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To my beloved HepG2 cells, which have always grown diligently.
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Abstract
The determination of genotoxicity is an important element in the safety assessment of
various substances, with the purpose of preventing a number of chemicals from affecting
human health. Genotoxicity testing is required for all classes of chemicals, drugs and
biological agents, which can lead to a wide range of diseases, cancer included. In the last
decades, there has been an ongoing shift towards developing new effective testing methods,
since a single test is not sufficient for the detection of all relevant genotoxic aspects;
consequently, a variety of complementary testing techniques and methodologies have to be
used. In addition, increasing emphasis is given to alternative in vitro models, which focus
on the genotoxic effects of chemicals and environmental contaminants, thereby
contributing to the reduction of animals used in preclinical testing.
In toxicology, hepatocellular two-dimensional (2D) cell models are being conventionally
used for determining the damaging effects of chemicals in vitro. Nevertheless, there is a
demand for new approaches as currently existing models often yield misleading results
because they lack expressions of important metabolic enzymes. In this respect, newly
developed in vitro three-dimensional (3D) cell-based models are gaining importance as they
more realistically imitate the in vivo cell behavior. In the in vitro conditions 3D models
give more accurate results compared to 2D cultures; as such, they offer an attractive
alternative to animal testing. Even though 3D cell models are better than 2D cell models,
they lack standardization, in particular in terms of cultivation protocols and adequate
characterization, which prevent their general use in the field of genotoxcicity.
This thesis aims to validate and optimize an approach for testing the genotoxic activity
of chemicals on a hepatocellular in vitro 3D cell model (spheroid) developed from a human
hepatocellular carcinoma (HepG2 and HepG2/C3A) cell line by the forced floating method
and cultured in a dynamic bioreactor (CelVivo BAM/bioreactor) system. We showed that
the newly developed 3D cell models better illustrate in vivo conditions than traditional
monolayer cell cultures, since they have improved cell-matrix and cell-cell interactions, as
well as preserved in vivo cell phenotypes. Moreover, we showed decreased proliferation over
the cultivation period and a higher expression of liver-specific functions and genes encoding
phase I and II metabolic enzymes in 3D models compared to 2D models.
In the present study, we applied novel hepatocellular in vitro 3D models cultured under
static and dynamic conditions for the assessment of cytotoxicity and genotoxicity of
xenobiotic compounds. Compared to 2D cell models the applied in vitro 3D cell models
showed increased stability and viability, thus enabling long-term exposures, which is
particularly important in studying genotoxic compounds at lower concentrations, to which
humans are exposed in everyday life. Moreover, transcriptomic analyses revealed that 3D
cell models express genes related to metabolism and characteristic of hepatic cells to a
higher extent than 2D models, showing a higher sensitivity to the detection of indirectacting genotoxic compounds.
We believe that the newly developed hepatocellular 3D cell models, due to their more
complex structure and improved metabolic capacity, provide a suitable experimental model
for genotoxicity studies as well as the regulatory testing of new chemicals and products.
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Abstract

Despite that, 3D cell models must be further characterized and validated in terms of cell
division and response to genotoxic stress in order to better know their behavior and
properties. The 3D models have the potential to bridge the gap between in vitro and animal
studies.
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Povzetek
Ocena genotoksičnosti je pomemben element pri določanju varnosti najrazličnejših snovi,
in sicer z namenom, da bi preprečili vpliv številnih kemikalij na zdravje ljudi. Zato je
testiranje genotoksičnosti potrebno za vse razrede kemikalij, zdravil in bioloških
dejavnikov, ki lahko privedejo do številnih bolezni, vključno z rakom. Posledično se v
zadnjih desetletjih vedno bolj spodbuja razvoj novih učinkovitih metod testiranja, saj en
sam test ne zadostuje za odkrivanje vseh pomembnih genotoksičnih učinkov; zato je torej
za testiranje potrebno uporabiti različne komplementarne tehnike in metodologije. Poleg
tega je vse večji poudarek na alternativnih in vitro modelih, ki se osredotočajo na
genotoksične učinke kemikalij in onesnaževalcev okolja ter tako znatno prispevajo k
zmanjšanju števila živali, ki se uporabljajo v predkliničnih testiranjih.
Trenutno se za ugotavljanje škodljivih učinkov kemikalij uporabljajo tradicionalni in
vitro dvodimenzionalni (2D) modeli jetrnih celic. Pojavlja pa se vedno večje povpraševanje
po novih pristopih, kar pomeni, da je treba trenutno obstoječe modele izboljšati in
nadgraditi, saj pogosto dajejo lažno pozitivne rezultate, kar je posledica manjka
pomembnih presnovnih encimov v celicah teh modelov. Zaradi tega se povečuje
pomembnost novo razvitih in vitro tridimenzionalnih (3D) celičnih modelov, ki bolj
realistično posnemajo vedenje celic in vivo in dajejo natančnejše rezultate v pogojih in vitro
v primerjavi z 2D kulturami. Tako novo razviti 3D celični modeli predstavljajo privlačno
alternativo poskusom na živalih. Čeprav imajo 3D celični modeli veliko boljših lastnosti od
tradicionalnih 2D celičnih modelov, jih je za nadaljnjo uporabo treba standardizirati.
Predvsem je treba prilagoditi protokole gojenja in jih ustrezno okarakterizirati, kar bo
omogočilo njihovo vsesplošno uporabo na področju genetske toksikologije.
Cilj doktorske disertacije je validirati in optimizirati metodo za testiranje genotoksične
aktivnosti kemikalij na jetrnem in vitro 3D celičnem modelu (sferoid), ki smo ga razvili iz
dveh človeških hepatocelularnih karcinogenih celičnih linij (HepG2 in HepG2/C3A) z
metodo, ki uporablja centrifugalno silo za nastanek sferoidov ter gojenjem sferoidov v
statičnem sistemu in v dinamičnem bioreaktorskem (CelVivo BAM/bioreaktor) sistemu.
Pokazali smo, da novo razviti 3D celični modeli boljše posnemajo pogoje in vivo kot
tradicionalne 2D celične kulture, saj imajo tako izboljšane povezave med celicami in
matriksom ter med samimi celicami kot tudi ohranjen in vivo fenotip celic. Pokazali smo,
da se v novih jetrnih 3D modelih proliferacija celic zmanjšuje s časom gojenja, v primerjavi
z 2D modeli pa je povečano izražanje jetrno specifičnih funkcij in genov, ki kodirajo
presnovne encime faze I in II.
V doktorski disertaciji smo nove jetrne in vitro 3D modele, gojene v statičnih in
dinamičnih pogojih, uporabili za oceno citotoksičnosti in genotoksičnosti modelnih telesu
tujih spojin. V primerjavi z 2D modeli so 3D modeli pokazali večjo stabilnost in živost
celic. Z izraženimi lastnostmi 3D modeli omogočajo proučevanje dolgodobne
izpostavljenosti različnim spojinam. Pomembnost tega se kaže pri preučevanju
genotoksičnih spojin pri nižjih koncentracijah, ki smo jim ljudje vsakodnevno izpostavljeni.
Poleg tega so analize na transkriptomski ravni pokazale, da 3D celični modeli izražajo gene,
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ki so povezani z metabolizmom in lastnostmi jetrnih celic, v večji meri kot 2D modeli, kar
kaže na večjo občutljivost za odkrivanje posredno delujočih genotoksičnih spojin.
Z raziskavami smo pokazali, da novo razviti 3D modeli jetrnih celic zaradi svoje bolj
zapletene strukture in izboljšane presnovne sposobnosti zagotavljajo primeren
eksperimentalni model za študije genotoksičnosti in regulatorno testiranje novih kemikalij
in izdelkov. Kljub temu pa je potrebno 3D celične modele nadalje opredeliti in preveriti
obnašanje glede delitev celic in odziva na genotoksični stres, da bi bolje poznali vedenje in
lastnosti celic v 3D modelu. Novi jetrni 3D modeli nakazujejo možnost premostitve vrzeli
med raziskavami in vitro in študijami na živalih.
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1

Introduction
1.1 Genotoxicity Risk Assessment to Protect Human and
Animal Health
The determination of genotoxicity is an important part of the safety assessment of multiple
types of products, including industrial chemicals, pesticides, pharmaceuticals, food
additives, cosmetics and veterinary drugs, with the purpose to protect human, animal and
environmental health (Corvi & Madia, 2017; Jacobs et al., 2020). This is particularly
important due to the increased number of chemicals with limited toxicological data to
which humans are potentially exposed (Claxton et al., 2010). A very important toxicity
mechanism is damage to the genetic material, particularly when considering the
carcinogenicity of chemical substances (Guo et al., 2019). The induced DNA damage when
not repaired, lead to irreversible damage, such as gene mutations and chromosome
aberrations that can be transmitted to the next generation when it occurs in germ cells.
For a sufficient assessment of genotoxic effects, three important endpoints need to be
evaluated (structural chromosome aberrations, gene mutation and numerical chromosome
aberrations) and the following procedure is estimated stepwise, starting with a cascade of
short-term in vitro genotoxicity tests endorsed by several international organizations
(OECD, IHC etc.) (Corvi et al., 2013). If a compound is positive in one or more of these
basic tests, further in vitro mechanistic studies are performed, followed in specific cases by
in vivo testing (Corvi & Madia, 2017; Kirkland et al., 2007) to determine the health risk
for humans (Kirkland et al., 2005). At this time, genotoxicity assays are conducted on
metabolically non-competent rodent or human cell lines (human lymphoblast cells (TK6),
mouse lymphoma cells (L5178Y) or Chinese hamster lung cells (V79)), meaning that an
increased number of compounds is subject to earlier and often unnecessary in vivo
genotoxicity testing (Fowler et al., 2012; Watson et al., 2014).
Although many of these in vitro assays are being used successfully to predict
genotoxicity, they cannot fully replace animal tests, which are currently used to assess the
safety of substances (Corvi et al., 2013). Furthermore, Kirkland et al. (2005, 2006; Kirkland
and Speit, 2008) questioned the specificity of these tests in a series of articles. The abovementioned limitations and misleading positive results signal the necessity to develop
improved three-dimensional (3D) human models that are more relevant in regards to in
vivo conditions and could be considered as a practical alternative (Saleh & Genever, 2011).
Moreover, the 3R strategy (reduce, replace, refine) employed by EU REACH (Registration,
Evaluation, Authorization and restriction of Chemicals) focuses on the reduction and
optimization of the use of animals for in vivo testing (Corvi & Madia, 2017; Pfuhler et al.,
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2009) and highlights the need for the development of new cell-based in vitro models that
can more realistically mimic in vivo cell behavior and can provide more reliable results
compared to 2D conditions.

1.2 Xenobiotics
Xenobiotics are chemical compounds (plant ingredients, drugs, pesticides, cosmetics,
flavorings, food additives, industrial chemicals and environmental pollutants) present in
living organisms but foreign to them, meaning that they do not appear within the normal
metabolic pathways (Park et al., 2014). The majority of these chemical compounds enter
the body through one’s diet, drinking water, air, and drug administration, they are usually
present in higher-than-normal concentrations and later encounter a large set of
detoxification processes (Patterson et al., 2010). Drug metabolism or xenobiotic metabolism
is a biochemical modification of xenobiotics supported by metabolic enzymes to enable
excretion hydrophilic products in living organisms. The process has three phases: i) Phase
I, enzymes (cytochrome P450 oxidases) introduce reactive or polar groups into xenobiotics;
ii) Phase II, the modified compounds are conjugated to polar compounds catalyzed by
transferase enzymes; iii) Phase III, the conjugated xenobiotics are further processed, and
in the next step recognized by efflux transporters and pumped out of cells (Patel & Jyoti
Sen, 2013). Organic xenobiotics that induce a damaging effect or toxicity can be classified
into two types, i.e. direct-acting and indirect-acting compounds (Mackowiak & Wang,
2016; Patel & Jyoti Sen, 2013). Direct-acting xenobiotics are electrophilic and can directly
react with a biomolecules to produce toxic effect. On the other hand, indirect-acting
chemicals are not primarily reactive, so they require an activation step into reactive
electrophilic intermediate. In general, the majority of environmental pollutants are indirectacting (Park et al., 2014).

1.3 Hepatocellular Cell Models in Genotoxicity Studies
1.3.1 Two-dimensional (2D) cell models
Harrison developed the cell culturing process in 1907 during his investigation into the
source of nerve fibres (Harrison et al., 1907). Later on, major improvements were made to
the 2D cell culture technique, such as the development of culture flasks, blood plasma as
the source of nutrition was supplemented by a synthetic medium and the development of
antibiotics and antifungals that are appropriate for cell cultures (Breslin & O’Driscoll,
2013).
The standard toxicological approach to evaluating toxicity requires complex in vivo
studies. Due to concerns about animal wellbeing and the recommendations of the 3R
strategy, the development of suitable in vitro culture systems has become a priority in
toxicology research (Soldatow et al., 2013). The liver is the main organ involved in the
metabolism of various xenobiotics in which the detoxification process usually takes place,
meaning that some nontoxic compounds might be converted into toxic intermediates
(Hinson et al., 2010). The main function of a hepatocellular in vitro model is to be able to
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detect relevant endpoints, in particular assessing the toxicity of novel xenobiotic
compounds (Kyffin et al., 2018).
Traditionally, in vitro cell cultures are typically grown as a monolayer (2D) on a flat
surface, most frequently in culture flasks or, occasionally, in Petri-dishes, which enables
cell-to-cell contact only at their periphery. As a result, cells are forced into a monolayer
morphology rather than piling on top of one another, which allows the cells to receive a
homogenous amount of nutrients and growth factors from the medium (Antoni et al., 2015;
Edmondson et al., 2014; Wrzesinski & Fey, 2015). The cells cultured in 2D systems can
often proliferate more rapidly than in the in vivo conditions, and more cells are
synchronized in the same point of the cell cycle, as necrotic cells are usually detached from
the surfaces and can be easily removed through a change of the medium (Antoni et al.,
2015; Edmondson et al., 2014; Fey & Wrzesinski, 2012; Hoffman, 1993; Kyffin et al., 2018).
Cells grown in monolayer conditions are generally flattened and stretched, which would
not appear in vivo (Figure 1.1) (Tibbitt & Anseth, 2009). Moreover, many cellular
processes, including cell differentiation, proliferation, apoptosis, as well as gene and protein
expression, can be affected by the unnatural cell morphology in the 2D culture compared
to in vivo models (Kyffin et al., 2018; Smith et al., 2012). Consequently, 2D cultured cells
may not adequately mimic the in vivo microenvironment and can therefore unmorally
respond to toxic insult, which then lead to misleading results.

Figure 1.1: The effect of changing the cells grown into an in vitro 2D (monolayer) cell
model. Over the time of cultivation, the cells adopt a flattened morphology (Reprocell
USA, 2020).
1.3.1.1

Primary human hepatocytes (PHH)

It is generally accepted that human primary hepatocytes (PHH) serve as the gold standard
for metabolic and toxicity studies. This is due to their human origin and the expression of
phase I and II metabolic enzymes relevant to the human metabolism of xenobiotic and
other characteristics, such as the expression of liver-specific transporters, ammonia
detoxification, glucose metabolism, as well as albumin production and urea secretion (Fey
& Wrzesinski, 2012; Godoy et al., 2013; Harris et al., 2004; Kyffin et al., 2018; LeCluyse,
2001).
Nevertheless, there are serious drawbacks related to the application of isolated PHH in
vitro. These include: complex isolation and culturing of cells, inability to expand, rapid
dedifferentiation and loss of the hepatic phenotype, genetic and metabolic differences due
to the polymorphism of donors often present in the metabolic enzymes, limited availability
and high costs related to the performance of the experiments. As a consequence of these
limitations, PHH are not suitable for routine use for genotoxicity testing, so a lot of research
has shifted towards using hepatocellular-derived cell lines and other alternatives (Drewitz
et al., 2011; Dvorak, 2016; Kyffin et al., 2018; Otto et al., 2008).
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1.3.1.2

Hepatocarcinoma-derived cell lines

In recent decades, test systems with hepatocellular carcinoma-derived human cell lines,
such as HepG2, C3A, HepaRG, HuH6, and many others (Table 1.1), which are easily
assessable, have a high reproducibility of results, and the preserved activity of certain
metabolic enzymes in vitro, have been introduced to routine genotoxicity testing (Donato
et al., 2015; Guillouzo et al., 2007; Shah et al., 2018; Waldherr et al., 2018; Wrzesinski &
Fey, 2013). The aforementioned cells are a good compromise between ease of culturing and
the expression of several important enzymes involved in xenobiotic metabolism (Bazou et
al., 2008; Nakamura et al., 2011; Wilkening et al., 2003) as they possess several phenotypic
characteristics and the nuclear transcription factor (Nrf2) expression. This is of great
importance for drug metabolism and toxicity response, as well as some functional properties
of hepatocellular cells (Duret et al., 2007; Hurrell et al., 2019).
Nonetheless, the crucial limitations while using these cell lines cultured in 2D are the
low expression of CYP450 enzymes, xenobiotic receptors, and phase II enzymes (Chang &
Hughes-Fulford, 2009; Kyffin et al., 2018). As a result, liver cell functions in vivo are not
adequately expressed. Therefore, such cell models may produce misleading toxicological
data which leads to unnecessary follow-up animal testing (Gerets et al., 2012). The abovementioned limitations have led to the development and optimization of new alternative
three-dimensional (3D) cell models, which more closely mimic in vivo conditions and give
more promising results regarding human exposure, although 3D models have still not
replaced two-dimensional (2D) models on a large scale.
Table 1.1: Properties/characteristics of hepatocarcinoma-derived cell lines presented as
advantages and disadvantages.
Cell lines

Properties/characteristics

(2D models)

-Nuclear transcription factor (Nrf2) expression (Ishikawa et al., 2013);
-Wild-type tumor suppressor TP53 expression (Lee & Park, 2015);
-Availability (Castell et al., 2006);

HepG2

-Growth without limitation and the lack of inter-donor variation ensuring reproducible
results (Castell et al., 2006);
-Simple handling with easy culture protocols (Jennen et al., 2010).
-The phenotype of in vivo hepatocytes is not completely represent;
-Many phase I and II enzymes are not sufficiently expressed (Jennen et al., 2010);
-The assessment of many genotoxic compounds utilizing the HepG2 cell line is
inaccurate (Castell et al., 2006).
-More advantageous characteristics are demonstrated compared to the parent HepG2
-Express wild-type tumor suppressor TP53 (Lee & Park, 2015);

subclone)

HepG2/C3A (a

cells (Fey & Wrzesinski, 2012);
-A more reflective model for hepatotoxicity studies (Fey & Wrzesinski, 2012);
-Contact-inhibited growth characteristics: increased alpha-fetoprotein and albumin
production, ability to proliferate and thrive in glucose-deficient media (Fey &
Wrzesinski, 2012);
-More differentiated and have a more metabolically active hepatocellular phenotype in
comparison with the parent HepG2 cell line (Nelson et al., 2017).
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-When grown as 2D, they showed low functionality and an altered phenotype compared
to human hepatocytes in vivo (Gaskell et al., 2016);
-Low CYP activity and poor sustainability (Nelson et al., 2017).
-Hepatocellular carcinoma-derived cell line;
-Express wild-type tumor suppressor TP53 (Jennen et al., 2010);
-Several phase II enzymes and membrane transporters are expressed which are
comparable to freshly isolated or cultured primary human hepatocytes (Jennen et al.,
2010),
-An undifferentiated morphology acquires when seeded at a low density (Mandon et al.,
2019);

HepaRG

-Improved CYP450 expression together with a better liver-specific functionality
(Mandon et al., 2019);
-More sensitive to expression of phase I and II enzymes when compared with HepG2
cells (Kyffin et al., 2018).
-Require long culture procedure (cost and time consuming) (Kyffin et al., 2018);
-Availability to all researchers is limited (Mandon et al., 2019);
-Derived from an individual with poor alleles for CYP2D6, CYP3A5 and CYP2C9
(Kammerer & Küpper, 2018);
-2D cultures of HepaRG cells do not have urea production pathway (Lübberstedt et al.,
2011);
-The liver metabolizing function are represent of only one single donor (Kammerer &
Küpper, 2018).

1.3.2 Three-dimensional (3D) cell cultures

1.3.2.1

A systematic overview of the field

When culturing the cells in 3D systems, they form aggregates and spheroids (Figure 1.4)
(Mehta et al., 2012). The use of 3D models has significantly increased over the past decade,
as novel preclinical test systems and as alternatives to animal testing due to a growing
desire to implement the 3R strategy in research (Augustyniak et al., 2019; Bahinski et al.,
2014; Pfuhler et al., 2020). The relevance of developing new advanced in vitro models is
also highlighted in the European chemical safety legislation’s REACH program
(Registration, Evaluation, Authorisation and Restriction of Chemical substances
(2007/2006)), as they decrease both the cost and the time for hazard characterization and
risk assessment.
In order to provide a quantitative systematic review of research on hepatocellular 3D
models, and specifically hepatocellular 3D models in human toxicology, we conducted a
bibliometric analysis, which allowed us to identify the most significant publications,
authors, journals and countries in the field of 3D models. To do so, we first collected
bibliographic and citation data from the Web of Science core collection using the
appropriate operators OR and AND, as well as the following search terms: “3D cell model,”
“3D cell culture,” “three-dimensional cell model,” “three-dimensional cell culture,”
“spheroid,” “hepatocyte,” “liver,” “HepG2,” and “in vitro”. Our search yielded 1535
publications analyzing hepatocellular 3D models.
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A quick overview of the dataset reveals that the three oldest published papers stem
from 1991. The number of publications gradually increased from 3 in 1991 to 41 in 2008.
In the last couple of years, the field started growing exponentially, from 97 published
articles in 2015 to 178 and 166 published articles in 2018 and 2019, respectively (Figure
1.2). These results suggest that the research filed studying hepatocellular 3D models is
relatively young. Furthermore, the number of citations increased even more, from 3109 in
2014 to 6050 citations in 2018. This exponential increase in research activity shows the
importance of and interest in applying and developing hepatocellular 3D cell models. In
the last 5 years, the research field has also become substantially globalized. A map of
countries publishing articles on hepatocellular 3D models reveals that research is conducted
on nearly all continents in the world. The main leader in the research field is the USA with
508 published articles, followed by China (286), Japan (266) and Germany (179).

Figure 1.2: The number of publications (left) and the number of citations per year (right)
on 3D models, showing an increased interest in applying hepatocellular 3D cell models.
To get a better grasp of the structure of the research field we used bibliographic
coupling, which was introduced by Kessler in 1963 and connects authors, publications and
journals based on the number of citations they share (Dominko & Verbič, 2019). Using this
approach, we utilized the VOSviewer software package to form and visualize clusters (for
a thorough discussion see Eck and Waltman (2010)). VOSviewer forms a map in three
steps. First, it requires a similarity matrix as input and uses the proximity index to
normalize it. Second, it uses the similarity matrix obtained in the first step to construct a
map. Items with a higher degree of similarity are located closer to one another by
minimizing the weighted sum of the squared Euclidean distances between all item pairs.
Third, it performs three different types of transformations, specifically translation, rotation
and reflection, in order to produce consistent results.
The map of the most important journals (Figure 1.3) allows us to disentangle the
structure of the research field on hepatocellular 3D models. We see four different clusters
of journals. The blue cluster generally represents journals that are focused on the
biochemical engineering of hepatocellular 3D cell models and the engineering of organs and
tissues from a hepatocellular source. The green cluster is strongly connected with the blue
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cluster and contains journals that deal with biomaterials. The red cluster of journals is
interested in topics that concern cancer biology and stem cell applications and
development. The smaller yellow cluster of journals addresses the connection between
(geno)toxicology research, pharmaceutical applications and the metabolism of xenobiotics.
The leading journals in the “engineering” cluster are Biotechnology and Bioengineering,
Tissue Engineering Part A, Artificial Organs and Tissue Engineering. Furthermore, the
leading journals in the “biomaterials” cluster are Biomaterials, Scientific Reports and Acta
Biomaterialia. In the “cancer biology” cluster, the leading journals are PLOS One and Cell
Biology, while in the “(geno)toxicology” cluster, Toxicology in Vitro and Archives of
Toxicology are the leading ones. We can observe numerous connections between the
journals indicating a higher degree of interactions between clusters, meaning that there are
some strong connections, most notably between journals in the “engineering” cluster and
journals in the “biomaterials” cluster, as well as journals in the “biomaterials” and
“(geno)toxicology” clusters. We can also observe that hepatocellular 3D models are gaining
importance in journals concerned with toxicology.

Figure 1.3: Groups of journals in the field of hepatocellular 3D cell cultures. The results
were obtained using bibliometric coupling (VOSviewer). Each colour assigned by the
VOSviewer software represents a different cluster. The blue cluster represents journals that
are focused on the biochemical engineering and the engineering of organs and tissues from
a hepatocellular source. The green cluster represents journals focused on biomaterials, while
red cluster represents journals concerning cancer biology and stem cell applications and
yellow cluster stands for journals focused on (geno)toxicology research, pharmaceutical
applications and the metabolism of xenobiotics.
1.3.2.2

Hepatocellular 3D cell models – spheroids

Spheroids are 3D spherical cellular structures representing one of the most common way
to culture cells in 3D (Figure 1.4) (Mehta et al. 2012). Spheroids contain cells in different
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stages, which often comprises proliferating, quiescent, apoptotic, hypoxic, and necrotic cells
(Kim, 2005). Because of the more natural 3D shape, cell-cell interactions and cellextracellular matrix interactions that appear in spheroids more accurately imitate the
natural in vivo environment and create a complex microenvironment (Elje et al. 2019;
Godoy et al. 2013; Mandon et al. 2019; Pfuhler et al. 2020; Shah et al. 2018; Štampar et
al. 2019; Wrzesinski and Fey 2013). Due to the 3D environment, cell growth is undisturbed
in comparison to 2D models, as regular trypsinization is not needed (Wrzesinski et al.,
2014; Wrzesinski & Fey, 2013).

Figure 1.4: The effect of changing the cells grown in an in vitro 3D (spheroid) model. The
presence of an ECM allows the cells to maintain a 3D structure and organization (Reprocell
USA, 2020).
Spheroids provide a closer depiction of cell polarization, while in a two-dimensional form
(monolayer) the cells are only partially polarized (Breslin & O’Driscoll, 2013). Spheroids
are usually comprised of three main zones: i) an outer proliferating rim, ii) an inactive
viable zone, and iii) an inner necrotic core, which can occur because of the lower diffusion
of nutrients and oxygen creating hypoxic conditions (Asthana & Kisaalita, 2012; Mehta et
al., 2012; Wrzesinski et al., 2014) (Figure 1.5). This kind of cellular heterogeneity is
remarkably similar to in vivo tissues (Mehta et al., 2012).

Figure 1.5: A map of the usual zones of cell proliferation in a three-dimensional spheroid,
where the models of oxygenation, nutrition, and CO2 removal are shown (Edmondson et
al., 2014).
An additional important advantage of hepatocellular 3D cell models compared to 2D cell
models is that they enable prolonged exposures due to their increased stability since they
retain a high cell viability and stable morphology over several weeks (Bell et al., 2016).
Finally, through an analysis of gene expression, microRNA abundance and metabolic
profiles, it has been demonstrated that spheroids have a phenotype significantly more
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relevant to in vivo as compared to 2D monolayer cultures (Smith et al., 2012; Štampar et
al., 2019; Wrzesinski et al., 2014).
1.3.2.3

Techniques for forming spheroids

In order to produce in vivo-like structures, several static and perfusion techniques for
culturing 3D cell models (spheroids) have been studied. These include non-adhesive
surfaces, spinner flasks, hanging drop cultures, bioreactors, and micro-moulding (Breslin &
O’Driscoll, 2013; Fey & Wrzesinski, 2012; Ravi et al., 2015). Although these techniques,
which we detail below, offer several advantages, many of them are expensive, technically
challenging, and require appropriate facilities (Shah et al. 2018). Two relatively simple
methods for generating 3D spheroids are the forced floating method (Ivascu & Kubbies,
2006) and the hanging drop method (Kelm et al., 2003). The advantages of both methods
are that they are easy to handle, are generally reproducible, the produced spheroids are
densely packed rather than loose cell aggregates, and they show low variability in size
(Breslin & O’Driscoll, 2013). Particularly when using the forced floating method, the
generated spheroids are easily accessible for experimentation on single spheroids. In
addition, the method is compatible with high-throughput drug testing since these spheroids
are usually generated in a 96- or 384- well plate, which facilitates the production of large
numbers of morphologically homogenous spheroids (Ivascu & Kubbies, 2006). The more
advanced techniques are dynamic-based approaches for the creation of spheroids, which
can be split into two categories: (i) spinner flask bioreactors (Jong, 2005) and (ii) rotating
bioreactors (Fey & Wrzesinski, 2012; Goodwin et al., 1993). In general, the formed
spheroids are placed into a bioreactor and the content is kept in motion, that is, either
gently stirred or the container is rotated. The rotation creates a flow of media around the
spheroids, resulting in a higher diffusion of nutrients and oxygen into the spheroids and
preventing the formation of a necrotic core (Breslin & O’Driscoll, 2013; Fey & Wrzesinski,
2012; Gong et al., 2015).
1.3.2.4

Hepatocellular 3D models in toxicology

The branch of research concerning the use of hepatocellular in vitro 3D models in the field
of genotoxicity is still relatively young. While at first hepatocellular 3D cell models were
mostly used for drug development, extensive improvement has recently been made to the
development of 3D cell models used for studying genotoxic effects, for instance
chromosomal instability (Shah et al. 2018) and DNA damage (Elje et al. 2019; Mandon et
al. 2019; Štampar et al. 2019) induced by chemicals and environmental samples (Hercog et
al., 2020). For this purpose, progress in the establishment of robust protocols has been
made for skin, airway and liver tissue equivalents (Basu et al., 2020; Pfuhler et al., 2020).
Even so, the integration of in vitro 3D cell culture models is prevented by the lack of
protocol standardization and insufficient characterization of the spheroids. An analysis of
publications describing the application of 3D models in toxicology using bibliographic
coupling confirms that their use for the purpose of toxicity testing is fairly new.
Furthermore, Figure 1.6 shows that these publications can be found in three distinct
clusters, each of which investigates different aspects of using hepatocellular 3D models.
The blue cluster can be divided into two smaller parts. The first part mainly represents
publications describing hepatocellular 3D cell models for application in ecotoxicological and
environmental studies, and the second part concerns pharmacological studies. The majority
of the publications can be found in the red cluster. These publications concern the following
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topics: in vitro drug-induced responses, long-term induced hepatotoxicity, xenobiotic
metabolism, and repeated dose toxicity. The green cluster can be further split into three
sub-clusters of publications. The first sub-cluster of publications concerns the application
of new 3D models for accurate risk assessment and environmental health, the second subcluster concerns the use of 3D models for (geno)toxicity assessment as an alternative to
monolayer culture, and the last sub-cluster consists of publications investigating key
physiological functions of hepatocellular 3D models.
Before concluding, we would like to mention some of the limitations of this study. These
concern primarily the fact that all our data was selected exclusively from Web of Science.
As a result, we could not systematically assess the selection bias or, more specifically, we
were unable to verify whether our analysis included all the relevant publications.

Figure 1.6: Clusters of publications using hepatocellular 3D cell models in the field of
toxicology. Each colour assigned by the VOSviewer software represents a different cluster.
The blue cluster represents publications describing hepatocellular 3D cell models in
ecotoxicological and environmental studies and pharmacological studies. The green cluster
represents publications describing the application and use of new 3D models for accurate
risk assessment and environmental health, for (geno)toxicity assessment as an alternative
to monolayer culture. The red cluster represent publications describing the in vitro druginduced responses, long-term induced hepatotoxicity, xenobiotic metabolism, and repeated
dose toxicity.

1.4 Scientific Problems and Aims of the Thesis
Liver cell lines cultured in 2D conditions are the most commonly used system for
investigating the damaging effects of xenobiotic compounds in vitro (Soldatow et al., 2013).
Nevertheless, most hepatocellular cells grown in monolayer (2D) conditions lack the
relevant characteristic of hepatic cells, mostly due to the limited expression of drugmetabolizing enzymes (Kirkland et al. 2007; Shah et al. 2018; Wrzesinski and Fey 2013).
These shortcomings can lead to misleading results and can make interpretation of the
outcomes questionable (Guo et al., 2019). Therefore, a demand for establishing improved
experimental models in toxicological studies has arisen (Corvi et al., 2013). In genetic
toxicology, the 3R strategy strongly encourages taking advantage of alternative in vitro
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models to assess the genotoxic effects of chemicals and environmental contaminants in
order to reduce the use of animals in preclinical testing (Pfuhler et al., 2009). Recent threedimensional (3D) cultures, which better reflect in vivo conditions, are considered an
effective model for drug development and toxicological studies. They also have improved
cell-cell and cell-matrix interactions, as well as preserved complex in vivo cell phenotypes
(Aucamp et al., 2017; Loessner et al., 2010). Especially hepatocellular 3D models generally
exhibit a higher level of liver-specific functions, including metabolic enzymes, in comparison
to 2D cell models (Elje et al. 2019; Mandon et al. 2019; Štampar et al. 2019).
The determination of the genotoxic potential is the critical element of safety assessment
for all sorts of substances, such as chemicals, food additives, pharmaceuticals, cosmetics
ingredients, etc. (Corvi et al., 2013). Currently, there is an ongoing trend to develop
standardized and robust in vitro 3D models, which better imitate the in vivo environment
for the toxicity assessment of critical endpoints of the above-mentioned substances
(chemicals, food additives, pharmaceuticals, etc.) (Elje et al., 2020; Guo et al., 2019; Hurrell
et al., 2019; Mandon et al., 2019; Pfuhler et al., 2020). Therefore, the first aim of the
doctoral thesis was to develop, optimize, validate, and characterize the technique and
culture conditions for obtaining viable HepG2 3D cell models (spheroids) with enhanced
characteristics of hepatic cells. For this purpose, we tested different initial densities of cells
for the development of spheroids, which were cultivated for different periods of time.
Furthermore, we performed an expression profile of selected genes that code for cell
proliferation, drug-metabolizing enzymes, transporters, and liver-specific factors.
In the next part, we focused on the genotoxic effects of selected model compounds
representing different classes of genotoxic carcinogens which require metabolic activation
to electrophilic intermediates: polycyclic aromatic hydrocarbon benzo(a)pyrene (B(a)P),
mycotoxin aflatoxin B1 (AFB1), two heterocyclic aromatic amines (PhIP and IQ), and
direct-acting compound etoposide (ET). All selected compounds are known to cause DNA
damage; therefore, the second aim was to determine whether there are differences in the
assessment of genotoxic effects between 2D and 3D cell models.
We developed and optimized a novel approach for studying genotoxic effects and
processes related to genotoxicity using multi-labelling with antibodies and detection by
flow cytometry, which allows high-throughput analyses. Therefore, the third aim was to
show that the newly developed HepG2 3D model can be used for genotoxicity assessment
by applying the flow cytometric analysis and microscopy, and to show that the developed
model is more sensitive for the detection of adverse genotoxic effects of various compounds
compared to 2D cultures. Furthermore, we evaluated the testing approach by applying the
developed methodologies to the evaluation of the (geno)toxic effects of an environmental
natural pollutant, the cyanobacterial toxin cylindrospermopsin (CYN). The fourth aim
was to successfully assess the influence of CYN on cell proliferation, DNA damage induction
and the expression of genes involved in cell proliferation, cell death, metabolism, and
response to DNA damage.
In the last part of the PhD thesis, the spheroids developed from hepatocellular
HepG2/C3A cells were cultured for 21-days using the advanced dynamic clinostat microtissue culturing technique. Here, the spheroids are cultured in rotating bioreactors, where
the rotation causes growth media to flow around the spheroids. These conditions enable a
higher diffusion of oxygen and nutrients to the inner part of the spheroids and prevent the
formation of a necrotic core (Fey & Wrzesinski, 2012; Gong et al., 2015; Lin et al., 2008).
As bioreactors enable prolonged culturing of spheroids (several weeks), which results in the
development of structures with tissue-like characteristics and stable physiological functions,
such as bile canaliculi-like structures and sinusoid-like channels we wanted to evaluate the
appropriateness of the model for genotoxicity assessment. Thus, the fifth aim was to
determine the influence of non-cytotoxic concentrations of BaP and PhIP after 24 h and
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96 h of exposure on the formation of DNA damage in 21-day-old C3A spheroids. The
sixth aim was to show that the 3D model utilizing HepG2/C3A spheroids grown under
dynamic clinostat conditions can represent a promising in vitro model, which can be applied
in genotoxicity studies and can contribute to a more reliable assessment of the genotoxic
activity of pure chemicals as well as complex mixtures.

1.5 Research Hypotheses
1. The static in vitro HepG2 3D cell model better reflects in vivo conditions
compared to traditional 2D cell models. Specifically, it is hypothesized
that:
- the time of cultivation and initial density of cells in the spheroids influence the
outcome and sensitivity of the 3D cell model;
- the hepatocellular 3D cell model has improved cell-cell and cell-matrix interactions,
preserved in vivo cell phenotypes, and that it is capable of creating a more complex
microenvironment compared to the 2D monolayer;
- the proliferation of cells is decreased in the 3D cell model, which is more similar to in
vivo conditions;
- the hepatocellular 3D cell model has a higher expression of liver-specific functions
compared to 2D models.
2. The HepG2 in vitro 3D cell model differs in liver-specific properties and
the gene expression of metabolic enzymes compared to traditional 2D
monolayer HepG2 cultures. Specifically, it is hypothesized that:
- hepatic characteristic (morphologic and functional) are more strongly expressed in a
3D cell system compared to a 2D system;
- the expression of genes encoding phase I and II metabolic enzymes is higher in the 3D
cell model compared to the 2D cell model.
3. Dynamic culturing conditions in bioreactors enable the formation of
reproducible and uniform HepG2/C3A spheroids suitable for prolonged
exposure studies. Specifically, it is hypothesized that:
- the constant flow of media results in a higher diffusion of nutrients and oxygen into
the inner parts of the spheroids and a concomitant diffusion of waste products out of the
spheroids, which maintains high cell viability;
- the genes encoding hepatic markers are expressed in the dynamic 3D cell model.
4. The hepatocellular in vitro 3D cell model (grown under static and
dynamic conditions) is suitable for the evaluation of the (geno)toxic
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effects of direct and indirect-acting genotoxic compounds. Specifically, it
is hypothesized that:
- the higher stability and viability of hepatocellular 3D cell models allows long-term
exposures to genotoxic compounds at lower concentrations compared to 2D cell model;
- the 3D cell model is more sensitive for the detection of indirect-acting genotoxic
compounds due to a higher gene expression of metabolic enzymes

1.6 Publications Included and the Candidate's Contributions
The first manuscript, titled ‘Characterization of an in vitro 3D cell model developed
from human hepatocellular carcinoma (HepG2) cell line,’ provides important data on the
characterization, optimization and validation of the hepatocellular in vitro 3D cell model.
The influence of spheroidal age on cell proliferation and metabolic status was studied over
a 17-day cultivation period, gaining greater insight into the morphological and physiological
characteristics of HepG2 spheroids. I am the first author of this publication. Together with
the co-authors, I designed and performed the experiments for the validation of the 3D cell
model. I also performed the analysis, conducted an interpretation of the obtained data, and
drafted the manuscript.
In the second manuscript, entitled ‘Development of in vitro 3D cell model from
hepatocellular carcinoma (HepG2) cell line and its application for genotoxicity testing,’ the
formed spheroids were compared to a 2D monolayer. The results showed a higher sensitivity
of the 3D model for detecting DNA damage induced by indirect-acting genotoxic
compounds and improved metabolic capacity, which may contribute to a more reliable
genotoxicity assessment of chemicals. I am the first author of this publication. Together
with the co-authors, I designed the study, prepared the spheroids, performed all the in
vitro experiments, and conducted the analysis and interpretation of the data. I collaborated
in the design and validation of the applied flow cytometry method for the simultaneous
analysis of proliferation, cell cycle distribution, and yH2AX formation. I also prepared the
manuscript.
The third manuscript, ‘HepG2 spheroids as a biosensor-like cell based system for
(geno)toxicity assessment,’ is focused on the hepatocellular 3D spheroid model and the
application of flow cytometric methodologies for the assessment of DNA damage and
related pathways. The approach was validated by a detection of the cytotoxic and
genotoxic activities of the indirect-acting compounds B(a)P and PhIP, studied by the MTS
assay and flow cytometry by measuring the γH2AX foci, respectively. I am the first author
of this publication. In collaboration with the co-authors, I designed and performed all the
experiments using well-established techniques – the MTS assay, flow cytometry, confocal
microscopy, and qPCR. I analyzed and interpreted the data, and I supervised the work of
an MSc student, a co-author who performed the MTS assays and prepared the cells for the
flow cytometry. I also prepared the manuscript.
The fourth manuscript, ‘Application of an advanced HepG2 3D cell model for
studying genotoxicity of cylindrospermopsin,’ focuses on the effect of cylindrospermopsin
exposure on HepG2 cells in 3D spheroids. I am the co-author of the study. Together with
the other authors, I designed and performed the experiments for the formation of spheroids
and the qPCR experiments. I also collaborated in the design and validation of the applied
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flow cytometry method for the simultaneous analysis of proliferation, cell cycle progression,
and yH2AX formation.
The fifth manuscript, ‘Method for spheroids disassemble into core and rim for
downstream applications such as flow cytometry, comet assay, transcriptomics, proteomics
and lipidomics,’ highlights the protocol for disassembling 21-day old spheroids into the core
and the rim. In addition, the manuscript shows the widespread use of spheroids for
measuring various endpoints. I am the co-author of the study. Together with the other
authors, I designed the protocol for the disassembly of the spheroids and prepared part of
the manuscript.
In the sixth manuscript, ‘Hepatocellular carcinoma (HepG2/C3A) cell-based 3D
model for genotoxicity testing of chemicals,’ we aimed to develop an approach for the
genotoxicity testing of chemicals using 21-day old spheroids formed from HepG2/C3A cells
utilizing the dynamic bioreactor system. The genotoxic effects were assessed in spheroids
exposed to model genotoxic compounds BaP and PhIP for a short and prolonged period of
time. Cytotoxicity was evaluated with the ATP assay, genotoxicity with the comet assay,
and the deregulation of selected genes was assessed using nanolitre-scale q-PCR. I am the
first author of this publication. Together with the co-authors, I designed and performed all
the experiments as well as analyzed the results and prepared the manuscript.
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Chapter 3
3

Discussion and Conclusions
In the last decade, the safety testing of chemicals and products has been at the forefront
of the European legislation and the EU REACH initiative. In the field of genotoxicity, the
3R strategy has stimulated a contemporary trend against the use of in vivo models. The
strategy supports the reduction, replacement and refinement of animal models in preclinical
testing. For this reason, the development and implementation of alternative models are
strongly encouraged. In this perspective, hepatocellular 3D in vitro cell-based models are
gaining importance as they more accurately imitate in vivo cell behavior and provide more
predictive results for in vivo conditions compared to traditional 2D monolayer cultures. In
the doctoral dissertation, we have provided the missing data on the validation of 3D models
with a comprehensive and innovative toxicological approach for testing the genotoxic
activity of chemicals and environmental pollutants.
Firstly, we developed and optimized the forced floating method for the assembly of 3D
spheroids from HepG2 cells (Štampar et al., 2019). The method has been proved to be
simple and enables to obtain a high number of uniform spheroids in a very short period.
The formed 3D cell models revealed increased liver-specific functions and proved a stronger
physiological relevance relating to the gene expression of metabolic enzymes and hepatic
markers compared to 2D monolayers. These properties indicate differentiation into more
metabolically competent cells. Therefore, in our research, the hepatocellular 3D spheroids
were used as an improved in vitro model for the assessment of the cytotoxic and genotoxic
activity of chemicals and environmental pollutants which humans can be exposed to in
their everyday life, in order to put in place appropriate safety measures aimed at avoiding
unforeseen effects on human health and the environment. Despite the urgent need to
establish reliable and sensitive models with higher predictability regarding the
consequences of human exposure, which was highlighted in the Workshop on Genotoxicity
Testing (IWGT), for routine use, the 3D models need to be thoroughly characterized and
subsequently standardized to allow the comparability and reproducibility of results. In our
study, we characterized the hepatocellular 3D model by monitoring its growth, morphology,
and cell viability over the time of cultivation (Štampar et al., 2020a). Flow cytometry was
used to analyze the changes in the cell cycle distribution (Hoechst staining) and the effect
of the time of cultivation on the proliferation of cells (KI67 proliferation marker), which
were isolated from the spheroids. The obtained results show that the applied hepatocellular
3D cell model has improved metabolic capacity and can better reflect in vivo conditions
compared to traditional HepG2 2D monolayer cultures. Based on the obtained results, we
confirmed our first and second hypotheses.
Secondly, the bibliometric analysis of the research field, showed a considerably increased
use of hepatocellular 3D cell models for various toxicological endpoints, such as: the
micronucleus test to detect chromosomal damage (Shah et al., 2018); the comet assay,
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which can provide an early prediction of genotoxic insult (Dusinska and Collins 2008; Elje
et al. 2019, 2020; Mandon et al. 2019; Pfuhler et al. 2020; Štampar et al. 2019); and the
detection of double-strand brakes (ℽH2AX) with flow cytometry (Hercog et al., 2020),
which correlate with the micronuclei test and can predict cancer development. In our study
we therefore applied the above mentioned hepatocellular 3D in vitro model grown under
static conditions to assess the toxic and genotoxic effects of indirect-acting compounds
(B(a)P, AFB1, PhIP and IQ), which required metabolic activation, and direct-acting (ET)
model genotoxic agents by measuring the induction of DNA damage using the comet assay.
Moreover, genotoxicity was tested by the determination of double-strand brakes (ℽH2AX)
when exposing HepG2 spheroids to B(a)P and PhIP for short (24 h) and prolonged (72 h)
periods of time. Furthermore, the HepG2 3D cell model was also applied to detect the
cytotoxic and genotoxic effects of the cyanobacterial toxin cylindrospermopsin (CYN). The
obtained results showed increased sensitivity of the HepG2 3D cell model for the detection
of indirect-acting genotoxic compounds compared to the 2D cell model, higher metabolic
activity, and properties enabling long-term exposure studies. With these findings, we can
partially confirm the fourth hypothesis.
Finally, the culturing of spheroids under dynamic conditions is a very promising
approach offering better similarity to in vivo conditions than monolayer cultures (Fey and
Wrzesinski 2012; Wrzesinski and Fey 2015; Wojdyla et al. 2016). The spheroids are grown
for several weeks in bioreactors, the rotation of which generates a flow of the media around
the spheroids, resulting in a higher diffusion of nutrients and oxygen into the spheroids
and preventing the formation of a necrotic core (Fey & Wrzesinski, 2012; Gong et al., 2015;
Lin et al., 2008). In our study, the toxicity and genotoxicity of two model genotoxic
compounds, B(a)P and PhIP, was studied on a dynamic system (rotating bioreactors) by
exposing 21-day-old HepG2/C3A spheroids to both compounds for short and prolonged
periods of time by using the ATP assay, the comet assay, planimetry, and gene expression
(qPCR) analyses (Štampar et al., 2020b). The advanced 3D cell model revealed improved
characteristics of hepatic cells and can therefore provide more relevant and predictive
information for human risk assessment compared to 2D conditions. With the presented
results, we can confirm our third and partially our fourth hypothesis.
We believe that these new findings will contribute to the development of more accurate
models for genotoxicity testing giving more predictive results that will significantly
contribute to the measures for the prevention and reduction of the impact of genotoxic
pollutants on human health and other organisms in the environment. Importantly, the test
system also, offers an alternative to animal models, which is in accordance with the 3R
policy aimed at reducing in vivo testing.
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