering substances. 0.7 ml of a 0,0025% resazurin in

DMEM solution was then added to the wells and incubated at 37 °C for 60 minutes in 2D
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and sandwich culture and 150 minutes for the cryogels. After incubation, 100 pl of the
supernatant was pipetted into a 96-well-plate. Fluorescence was then measured at an
excitation wavelength of A= 544 nm and emission wavelength of A=590-10 nm using an
Omega Plate Reader (RuoB et al., 2018). For normalization of background values, the
background measurements in wells without cells for 2D, sandwich and cryogel culture
was determined separately from each other.

For normalization, two standard curves were created (Figure 9). For the 2D and sandwich
wells, a standard curve with an incubation time of 60 minutes was created. As preliminary
experiments had shown much lower cell numbers in 3D culture, a separate standard curve
was created for 3D culture wells. Accordingly, in experiments that required normalization

to cell number, the wells were incubated for the corresponding time.

Standard Curve Resazurin 1 hour Standard Curve Resazurin 2.5 hours
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Figure 9: Standard curves of Resazurin conversion after 60 and 150 minutes of incubation. For each standard curve,
cells were cultured in 2D with N >3 and n>15 and conversion was measured after 1 and 2.5 hours respectively. The
standard curve was created using linear regression

2.2.7 RNA isolation

RNA isolation was performed in 2D, sandwich and scaffold culture after 48 hours of
stimulation with 5-Aza and Vitamin C as described above. The wells were washed twice
with DPBS. In 2D culture the cell detergent TriFast was added to the cell culture plates
and the wells were thoroughly scraped using a scraper.

For cells in sandwich culture, the bottoms of the wells were covered in a solution
containing collagenase and incubated at 37 °C for 30 minutes. Afterwards, the bottom of
the well was covered with TriFast well and the cells were recovered using a cell scraper
and briefly centrifuged and the phase containing the cells recovered. For scaffold culture,
the scaffolds were taken out of their wells and shock-frozen with liquid nitrogen. While

frozen, the scaffolds were crushed in a grinder and then covered with TriFast. The mix
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was then stirred and afterwards filtered through a fine cloth to remove any pieces of
scaffold remaining. After the cells had been suspended in TriFast, 100 pl of chloroform
was added per 500 ul of TriFast and carefully mixed. Afterwards the samples were
centrifuged at 14,000 *g for 10 minutes at 4 °C. The clear phase containing the RNA was
then transferred to a fresh Eppendorf tube containing isopropanol. After carefully mixing
the samples again, they were then centrifuged at 14,000 *g, 4 °C for 10 minutes again
and the supernatant removed and replaced by 70% ethanol. This step was repeated once
and then the samples were resuspended in diethyl carbonate water (DEPC H>O)
(Sambrook ef al., 1989).

2.2.7.1  cDNA synthesis

In the complementary DNA (cDNA) synthesis step, the entirety of the mRNA in each
sample is transcribed into DNA. This allows polymerase chain reaction (PCR) to be
performed, as primers used can only bind to DNA. For this step, the RNA samples were
mixed with a ready mix containing a surplus of nucleotides, random primers, and reverse
transcriptase, which is needed for transcribing RNA into DNA. The DNA FirstStrand kit
from ThermoFisher was used and the samples were incubated in the Thermocycler

according to the manufacturer’s instructions (Thermo Fisher Scientific, 2017).

2.2.8 PCR

Polymerase Chain Reaction (PCR) is a process in which a certain gene, for which the
primer sequence is known, is amplified using a heat-stable polymerase. It can be used to
detect the level of gene expression in each sample for comparison. Each value is
normalized using the expression of the house-keeping gene Hypoxanthin guanine
phosphoribosyl transferase (HPRT), that are stably expressed under different conditions.
For PCR, the samples were mixed with a mastermix containing KAPA2G-polymerase,

nucleotides and the specific primers and incubated in the Thermocycler (Biosystems,

2017).

2.2.9 Gel electrophoresis

A gel with 1.5 g agarose dissolved in 100 ml of ddH»O and 7 pl ethidium bromide per
was poured and left to harden for 30 minutes. Afterwards, the expanded cDNA samples
were loaded into the pockets and an electrical current of 90 V was applied for 40 minutes.

Images were then made using the Intas GelDoc system. The images were analyzed using



34

ImageJ. Values were normalized against the Hypoxanthin guanine phosphoribosyl

transferase (HPRT) expression of the respective samples (Sambrook et al., 1989).

2.3 Statistical analysis

Consultation for the statistical analysis and study design was held with the ‘Institut fiir
Klinische Epidemiologie und angewandte Biometrie of the Universitét Tiibingen’.
Statistical analysis of all experiments was done using SPSS Version 28.0.0.0 by IBM.
Normalization was done in relation to cell number, determined by resazurin conversion.
To determine whether the data sets follow a normal distribution, D’ Agostino-Pearson test
was performed. As natural distribution could not be assumed for the data sets, a non-
parametric test was chosen to test for significant differences. Grubb’s test was performed
to test for outliers in the data sets.

Kruskal Wallis test was chosen, as all the assumptions for performing the test were met
by the data; An independent variable with more than two groups (in this case six) as well
as one dependent variable on an ordinal scale, for which normal distribution could not be
determined using the D’ Agostino-Pearson test. For the comparisons, in which the null
hypothesis (Ho: measurement medians are equal) could be rejected, a Dunn’s multiple
Comparison’s test was done afterwards to determine, which of the groups varied. For
pairwise comparison, a Mann-Whitney-U-test was performed.

Statistical tests were performed two-sided as an exploratory data analysis using p < 0.05
(*), p<0.01 (**), and p < 0.001 (***) as level of significance as marked in the graphs.
Gel electrophoresis images were analyzed using the open-source Image] version 1.53.
Data was normalized in relation to the housekeeping gene GAP-DH. Bar graphs were

created using GraphPad Prism Version 5.
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3 Results

3.1 Scaffold optimization / characterization

3.1.1 Scaffold composition

The scaffolds were prepared according to a protocol as described above. The goal was to
find a composition of the different substrates that allows for reproducibility, ease of
handling and mechanical stability as well as an optimal pore structure. Several promising
compositions from unpublished previous experiments were picked out and investigated
further. The detailled compositions can be found in Table 6: Table of scaffold

compositions and the concentration of contents.

2000um ¢
o -
Figure 10: Microscopy of the top of scaffolds from composition 1 (scalebar is 2000 um)

The scaffolds of composition 1, which had the lowest pHEMA concentration, as well as
the lowest protein concentration overall, showed the formation of a network of pores over
most of the surface (Figure 10b). On the sides of the scaffold, where it had been closest
to the syringe wall, there was formation of long vertical pore “tubes”, several mm in
length. These tubes could be found in the outermost 1-2 mm of the scaffold (Figure 10a).
Of the scaffold compositions tested, composition 1 showed the least batch-to-batch

variation in pore structure.
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In composition 2, which utilized a higher collagen concentration than any of the other
compositions tested, but no gelatin, most of the scaffold matrix was made up of long
vertical pore “tubes”, similar to those found in the scaffolds from composition 1. These
tubes could be found across the entire diameter of the scaffold as shown in Figure 11a).

On a small subsection of scaffolds produced from composition 2, the formation of

smaller, networked pores could be observed toward the center of the scaffold (Figure
11b).

Figure 12: Microscpy of the top of scaffolds from composition 3 (scalebar is 2000 um)

In the scaffolds created from composition 3, the formation of both networked small pores
as well as tubular pores could be seen (Figure 12b). In addition, due to the high protein
content, a number of larger pores that appeared to be entirely encumbered by scaffold

material could be seen, especially toward the center of the scaffold (Figure 12a).
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Figure 13: Microscopy of the top of scaffolds from composition 4 (scalebar on the left is 1000 um, on the right 2000

um)

In the scaffolds created from composition 4, the composition with the highest pHEMA
concentration, the center pores appeared to be encumbered by thick walls of scaffold
matrix (Figure 13a). As in the other compositions tubular pores could be seen on the

peripheral portions of the scaffold and a network of small pores could be seen in between
(Figure 13Db).

3.1.2 Pore size measurements

Average Pore size

N
=3
S

§ * Average Range

§ o0 = = Composition1 | 1763 um | 67,1 - 358,6 um

5 s Composition2 | 95,7 um | 37,3 -357,2 um
- Composition 3 166,1 ym | 66,7 —272,9 um
© Comp1 Comp2 Comp3 Comps Composition 4 | 100,4 um | 24,8 — 364 um

Figure 14: Pore size measurement of scaffolds from composition 1-4. For each composition, 30 pores were measured
from an area of uniform pore formation

Composition 1, which had the lowest protein content, also showed the largest pores of
the compositions investigated. Accordingly, the compositions with the highest protein

concentrations comp. 2 and comp. 4 showed much smaller pores on average.

The average pore size described for the scaffold compositions investigated, which ranges
between 97,7 um and 176,3 um, is several times larger than the pore size of decellularized
liver, which is around 22.02 £ 0.65 um (Mattei, et al., 2018). We deemed this acceptable,
as the goal is to distribute cells among the interior of the entire scaffold, not just the outer

surface.
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3.1.3 Summary of the scaffold creation results

None of the scaffolds showed any macroscopic degradation when exposed to the
substances required to use them in cell culture. However, the scaffold from composition
2, which was created without gelatin, was much less mechanically stable and prone to
breaking apart when transferred.

The diameter of pores in and on the scaffold is an important factor in allowing cells to
penetrate further into the scaffold and to provide them with nutrients and medium
(Kumari et al., 2016). We found that all four investigated scaffold compositions showed
sufficient pore diameter to allow for nutrients and cells to pass through, with the average
diameter being between 95.7 — 176.3 pm.

Interestingly, in all four investigated compositions, we found long, mostly vertical pores
toward the outer edges of the scaffold. This might be caused when freezing occurs too
fast during polymerization from the outside inward with large ice crystals forming within.
Alternative experimental approaches include cooling all components down to 4°C before
adding the polymerizing agents TEMED and APS or achieving a more stable surrounding
temperature by using an ethanol bath (Teng et al., 2018). In the compositions with a
higher protein content of the polymerization solution, composition 3 and 4, we found
much smaller pores as well as thicker pore walls. In solution 4, many pores apparently
did not communicate with other pores. Composition 1 was chosen for further testing, as

it was mechanically stable, had a good porosity and high reproducibility.
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3.1.4 Scaffold seeding

490pum

400pum 2000um

Figure 15:Microscopy of different seeding techniques: a) top-down view of orbital seeding b) top-down view of
surface seeding c) cross-section of orbital seeding d) cross-section of surface seeding (seeding done to the right-
facing surface of scaffold)

As the cells are supposed to not only adhere to the surface of the scaffold, but to the pore
walls deep inside the scaffold as well, we investigated several methods of seeding. In
surface seeding, a solution containing cells is pipetted on top of the scaffold, while in
orbital seeding, the scaffold is submerged in a cell solution, which is then continuously
gently agitated. Orbital seeding can potentially distribute the cells more evenly across the
surface as well as deeper within the scaffold. Major drawbacks of orbital seeding include
the high cell number required as well as the practical imposition of not being able to
agitate the cell solution within the incubator (Melke ef al., 2020).

Fluorescence microscopy of scaffolds seeded with the orbital seeding method as well as
with the classic surface seeding method (Figure 15) showed that in both cases cells
adhered only to the surface of the scaffold and did not migrate deeper into the scaffold.
Scaffolds seeded with the orbital seeding method showed that most cells adhered to the
scaffold in the pores closest to the surface with few cells penetrating deeper into the
scaffold. Scaffolds seeded with a surface-seeding technique also showed most cells
adhering to the surface or several pm into the matrix. In surface-seeding, the density of

cells, as observed using fluorescence microscopy, was much higher.
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As a result, surface seeding was chosen for the experiments

Figure 16: Cell morphology of HepG?2 cells in 2D (left, sandwich culture(middle) and 3D culture. Scalebar of a) and
b) is 200 um and of 'c) is 400 um

In 2D-culture (Figure 16a), HepG2 cells have a distinct triangular morphology, while in
sandwich (Fig. 16b) and 3D culture (Fig 16c¢), the cells appear rounder. Note that the
picture of the 3D culture was taken at a different magnification, due to the high level of

fluorescence from the scaffold.

3.2 Functional tests

We compared the metabolic function of HepG2 cells cultured on different mechanical
substrates such as 2D sandwich culture and 3D scaffold culture as well as their response
to different stimulants.

Figure 17 shows the urea production over 24 hours in a basic solution containing Sodium
pyruvate as an energy substrate as well as MgCl, without ammonium chloride. The lowest
activity was detected in the 2D culture stimulated with 5-Aza and Vitamin C, while the
highest activity was measured in 3D culture stimulated with Vitamin C. Both the AzaC

and the unstimulated 3D conditions showed a significantly higher rate of urea synthesis
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compared to the stimulated 2D culture. They also both showed a significantly higher rate

of synthesis compared to the AzaC sandwich culture.

3.2.1 Ammonia detoxification

Basic solution
I . .
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Figure 17: Urea production over 24 hours in a basic solution

Ammonia detoxification after 24 hours incubation in a basic solution by HepG?2 cells in 2D, sandwich culture (SW)
and on scaffolds (3D). Blue bars represent cells stimulated for 48 hours with 10 uM 5-Aza and 0.5 mM Vitamin C,
while blue bars represent cells not stimulated. The ammonia detoxification was quantified by determining the urea
production in 24 hours. The values were normalized to cell number determined by resazurin conversion assay. Bars
represent mean +SEM; N =3, n = 3.

When comparing the unstimulated 2D samples with the other test conditions, we did not
find a statistically significant difference. We did, however, find a statistically significant
improvement of function in unstimulated 3D when compared to unstimulated sandwich
culture.

For 2D, sandwich and 3D culture respectively, there was no significant difference of

synthesis between AzaC and unstimulated samples of the same culture type.
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Figure 18: Urea production over 24 hours in a solution containing ammonium chloride

Ammonia detoxification after 24 hours incubation in a basic solution by HepG?2 cells in 2D, sandwich culture (SW)
and on scaffolds (3D). Blue bars represent cells stimulated for 48 hours with 10 uM 5-Aza and 0.5 mM Vitamin C,
while blue bars represent cells not stimulated. The ammonia detoxification was quantified by determining the urea
production in 24 hours. The values were normalized to cell number determined by resazurin conversion assay. Bars
represent mean + SEM; N =3, n = 3.
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Similar to the basic solution, the lowest activity in the solution containing ammonium
chloride was measured in the AzaC 2D culture with the highest activity in the AzaC 3D
culture, as seen in Figure 18.

We saw a statistically significant increase in activity between the 2D unstimulated group
and both the AzaC and the unstimulated 3D conditions. Equally, we saw significantly
higher activity in both 3D conditions when compared to the unstimulated sandwich
culture.

When comparing 2D AzaC vs. unstimulated samples, no significant difference was
found. Similarly, when comparing sandwich AzaC vs. unstimulated samples, no
significant difference was found. In addition, comparing 3D AzaC vs. unstimulated
samples, no significant difference was found. In summary, despite both the AzaC
sandwich and 3D culture showing higher activity, we did not find a significant

improvement in AzaC samples.
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Figure 19: Urea production in a solution containing ammonium chloride as well as ornithine

Ammonia detoxification after 24 hours incubation in a basic solution by HepG?2 cells in 2D, sandwich culture (SW)
and on scaffolds (3D). Blue bars represent cells stimulated for 48 hours with 10 uM 5-Aza and 0.5 mM Vitamin C,
while blue bars represent cells not stimulated. The ammonia detoxification was quantified by determining the urea
production in 24 hours. The values were normalized to cell number determined by resazurin conversion assay. Bars
represent mean +SEM; N = 3, n = 3.

The lowest activity in this measurement was detected in the unstimulated 2D culture,
while the highest activity was measured in the 3d culture stimulated with AzaC.

Comparing the unstimulated 2D culture with the unstimulated sandwich culture, we saw
no statistically significant increase in activity, however, the AzaC sandwich culture was
significantly higher than the unstimulated 2D culture (**). Similarly, there was no
significant difference between the unstimulated 2D culture and the unstimulated 3D
culture, despite the latter showing higher activity. The AzaC 3D culture, however, was
significantly higher than the unstimulated 2D culture (**). Despite seeing higher activity

in the unstimulated 3D culture compared to the unstimulated sandwich culture, this
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difference was not statistically significant. We did, however, see a significant increase in
activity in the AzaC 3D culture when comparing to the unstimulated sandwich culture.
When comparing the AzaC 2D culture to the unstimulated 2D culture, no significant
difference was found in the activity. However, the AzaC sandwich culture showed
significantly more activity than the unstimulated sandwich culture (*). Although a higher
activity showed in the AzaC 3D culture when compared to the unstimulated 3D culture,
this effect was not statistically significant. This may be due to the high standard error of
the mean in the AzaC 3D culture. However, Grubb’s test did not reveal any outliers in
the AzaC 3D data set.

To summarize, we saw an increase in urea production in the AzaC culture conditions
when compared to their unstimulated counterparts in sandwich and 3D, although this was
only statistically significant for the sandwich culture. In addition, we also found an
increase in activity in both sandwich and 3D culture, when compared to unstimulated 2D
culture, although this was only significant in the AzaC conditions for 3D and sandwich.
When looking at U1, U2 and U3 combined, we saw an increase in urea production in both
sandwich culture as well as 3D culture when compared to 2D culture. Similarly, when
comparing the AzaC groups to their unstimulated counterparts, we saw an increase in the

AzaC groups, which was for the most part not statistically significant.

3.2.2 CYP activity
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Figure 20: CYP1A2 activity in a basic solution by HepG?2 cells in 2D, sandwich culture (SW) and on scaffolds (3D).
Blue bars represent cells stimulated for 48 hours with 10 uM 5-Aza and 0.5 mM Vitamin C, while blue bars represent
cells not stimulated. The activity was determined by measuring the relevant reaction products in the supernatant after
30 minutes. The values were normalized to cell number determined by resazurin conversion assay. Bars represent
mean £ SEM; N =3, n = 3.
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The lowest measurements of CYP1A2 activity were in both the unstimulated and the
AzaC 2D cultures. The highest activity was detected in the AzaC 3D culture, with the
AzaC sandwich culture showing nearly as much activity. Significantly higher activity was
measured in cells stimulated with AzaC in sandwich culture compared to both AzaC and
unstimulated 2D culture. Analogously, the activity in the AzaC 3D culture was
significantly higher in relation to AzaC and unstimulated 2D culture. No significant
difference was detected between the unstimulated and the AzaC cultures of the same
culture type, although there is a non-significant difference in both the 3D and the

sandwich culture when comparing the AzaC with the unstimulated cultures.
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Figure 21: CYP2C9 activity in a basic solution by HepG?2 cells in 2D, sandwich culture (SW) and on scaffolds (3D).
Blue bars represent cells stimulated for 48 hours with 10 uM 5-Aza and 0.5 mM Vitamin C, while blue bars represent
cells not stimulated. The activity was determined by measuring the relevant reaction products in the supernatant after
30 minutes. The values were normalized to cell number determined by resazurin conversion assay. Bars represent
mean £ SEM; N =3, n = 3.

In the measurement of the CYP2C9 activity, both 2D culture conditions display very low
activity. The highest activity was in the AzaC sandwich culture.

When comparing the unstimulated 2D culture to sandwich culture, both the AzaC and the
unstimulated sandwich culture show significantly higher activity (***). In addition,
unstimulated sandwich culture shows significantly higher activity than AzaC 2D culture
(**) and stimulated sandwich culture also measured significantly higher than AzaC 2D
culture (***). While unstimulated 3D culture showed higher activity than unstimulated
2D culture, this effect was not statistically significant. However, AzaC 3D culture showed
significantly higher activity than both unstimulated 2D culture (**) as well as AzaC 2D
culture (*).

Unstimulated 2D culture and AzaC 2D culture both showed very low activity, and no

significant difference was found. Comparing unstimulated sandwich culture to AzaC
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sandwich culture, the AzaC group showed much higher activity, however, this was not
statistically significant, due to a high standard error of the mean in the AzaC sandwich
culture. Grubb’s test did not reveal any outliers in either of the data sets. Similarly, in the
comparison between AzaC 3D culture and unstimulated 3D culture, while the AzaC

culture had higher activity, this was not significant.
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Figure 22: CYP3A44 activity in a basic solution by HepG2 cells in 2D, sandwich culture (SW) and on scaffolds (3D).
Blue bars represent cells stimulated for 48 hours with 10 uM 5-Aza and 0.5 mM Vitamin C, while blue bars represent
cells not stimulated. The activity was determined by measuring the relevant reaction products in the supernatant after
30 minutes. The values were normalized to cell number determined by resazurin conversion assay. Bars represent
mean + SEM; N =3, n = 3.

For CYP3A4, both the unstimulated and the AzaC 2D conditions showed the lowest
activity, while the AzaC 3D culture showed the highest activity measured.
Comparing the unstimulated 2D culture with the unstimulated sandwich culture, the
sandwich culture showed higher activity, albeit not statistically significant. Similarly,
comparing unstimulated 2D culture to unstimulated 3D culture showed no statistically
significant difference, despite the unstimulated 3D showing higher activity. Between
unstimulated sandwich and unstimulated 3D culture, no significant difference was found.
Between the AzaC 2D and the unstimulated 2D culture, no significant difference could
be found either. While the AzaC sandwich culture showed higher activity, this was not
statistically significant. Similarly, the activity of 3D AzaC appeared much higher than
that of unstimulated 3D culture. When looking at the data generated in the cell culture
experiments, it becomes apparent, that especially in 2D, very little activity was detected,
with many of the wells showing no detectable activity.

In summary, sandwich culture showed higher activity than 2D culture for all three of the

CYP enzymes, which was significant for CYP2C9. Additionally, the cells cultured in 3D

showed higher activity of CYP enzymes, this similarly was statistically significant for
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CYP2C9. While the cells stimulated with AzaC appear to have higher activity when

compared to their unstimulated counterparts, this was not statistically significant.

3.2.3 UGT/GST
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Figure 23: UGT activity after 30 and after 60 minutes by HepG2 cells in 2D, sandwich culture (SW) and on scaffolds
(3D). Blue bars represent cells stimulated for 48 hours with 10 uM 5-Aza and 0.5 mM Vitamin C, while blue bars
represent cells not stimulated. The activity was determined by measuring the concentration of 4-Methylumbelliferone
in the supernatant after 30 minutes and after 60 minutes. The values were normalized to cell number determined by
resazurin conversion assay. Bars represent mean £ SEM.

At both the 30-minute and at the 60-minute time point, AzaC and unstimulated 2D culture
as well as the unstimulated sandwich culture show very little activity. The 3D culture
conditions show more activity, albeit with large standard deviations. Accordingly, the
only significant difference is between the unstimulated 3D culture and the AzaC sandwich

(at the 30-minute time point) and the AzaC 2D culture (at 60 minutes).
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Figure 24: GST activity after 30 and after 60 minutes by HepG2 cells in 2D, sandwich culture (SW) and on scaffolds
(3D). Blue bars represent cells stimulated for 48 hours with 10 uM 5-Aza and 0.5 mM Vitamin C, while blue bars

represent cells not stimulated. The activity was determined by measuring fluorescence at excitation 355 nm and
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emission 460 nm in the supernatant after 30 minutes and after 60 minutes. The values were normalized to cell

number determined by resazurin conversion assay. Bars represent mean + SEM; N =3, n = 3.

The lowest activity for the GST measurement was detected in the AzaC 2D culture for
both 30 minutes and 60 minutes. The highest activity was detected at both timepoints in
the AzaC 3D culture. At both time points, there was a significant difference between the
AzaC 3D culture and both the AzaC and the unstimulated 2D cultures. Equally, the
unstimulated 3D culture showed a significantly higher activity of GST compared to both
the AzaC and the unstimulated 2D culture. Neither sandwich culture showed a significant
difference in GST activity when compared to the other culture conditions at either time

point.

3.2.4 Efflux assays
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Figure 25: MRPI activity after 30 and after 60 minutes by HepG2 cells in 2D, sandwich culture (SW) and on
scaffolds (3D). Blue bars represent cells stimulated for 48 hours with 10 uM 5-Aza and 0.5 mM Vitamin C, while
blue bars represent cells not stimulated. The activity was determined by measuring the concentration of 5-
Carboxyfluorescein after 30 minutes and after 60 minutes. The values were normalized to cell number determined by

resazurin conversion assay. Bars represent mean + SEM; N =3, n = 3.

At both timepoints, both the AzaC and the unstimulated 2D cultures showed the lowest
activity of the MRP1-transporter. The highest efflux at both timepoints was measured in
the AzaC 3D culture. At the 30-minute timepoint the unstimulated 3D culture showed a
significantly higher activity than the AzaC 2D culture. Equally, the AzaC 3D culture
showed a significantly higher activity when compared to the AzaC 2D condition.

At the 60-minute timepoint, the AzaC 3D culture showed a significantly higher activity
than the AzaC 2D culture as well. Compared to both the AzaC and the unstimulated 2D
cultures, the unstimulated 3D culture showed a significant increase in efflux activity at
the 60-minute timepoint. Analogously, the AzaC sandwich showed a significantly higher

activity compared to both of the 2D conditions. The unstimulated sandwich showed a
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significant difference to the AzaC 2D culture. Overall, the activity per minute was
markedly lower at the 60-minute timepoint compared to the 30-minute timepoint.

No significant increase in MRP1-transporter activity was detected between the AzaC and
the unstimulated culture conditions of the same modality at either timepoint. However,
the measurements of the AzaC culture conditions appear to be higher than their

corresponding counterparts at both timepoints.
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Figure 26: MDRI activity after 30 and after 60 minutes by HepG2 cells in 2D, sandwich culture (SW) and on
scaffolds (3D). Blue bars represent cells stimulated for 48 hours with 10 uM 5-Aza and 0.5 mM Vitamin C, while
blue bars represent cells not stimulated. The activity was determined by measuring the concentration of p-
glycoprotein after 30 minutes and after 60 minutes. The values were normalized to cell number determined by

resazurin conversion assay. Bars represent mean + SEM; N =3, n = 3.

Both at the 30-minute as well as at the 60-minute timepoint the lowest activity was
detected in both the AzaC as well as in the unstimulated 2D cultures. The AzaC and the
unstimulated 3D cultures showed the highest activity at both timepoints, with the
unstimulated 3D showing the highest activity at 30 minutes and the AzaC 3D the highest

at 60 minutes.

The AzaC 3D showed a significantly higher activity than both the AzaC and the
unstimulated 2D culture at both time points. The unstimulated 3D culture equally showed
a significant increase in activity compared to both 2D cultures. There was also a
significantly higher MDRI1-activity when compared to the unstimulated sandwich
culture. There was no significant difference in MDR1-activity when comparing the AzaC
vs. the unstimulated conditions of corresponding culture modalities.The sandwich
culture, albeit showing higher activity compared to the 2D culture, showed no significant
increase to 2D. The efflux activity per minute was lower at the 60 minute timepoint

compared to the 30 minute timepoint on average for all culture conditions.
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3.3 PCR
3.3.1 Preparatory tests for PCR
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Figure 27: RNA yield from cells cultured on different mechanical substrates. The red line represents the minimum

RNA yield required to create a standardized testing mix for semi-quantitative PCR

Figure 27 shows the RNA yield after 48 hours of stimulation, determined using the LVIS
plate in the plate reader. The red line represents the minimum required concentration of
250 ng/ul. While samples from 2D and sandwich culture had sufficient concentrations of

RNA, most samples from 3D culture had concentrations below those required to perform

PCR.
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Figure 28: Gel electrophoresis of GAP-DH and HPRT from the same samples in 2D culture and sandwich (SW)
culture. Blue bars represent cells stimulated for 48 hours with 10 uM 5-Aza and 0.5 mM Vitamin C, while blue bars
represent cells not stimulated. Bars represent mean + SEM; N = 3, n = 4-6.

The expression of GAP-DH varied markedly between the different culture conditions.
Interestingly, the samples that had been stimulated with AzaC seemed to have a lower
expression of GAP-DH, albeit not significantly due to low replicate number and large
standard deviations.

For HPRT the difference between the expression of the samples was much smaller and

HPRT was thus chosen for normalization of the gene expression data.
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3.3.2 PCR Results
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Figure 29: Expression levels of CYP 142 and CYP 2C9 for 2D and sandwich (SW) culture.

Blue bars represent cells stimulated for 48 hours with 10 uM 5-Aza and 0.5 mM Vitamin C, while blue bars represent
cells not stimulated. The values were normalized to the expression of HPRT in the same sample. Bars represent mean
+ SEM; N = 3, n = 4-6. No statistical significance was found

Figure 29 shows the results of PCR followed by gel electrophoresis for CYP/A2 and

CYP2(9 in relative expression. Values have been normalized to HPRT expression.

For CYPIA2, there were no significant differences between the samples. The
unstimulated 2D sample had the lowest expression for CYPI1A42, while the AzaC 2D
culture had the highest expression. AzaC 2D culture showed a 1.5-fold increase in
expression of CYPIA2 compared to unstimulated 2D culture. Unstimulated Sandwich
culture showed a 1.4-fold increase in expression compared to unstimulated 2D culture.
AzaC sandwich culture and unstimulated sandwich culture showed comparable

expression of CYPI1A2.

For CYP2C9 expression, there were no significant differences between any of the culture
conditions either. The unstimulated 2D sample had the lowest expression here as well,
with the relative expression of the AzaC 2D and the AzaC sandwich being roughly equal.
AzaC 2D culture showed a 2.2-fold higher expression of CYP2C9 than unstimulated 2D
culture. Similarly, unstimulated sandwich culture showed a 1.7-fold higher expression
compared to unstimulated 2D culture. There was only a 1.2-fold increase in expression

in AzaC sandwich culture compared to unstimulated sandwich culture.

For CYP3D4, PCR was performed to investigate expression levels, but no expression
could be detected in any of the experimental samples. This is in line with the findings of
Wilkening et al., who detected no measurable expression of CYP344 in HepG2 cells
(Wilkening ef al., 2003).
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Figure 30: Expression levels of UGT for 2D and sandwich (SW) culture.

Blue bars represent cells stimulated for 48 hours with 10 uM 5-Aza and 0.5 mM Vitamin C, while blue bars represent
cells not stimulated. The values were normalized to the expression of HPRT in the same sample. Bars represent mean
+SEM; N = 3, n = 4-6. No statistical significance was found

The unstimulated 2D culture showed the lowest expression of UGT of all the samples.
The highest expression was seen in the AzaC sandwich culture. Both the AzaC 2D and
the AzaC sandwich culture showed a higher expression of UGT, albeit not statistically
significant.

Compared to unstimulated 2D culture, the AzaC 2D group showed a 4.5-fold higher
expression of UGT. The unstimulated sandwich culture showed a 6.2-fold higher
expression compared to unstimulated 2D culture. Between AzaC sandwich culture and
unstimulated sandwich culture, the expression was comparable.

No expression of GST could be detected in any of the samples.
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Figure 31: Expression levels of MRP1 and MDRI for 2D and sandwich (SW) culture.

Blue bars represent cells stimulated for 48 hours with 10 uM 5-Aza and 0.5 mM Vitamin C, while blue bars represent
cells not stimulated. The values were normalized to the expression of HPRT in the same sample. Bars represent mean
+ SEM; N = 3, n = 4-6 No statistically significant difference was found.

For MRP1, the sample with the lowest expression was the unstimulated 2D culture with
the unstimulated sandwich culture showing the highest expression. No statistically

significant difference between the sample could be found.

The AzaC 2D culture showed a 3.6-fold higher expression of MRPI compared to
unstimulated 2D culture. Unstimulated sandwich culture showed a 5.1-fold higher

expression compared to unstimulated 2D culture. Interestingly, when comparing the
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AzaC sandwich group with the unstimulated sandwich group, the unstimulated sandwich

group showed a 2.3-fold higher expression than the AzaC group.

The lowest expression of MDRI in the investigated samples was the AzaC 2D culture.
The highest expression of MDRI was shown by unstimulated sandwich culture. The
difference between the expression of the samples was not statistically significant,
however, the AzaC samples showed a lower expression than their unstimulated
counterparts. In comparison to the unstimulated 2D group, the unstimulated sandwich

group showed a 1.4-fold higher expression of MDRI.

251N=3, n=4-6 CPS
5
‘» 2.0 - Not stimulated
(7]
o Il Stimulated with 5-Aza and Vitamin C
s 1.5
X
1]
1.04
s
s
o 0.54
4
0.0-

2D 2D AzaC SwW SW AzaC

Figure 32: Expression levels of CPS for 2D and sandwich (SW) culture.
Blue bars represent cells stimulated for 48 hours with 10 uM 5-Aza and 0.5 mM Vitamin C, while blue bars represent
cells not stimulated. The values were normalized to the expression of HPRT in the same sample. Bars represent mean
+ SEM; N = 3, n = 4-6. No statistically significant difference was found.

For CPS, the lowest expression was detected in the unstimulated 2D samples. The AzaC
culture conditions showed a higher expression than their corresponding counterparts,
albeit not statistically significant. The unstimulated sandwich culture showed a higher
expression than the unstimulated 2D culture, although not statistically significant.
Comparing the AzaC 2D culture to the unstimulated 2D culture, a 3,8-fold higher
expression of CPS in the AzaC group was found. The unstimulated sandwich culture
showed a 2.3-fold higher expression than the unstimulated 2D culture. When comparing
the AzaC sandwich culture to the unstimulated sandwich culture, the AzaC culture
condition showed a 1.7-fold higher expression.

In summary, we saw an 1.5-4.5-fold increase in AzaC 2D culture compared to its
unstimulated counterpart in the expression of the genes investigated apart from MDRI.
Similarly, we saw a higher expression of all genes investigated in unstimulated sandwich

culture when comparing to unstimulated 2D culture.
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4 Discussion

In this study, we aimed to investigate two distinct methods of improving hepatocyte-like
function in HepG2 cells.

This cell-line shows stable hepatocyte-like enzyme activity, albeit on a much-reduced
level (Wilkening et al., 2003). The difference to pHH in activity and gene expression is
due to several factors, among them epithelial-mesenchymal transition, which occurs due
to a marked difference in gene expression and epigenetics in HepG2 (RuoB ez al., 2019).
As it has been shown in the past, 5-Azacytidine and vitamin C can partially reverse the
effects of EMT ( Sajadian et al., 2016). We aimed to show that this changed epigenetic
behavior also leads to a higher activity of several key hepatocyte-specific enzymes.
Beyond that, as a second experimental approach, our aim was to investigate the effect of
scaffold 3D-culture on these same enzymes. Scaffolds are a promising avenue in tissue
engineering and are expected to improve several shortcomings of classical 2D culture in
pHH, such as the rapid decline in morphology and function. To set a baseline for our 3D-
experiments, we also employed collagen sandwich culture, a well-established, very
simple, approach that has been shown to prolong pHH-survival in vitro and has been
utilized as a comparison when establishing more complex 3D methods (Dunn et al.,
1989).

For all our 3D experiments, we used HepG2 cells, as their wide availability and general
resilience in culture makes them an ideal prospect for establishing this culture method
(Wilkening et al., 2003). As described in the introduction, there are several different
approaches to 3D cultures, ranging from 3D-printed scaffolds over hydrogels and

cryogels to decellularized tissue samples ( Godoy et al., 2013).

Our approach of a protein- and polymer- based cryogel has several key advantages for
the purpose of scaffold creation; Firstly, the materials are all readily available and the
scaffold creation is comparatively simple, so that a sufficient number of scaffolds can be
created for experimentation. Secondly, as all materials involved have been used in cell-
culture-based experiments for many years, they have a proven high degree of
biocompatibility (Carvalho et al., 2014; Godoy et al., 2013; Park et al., 2004; RuoB3 et al.,
2020).

Additionally, with the option of varying the composition of scaffolds or adapting the

polymerization process, it can easily be changed or adapted to future experimental
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requirements, such as a variation of stiffness or incorporation of additional substrates into
the scaffold matrix (H&ussling et al., 2019; RuoB et al., 2020).

None of the scaffolds we investigated showed any macroscopic degradation when
exposed to the substances required to use in cell culture. However, the scaffold from
composition 2, which was created without gelatin, was much less mechanically stable and
prone to breaking apart when transferred.

Furthermore, the creation of pores as a vital part of the scaffolds interior surface was
shown.

The diameter of pores in and on the scaffold is an important factor in allowing cells to
penetrate further into the scaffold and to provide them with nutrients and medium
(Kumari et al., 2016). We found that all four investigated scaffold compositions showed
sufficient pore diameter to allow for nutrients and cells to pass through, with the average
diameter being between 95,7 — 176,3 um. As a comparison, the pore size in decellularized
liver is around 22.02 £+ 0.65 pum, although it has been shown that this also depends on
other factors such as wetness of the scaffold (Mattei et al., 2018).

Interestingly, in all four investigated compositions, we found long, mostly vertical pores
toward the outer edges of the scaffold. Oelschlaeger ef al. found a connection between
the formation of more interconnected pores with thinner walls to the polymerization time
(Oelschlaeger et al., 2016). As the outer parts of the scaffold solution cool down the
fastest, thus having the shortest polymerization time, the vertical pores might be caused
by a shorter polymerization period. In the compositions with a higher content of pHEMA
or protein as part of the polymerization solution, which were compositions 3 and 4, we
found much smaller pores as well as thicker pore walls. In composition 4, the pores did
not form an interconnected network.

Composition 1 was chosen for further testing, as it was mechanically stable, had a good
porosity and a high reproducibility.

We saw that a step of pre-treating the scaffolds with medium containing FCS and P/S was
a vital step in scaffold preparation as it allowed the adherence of a much higher number
of viable cells onto the scaffold surface. This matches similar finds regarding the pre-
treatment of scaffolds by Kumari et al. (Kumari et al., 2016).

Our cells, when seeded with the surface seeding technique did not penetrate further than
a few um into the scaffolds. As the cells are supposed to not only adhere to the surface of
the scaffold, but to the pore walls deep inside the scaffold as well, we investigated several

methods of seeding. In surface seeding, a solution containing cells is pipetted on top of
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the scaffold, while in orbital seeding, the scaffold is submerged in a cell solution, which
is then continuously gently agitated. Orbital seeding can potentially distribute the cells
more evenly across a surface. Major drawbacks of orbital seeding include the high cell
number required as well as the practical imposition of not being able to agitate the cell
solution within the incubator (Melke et al., 2020).

Fluorescence microscopy of scaffolds seeded with the orbital seeding method as well as
with the classic surface seeding method showed that in both cases cells adhered only to
the surface of the scaffold and did not migrate deeper into the scaffold. Additionally, the
number of cells on the scaffold after orbital seeding appeared to be much less than after
surface seeding. As a result, surface seeding was chosen for the experiments, although
further refinement of an orbital seeding approach might yield better results.

In summary, we were able to establish a scaffold creation process from biocompatible
materials, that showed reliable pore formation as well as good mechanical stability and

could be used with our protocols for further cell-culture based testing.

With the scaffold, pre-treatment and seeding method established and the presence of cells
on the scaffold verified, we moved on to metabolic experiments.

A key factor in these experiments is cell number quantification. A number of
experimental approaches have been described in literature before this study and since,
such as protein normalization, DNA quantification and assays such as MTT (Jones et al.,
2001; van Tonder ef al., 2015). The resazurin conversion assay utilized in this study has
been used for cell quantification for a long time, although it has its limitations, as will be

discussed further below (Uzarski et al., 2017).

We were able to show an improvement of hepatocyte-like functionality in HepG2 cells
in 3D culture, particularly in the activity of CYP1A2, CYP2C9, GST, MDR1 and MRP1,
as well as for urea production. For the other metabolic tests, we saw an increase in activity
in 3D as well, however not statistically significant. The next step in corroborating the
results would have been mRNA extraction with the goal of matching PCR results with
our metabolic data. However, as mRNA extraction from cryogels proved difficult, the
resulting mRNA did not show the purity and integrity required for rtPCR (Sambrook et
al., 1989)

There are several studies of the effects of 3D culture on the metabolic activity in HepG2,

especially of urea and albumin secretion, as these can readily be measured in supernatant.
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Several of these have shown a positive effect of 3D culture on urea and albumin over up
to 21 days (Luckert et al., 2017; Meng et al., 2020; Teng et al., 2018). Luckert et al. also
investigated the effects of an alginate-based scaffold on several CYP enzymes, finding a
statistically significant increase in the activity of CYP1A2 and CYP2C9 (Luckert et al.,
2017), corroborating our results.

Another one of the aims of this study was to investigate the effect of sandwich culture on
the metabolic activity of HepG?2 cells.

Ramaiahgari et al. were able to show an increase in liver-specific gene expression, among
them the genes investigated in this study, over a period of 28 days after cell seeding into
Matrigel (Ramaiahgari et al., 2014). However, a study performed by Luckert et al.
investigating several 3D-culturing techniques found no increase in liver-specific activity
on d21 in HepG2 sandwich culture. They did, however, find a more liver-like morphology
with the formation of bile canaliculi (Luckert et al., 2017).

In our study, we saw a significant increase in the activity of CYP2C9 and MRP1, which
also corresponded with an increase in expression of each gene. We also saw a non-
significant increase in activity for the other enzymes except GST, which was
accompanied by an increase in gene expression. These findings correspond with
Ramaiahgari et al., however, with such limited data on the effects of sandwich, additional
testing is required. While we saw an increase in gene-expression toward a more
hepatocyte-like pattern, the mechanism of this change has not been investigated to date.
As there are several mechanisms contributing to the expression pattern of HepG2, such
as histone methylation and acetylation (RuoB et al., 2019), further investigation may
provide insight, which of these are affected by sandwich culture and how they may further
be improved. Additionally, more extensive studies as to the morphology of HepG2 cells

in sandwich culture may contribute to understanding the mechanisms involved.

When comparing 3D data to sandwich data, we only saw a statistically significant
increase in activity for urea production (U2), the other investigated enzymes, although
showing an increase, were not statistically significant. There are few studies that
investigate both sandwich and scaffold 3D culture. Luckert et al. found no significant
difference between sandwich and scaffold culture for the CYP enzymes investigated
(Luckert et al., 2017).

The second aim of our study was to investigate the effect of stimulation with AzaC on

the metabolic function of HepG2. Treatment with these two substances, which induce
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epigenetic modification and a partial reversion of EMT, have been shown to improve

hepatocyte-like-functionality in HepG2 (RuoB ef al., 2019).

In the metabolic assays of our study, we did not find a significant increase in activity for
our stimulated cell culture condition. In fact, when comparing any of the three culture
conditions (2D, sandwich and 3D scaffold culture) with their respective stimulated
counterparts, we could not detect a statistically significant increase in any of our
experiments, despite stimulated conditions showing almost ubiquitously higher activity
in 3D and sandwich culture. However, for several of the investigated genes (CPS,
CYPIA2, CYP2C9 MRPI and UGT) we were able to see an increase in expression in the
AzaC 2D condition, when compared to unstimulated 2D. For MDR 1, the expression was
decreased through stimulation.

These finding are in line with results published by RuoB et al., who also found an increase
in the expression of CYPIA2 and CYP2C9 (RuoB et al., 2019). For the other genes, no
published data exists .

As all these genes are expressed at a much lower level in HepG2, the increase in
expression shows a positive effect on the epigenetic changes in this cell line, which moves
them closer to the function of pHH. For MDR 1, which is expressed higher in HepG2 than
in pHH, the stimulation showed a positive effect by decreasing the expression in the
stimulated samples. However, all of these changes remain on a low level when compared
to the gap between HepG2 and pHH gene expression (Donato et al., 2008).

To summarize, while we did see an increase in the expression of the investigated genes,
the stimulation with 5-Aza and Vitamin C did not significantly increase the activity of
the liver-specific enzymes investigated in this study in 2D culture. Research published by
Sajadian et al. and RuoB3 et al. indicate that the effect of 5-azacytidine, which in turn is
enhanced by the addition of vitamin C, is TET-mediated and is accompanied by
downregulation of EMT-associated genes such as snail, as well as upregulation of
epithelial marker genes like E-cadherin an HNFa (RuoB et al., 2019; Sajadian et al.,
2015).

Of further interest to our study are the combined effects of either 3D scaffold culture or
sandwich culture and stimulation with AzaC. In all the metabolic experiments, activity in
AzaC 3D culture was higher than in unstimulated 3D culture, however, in none of the

cases could a statistical significance be proven.
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Similarly, we did not find a significant difference between AzaC sandwich culture and
unstimulated sandwich culture in any of the metabolic tests, despite the AzaC group
showing higher activity in many of them, particularly the CYP activity. For gene
expression, CYP2C9 as well as CPS were expressed at a higher level than in the
unstimulated sandwich group.

When comparing AzaC 3D culture to the unstimulated 3D culture, we did not see a
statistically significant difference either, despite AzaC 3D generally showing higher
activity. Several studies have investigated the effect of either stimulation with AzaC
(RuoB et al., 2019; ajadian et al., 2016) or 3D-cultivation methods (Luckert et al., 2017;
Ramaiahgari et al., 2014) on HepG2 cells, however, no study before has investigated the
combined effect.

In summary, we were able to see an increase in metabolic function from both sandwich
and 3D scaffold culture, with scaffold culture increasing function more than sandwich.
While we were not able to detect a significant increase of activity in stimulated
conditions, we did find an increased expression of several genes, that are generally
expressed higher in pHH and a downregulation of MDRI. This indicates a generally
positive effect of both investigated 3D culturing techniques on the hepatocyte-like
function of HepG2 cells, a finding that is in line with past publications (Luckert ef al.,
2017; Meng et al., 2020; Teng et al., 2018).

4.1 Limitations of methods

There are several aspects of this study that need to be considered when interpreting the
results. As already discussed above, cell normalization was achieved using a resazurin
conversion assay. While this method can give valuable information on cell viability and
has seen long use as a means of determining cell number (Uzarski ef al., 2017), its use a
method for the latter in 2D culture has been replaced by newer methods, such as protein
quantification via SRB staining and DNA quantification (Ruo8 ez al., 2019; Stewart et
al., 2000; Zimmermann et al., 2016). This is due to the fact that the resazurin assay relies
on an enzymatic conversion, which can be influenced by a number of factors, such as cell
stress, and critically to our approach, surface stiffness (Ruo8 ez al., 2019; Uzarski et al.,
2017).

Hence, while the conversion assay gives a good indication of the number of viable cells

in culture, other methods should be evaluated for future use. Such approaches include
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DNA quantification, ATP measurement and PCR-based methods (RuoB et al., 2019).
Other methods, such as flow cytometry or the use of a counting chamber would require
extensive optimization to ensure that the entirety of the cells on the scaffold is determined
by the measurement, while protein-based methods such as Lowry assay or SRB staining
are impractical due to the proteins used in scaffold creation.

Secondly, our focus in this study was to establish a scaffold with sufficient pore formation
and to investigate its effects on metabolic function. Therefore, the stage of
characterization and optimization prior to starting cell-culture tests, was limited. Even for
a narrowly defined purpose, the scaffold should be thoroughly characterized, and its
production optimized before moving onto pHH culture. We will discuss possible avenues

of characterization and optimization further below.

In addition, some limitations in interpreting the data from this study became apparent. To
further confirm the data collected in the metabolic tests, PCR and subsequent
electrophoresis of key hepatocyte-specific genes would be required for all three culture
modalities. For the scaffolds, however, mRNA extraction in a sufficient purity and
integrity could not be achieved. For mRNA extraction, we crushed the shock-frozen
scaffolds and then extracted the RNA using TriFast mix. However, as described above,
both the yield and the purity of the mRNA recovered from the scaffolds proved
insufficient for PCR. Hence, to improve the reliability of 3D-experimentation, a method
for mRNA-extraction from scaffolds should be established.

Additionally, while our method of measuring gene expression, reverse transcriptase PCR
(RT-PCR) followed by gel electrophoresis, is well-established and both convenient in
handling and readily available, it is not the gold standard. This method is excellent as a
means for qualitative investigations but remains “semi-quantitative” in nature. There are
a number of factors that hamper its ability to detect differences in expression, especially
for genes with low expression (Marone et al., 2001, Chen, 1999). Each cycle doubles the
amount of DNA in the sample, which can lead to imprecise quantification (Wilkening et
al., 2003). During PCR, an exponential phase is described, followed by a plateau phase
at a higher number of cycles, in which quantification becomes unreliable.

Small variations of reagents or sample in the PCR mix can be amplified and overshadow
small differences in the gene expression of the samples (Huggett et al., 2015). To mitigate

the effect of batch-to-batch variations in the amount of DNA in the original sample,
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results of RT-PCR are normalized against a house-keeper gene, such as GAP-DH or
HPRT (Eisenberg et al., 2013).

These shortcomings make PCR a less-reliable method of gene expression quantification.
Quantitative PCR (qPCR), on the other hand, is a method of fluorescence-based real time
method of quantification with a much higher sensitivity (Lee ef al., 2006) and might be a

better choice.

4.2  Outlook

Beyond applications in medical tissue engineering, 3D-culture methods of liver-specific
cells also show promise for in vitro-experimentation, where they can help prolong
hepatocyte function and may delay de-differentiation in culture. With such a goal in mind,
the first steps into 3D-culture should focus on establishing a scaffold that can reliably be
used for 3D-culture with cells such as HepG2 and then optimizing and characterizing it.
Once the scaffold has been thoroughly established, experimentation can move on to pHH.
Basic scaffold characterization involves evaluation of the scaffolds for mechanical
stability, the formation of a pore network as well as the effects of different matrix
components. Larger pores than found in vivo or in decellularized liver samples are
necessitated by the transfer of both the cells and nutrients to the inside of the scaffold
(Kumari et al., 2016).

Pore formation and properties have been shown to be directly linked to polymerization
conditions, such as temperature during polymerization as well as polymerization duration
(Oelschlaeger et al., 2016). Transfer of medium and cells requires an interlinked pore
network, thus further research to show the presence of such interlinked pores may provide
valuable data. This can be done using confocal 3D-microscopy, or with micro-CT-
scanning (Mizutani et al., 2012; Naeem et al., 2019). Once the presence of a pore network
has been shown, further testing should be done to find the optimal pore size for both cell
and nutrient transfer. The size and shape of pores within the scaffold is influenced by
several key factors, such as protein content, cooling temperature, cooling direction and
the cross-linking agents used. Alternative experimental approaches to cooling the mixture
during polymerization include cooling all components down to 4°C before adding the
crosslinking agents TEMED and APS or achieving a more stable surrounding temperature
by using an ethanol bath (Kumari et al., 2016; Teng et al., 2018). This step of scaffold

characterization also includes study of porosity as well as diffusion properties (Fan et al.,



61

2015; Shimizu et al., 2006). Both are major factors in how the cells interact with the
scaffold as well as mass transfer into the scaffold.

Further possible avenues of research to investigate cell behavior and distribution are
discussed below but are also majorly influenced by pore size and the formation of a
connected network. A well-described factor for pHH-behavior in vitro is the stiffness of
the surface they are seeded on (Xia et al., 2020). The stiffness of physiological liver tissue
is around 1.5-4.5 kPa with terminal liver fibrosis reaching as high up as 48 kPa (Xia et
al., 2020). With cell-culture plates having a stiffness several orders of magnitude higher
than that of even cirrhotic liver, a major improvement of pHH-culture was pre-coating of
cell-culture wells with collagen to decrease the stiffness and provide the cells with ECM-
material for adhesion (Dunn et al., 1989).

To measure the stiffness of scaffolds, several methods have been employed. Firstly,
compression testing and comparison with physiological sampling can be done, although
for liver cell culture this approach suffers from a high degree of error in the measurement,
as the methods generally are not optimized for tissue with such high elasticity. Another
approach might be transient elastographic methods, most commonly employed in
diagnostics such as Fibroscan™ or, in some cases, magnetic resonance elastography
(Everwien et al., 2020; Patel et al., 2014). This has the advantage of well-established
measurements of both healthy, as well as fibrotic/cirrhotic tissue in vivo to act as a
comparison. The method is, however, optimized for much larger quantities of tissue than
those employed in scaffolds and would have to be further adapted. A very sensitive, albeit

laborious, method is atomic force microscopy with a spherical probe (Xia et al., 2020).

With an established protocol for scaffold creation, the next step is optimization of culture
conditions. In our study, we investigated two of the most common seeding techniques,
surface seeding and orbital seeding. Surface seeding, where cells are distributed over the
scaffold via pipette, is the simplest form of seeding and results in large quantities of cells
on one side of the scaffold, with few cells penetrating deeper into the scaffold or adherent
to other surfaces.

The other modality we investigated, orbital/rotational seeding, has been shown to greatly
improve cell penetration deeper into the scaffold (Mirzaeian et al., 2020). In our findings,
we could not replicate this for our scaffold with HepG2 cells. Major drawbacks of this
method involve a higher number of cells required for seeding as well as a lower

adherence-rate, as the agitation of the cell solution cannot easily be performed under
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incubator conditions. Beyond the dynamic seeding method via orbital shaker that we
employed, methods such as perfusion-based seeding, suction and magnetic distribution
have been described (Melke et al., 2020).

While the amount and localization of seeded cells can be very accurately controlled using
injection seeding methods, the seeded cells usually cluster at the injection site and don’t
distribute further into the scaffold (Liu et al., 2020).

As hepatocyte morphology is closely linked to function, a closer study of morphology of
cells inside the scaffold brings insight into the behavior of cells seeded in 3D. In vivo,
hepatocytes have a distinct zonal polarity, which is induced by the arrangement of cell-
to-cell and cell-to-ECM contacts (Aumiiller, 2010, p. 660-664). 3D cultures aim to mimic
these conditions more closely than 2D or sandwich culture. Morphological studies can be
done using fluorescence microscopy, although this approach suffers from strong
fluorescence of the scaffold in the most commonly wavelengths. This makes the dyes
used for marking specific intracellular proteins such as microtubule equally susceptible
to being lost in the background fluorescence. Additionally, the possibilities of scanning
electron microscopy (SEM) for displaying both cell structure as well as cell-matrix
interactions are increasingly being investigated (Iandolo et al., 2019).

Once imaging techniques have been thoroughly established, studies into distribution and
proliferation, either of immortalized cells like HepG2 or of pHH, can be done. As a key
part of pHH dedifferentiation is their morphological deterioration, such studies could
provide important evidence toward the efficacy of 3D culture. Functional assays are an
important part in assessing the effects of 3D culture. To establish protocols for these
assays, cell quantification needs to be thoroughly optimized. Resorufin conversion
provides a good basis for cell quantification, but it can be inaccurate due to several
factors, such as cell stress or surface stiffness (RuoB et al., 2019; Uzarski et al., 2017).
Other methods, such as protein quantification are impractical for our protein-based
scaffold. A promising approach is cell quantification by measuring DNA content after
lysing of the cells (RuoB et al., 2019). With accurate cell numbers, activity assays can be
performed. Urea and albumin synthesis are the most widely spread tests for testing liver-
like function in 3D, as the samples can be taken from the supernatant (Meng et al., 2020).
Other functional assays, such as phase I and phase II activity assays can also be
performed, although they are highly dependent on sufficient mass transfer of test
substances (Fan et al., 2015; Shimizu et al., 2006).

As one of the key challenges of in vitro research is the dedifferentiation and loss of
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function of hepatocytes, long-term studies of 3D-cultured hepatocytes are a way to
investigate, whether 3D culture can improve hepatocyte function enough to justify its

much higher complexity as well as cost of culturing cells.

5 Summary

Primary human hepatocytes are the gold standard for in vitro toxicity testing, however,
in classical 2D culture, they dedifferentiate rapidly, necessitating research into new
culture modalities as well as alternative cell lines.

In this study we investigated the effects of sandwich and cryogel 3D culture as well as
stimulation with 5-azacytidine in combination with vitamin C on the metabolic activity
of HepG2 cells, an immortalized hepatoma cell that has been shown to maintain
residual hepatocyte-like function. We created a scaffold from pHEMA, bis-acrylamide,
collagen, cold fish gelatin, cross-linked by APS and TEMED. We were able to show
regular pore formation and established a protocol for cell seeding and cell culture.

We were able to see an increase in the activity of several key enzymes in 3D and
sandwich culture and we could also demonstrate an increase in gene expression as a
result of epigenetic modification with AzaC as well as sandwich cultivation. Despite
seeing higher activity, we could not detect a significant difference when comparing
AzaC 3D culture with unstimulated 3D culture.

3D culturing of primary human hepatocytes offers promising avenues of research, but
first, scaffolds need to be thoroughly optimized to mimic in vivo conditions as closely

as possible.
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6 Zusammenfassung

Primdre humane Hepatozyten sind der Goldstandard fiir /n-vitro-Toxizitétstests, jedoch
de-differenzieren sie in der klassischen 2D-Kultur sehr schnell, was die Erforschung
neuer Kulturmodalitidten sowie alternativer Zelllinien erforderlich macht.

In dieser Studie untersuchten wir die Auswirkungen einer Sandwich- und einer
Kryogel-3D-Kultur (Scaffolds) sowie der Stimulation mit 5-Azazytidin in Kombination
mit Vitamin C auf die metabolische Aktivitidt von HepG2-Zellen, einer immortalisierten
Hepatomzelllinie, die eine Restaktivitdt von hepatozytentypischer Funktion
aufrechterhilt.

Wir erstellten ein Protokoll fiir ein Cryogel aus pHEMA, Bis-Acrylamid, Collagen,
sowie Gelatine, vernetzt von APS und TEMED. Wir konnten eine gleichmiBige
Porenbildung nachweisen und ein Protokoll fiir die Zellaussaat und Zellkultur erstellen.
In unseren Experimenten sahen wir eine Erhohung der Aktivitit mehrerer
Schliisselenzyme in 3D- und Sandwich-Kulturen sowie eine Erhéhung der
Genexpression durch epigenetische Modifikation mit AzaC. Trotz der hheren Aktivitit
konnten wir eine statistische Signifikanz des Unterschiedes nicht beweisen.

Die 3D-Kultivierung primérer humaner Hepatozyten bietet vielversprechende
Forschungsmdglichkeiten, aber zunédchst miissen die Scaffolds umfangreich optimiert

werden, um die /n-vivo-Bedingungen so genau wie mdglich nachzuahmen.



7 List of abbreviations

2D

3D
4-MU
5-Aza
5-CDFA
5-CF
5hmC
S5mC
ABC
ABCBI1
ABCC1
ALF
APAP
APS
AzaC
BAA
Calcein AM
°C

CPS
cDNA
CO2
CYP
DAPI
ddH»0
DEPC H>0O
DILI
DMEM
DNA
DPBS
EM
EMA
FCS

2-dimensional
3-dimensional
4-Methylumbelliferone
5-Azacytidine
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5(6)-Carboxy-2’,7’-dichlorofluorescein diacetate

5-Carboxyfluorescein

5-hydroxymethyl cytosine

Methylation of cytosine in position 5

Antigen-Binding-Cassette

Antigen-Binding-Cassette B1

Antigen-Binding-Cassette C1

Acute liver failure

Acetaminophen

Ammonium persulfate

5-Aza and Vitamin C

bis-Acrylamide

Calcein acetoxymethyl ester

Degree Celsius

Carbamoyl phosphate synthetase

Complementary DNA

Carbon dioxide

Cytochrome p450
4,6-Diamidin-2-phenylindol
Double distilled Water

Diethyl carbonate water

Drug induced liver injury

Dulbecco’s Modified Eagle’s Medium

Deoxyribonucleic Acid

Dulbecco’s Phosphate Buffered Saline

Electron microscopy

European Medicines Agency

Fetal Calf Serum



FDA

GA
GAP-DH
GFP
GST

H>SOq4
HPRT
IVIVE

MCB
MDRI1
MgCl,

mM
mRNA
MRP1

ul

NaOH
NED
NH4Cl
NPC
PCR
pHEMA
pHH
P/S
qPCR
RT-PCR
RNA
SEM
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Federal Drug Administration
Acceleration of gravity

Gram

Glutaraldehyde
Glycerinaldehyd-3-phosphat-Dehydrogenase
Green fluorescent channel
Glutathione-S-transferase

Hour

Sulfuric acid

Hypoxanthin guanine phosphoribosyl transferase
In vitro to in vivo extrapolation
Kilogram

Litre

Monochlorobimane

Multidrug Resistance Protein 1
Magnesium chloride

Millimeter

Millimolar

Messenger RNA

Multidrug resistance related Protein 1
Microliter

Micromolar

Sodium Hydroxide

N-(1-naphthyl) ethylenediamine dihydrochloride
Ammonium chloride
Nonparenchymal cells

Polymerase chain reaction
Poly-(2-hydroxyethyl-methacrylat)
Primary human hepatocytes
Penicillin/Streptomycin

Quantitative PCR

Reverse transcriptase PCR
Ribonucleic acid

Standard error of the mean



SRB
T/E
TEMED
TET
TNFa
uUDP
UGT
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Sulforhodamine B

Trypsin/EDTA

Tetramethylethylendiamine
Ten-eleven-transferases

Tumor necrosis factor o

Uridine diphosphate

Uridine diphosphate glucoronosyl-transferase

Volt



8 Appendices

8.1 Primers used:

The following primers were used for PCR:
Glycerinaldehyde-3-phosphate-Dehydrogenase (NM_002046.4):
Ta: 56 °C / Cycles: 35 / Product size: 420 bp

F: GTCAGTGGTGGACCTGACCT

R: AGGGGTCTACATGGCAACTG
Cytochrome P450 1A2 (NM_000761.3):

Ta: 60°C / Cycles: 30 / Product size 180 bp

F: TCGACCCTTACAATCAGGTGG

R: GCAGGTAGCGAAGGATGGG

Cytochrome P450 2C9 (NM_000771.3):

Ta: 59°C / Cycles: 40 / Product size: 308 bp

F: CTGGATGAAGGTGGCAATTT

R: AGATGGATAATGCCCCAGAG
Cytochrome P450 3A4 (NM_017460.5):

Ta: 64°C / Cycles: 30 / Product size: 314 bp

F: ATTCAGCAACAAGAACAAGGACA

R: TGGTGTTCTCAGGCACAGAT
Carbamoyl-Phosphate Synthase 1 (NM_001122633.2):
Ta: 58 °C / Cycles: 35 / Product size: 272 bp

F: AGCCGAGGCCCATGCCACAA

R: TGGGTACCCTCCCAGGCCAGTA
Multidrug resistance 1 (NM_000927.4):

Ta: 61 °C/ Cycles: 30 / Product size: 252 bp

F: ATCCGGGCCGGGAGCAGTCA

R: ATTCCGACCTCGCGCTCCTTG

Multidrug resistance protein 1 (NM_004996.3):
Ta: 58 °C / Cycles: 30 / Product size: 247 bp

F: TTGGATGAGGCCACGGCAGC

R: CTGGGGCTCACACCAAGCCG
UPD-Glucuronosyltransferase 1A6 (NM_001072):
Ta: 60 °C / Cycles: 35 / Product size: 210 bp



F: TGGTGCCTGAAGTTAATTTGCT
R: GCTCTGGCAGTTGATGAAGTA

Glutathion S-transferase alpha 1 (NM_145740.3):

Ta: 59°C/ Cycles: 35 / Product size: 185 bp
F: TCTGCCCGTATGTCCACCT
R: GCTCCTCGACGTAGTAGAGAAGT
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