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Summary

Given bioethics and the 3Rs (replacement, reduction, and refinement) principle, reliable test platforms are
required due to the increased presence of endocrine-disrupting chemicals (EDCs) in the ecosystem. However,
typical fish cell cultures show numerous limitations compared to primary cells. Therefore, there is a demand
to develop novel systems for reproductive toxicity assessments as alternatives to animal testing. In this thesis,
a zebrafish liver (ZFL) cell line was applied to three-dimensional (3D) cell culture techniques including in
silico systems.

The 3D structure of the zebrafish estrogen receptor was generated to evaluate modes of action upon
estrogenic chemical exposure. The integration of the in silico model and in vitro platforms provided valuable
tools for screening EDCs. Besides, 3D ZFL spheroids exhibited increased gene expressions in liver functions
and vitellogenin levels compared to monolayer cells. The use of hydrogels and nanofibers regulated
intercellular organization and physiological function and compensated for the shortcomings in the spheroid
culture. These findings suggest the engineering of novel 3D platforms shows promise as alternative tools that
are useful for further eco-environmental assessment. Therefore, the current studies have yielded robust
alternative platforms to animal and primary cells for identifying potential EDCs. These approaches can
contribute to reducing the experimental use of animals under the 3Rs principle.
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Zusammenfassung

Angesichts der Bioethik, dem 3R-Prinzip (Replacement, Reduction, und Refinement) und des Bestehens
endokrin aktive Substanzen (EASs) im Okosystem sind Testplattformen notwendig. Typische
Fischzellkulturen weisen im Vergleich zu Primérzellen Limitierungen auf. Daher besteht Bedarf an der
Entwicklung neuartiger Systeme fiir Reproduktionstoxizititsbewertungen als Alternative zu Tierversuchen.
In dieser Doktorarbeit wurde eine Zebrafischleber-Zelllinie auf 3D-Zellkulturtechniken, samt in-silico
Systeme eingesetzt.

Die 3D-Struktur des Zebrafisch-Ostrogenrezeptors wurde generiert, um Wirkungsweisen unter dem
EinfluR von o6strogenen Chemikalien auszuwerten. Die Integration des in silico Modells und in vitro
Plattformen ergaben wertvolle Werkzeuge fur das Screening von EASs. 3D Sphéroide zeigten im Vergleich
zu Monoschichtzellen eine erhthte leberspezifische Genexpression und Vtg Konzentrationen. Die Nutzung
von Hydrogelen und Nanofasern regulierte die interzelluldre Organisation und physiologische Funktion und
kompensierte die Méangel in der Sphéroidkultur. Diese Resultate deuten darauf hin, dass die Entwicklung
neuartiger 3D-Plattformen ein vielversprechender Ansatz ist und fiir weitere Oko-Umweltbewertungen
lohnend sind. Die vorgelegte Arbeit zeigt, dass die erzeugte, robuste, alternative Plattformen zu tierischen
und priméren Zellen es ermdglicht EASs zu identifizieren. Diese Ansdtze kénnen dazu beitragen die

experimentelle Nutzung von Tieren nach dem 3R-Prinzip zu reduzieren.
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Chapter 1. Introduction

1.1 Endocrin-disrupting chemicals (EDCs)

1.1.1 EDCs and its generation

Over the past few decades, the effects of environmental pollution have become a serious problem globally.
Environmental pollutants are compounds that result from natural causes and human activities, leading adverse
effects in the environment and human health [1]. Among the environmental pollutants, endocrine-disrupting
chemicals (EDCs) have continuously aroused issues due to their direct/indirect impacts on wildlife population
dynamics. EDCs are defined as “an exogenous (non-natural) chemical, or a mixture of chemicals, that
interferes with any aspect of hormone action.” by the Endocrine Society [2]. They change the hormonal
balance through various mechanisms, such as mimicking hormones, altering the development of hormone
receptors, and disrupting hormone synthesis or breakdown. Thus, EDCs interfere with hormone systems and
cause adverse effects in humans and other organisms [2].

Many EDCs are released from the manufacture and utilization of human-made articles. The articles
are mainly generated for human convenience and welfare. Representative sources and EDCs are presented in
Figure 1.1. Plasticizers are a substance that is utilized to make materials more flexible and soft with increasing
plasticity and decreasing viscosity. The majority is applied in cables, films, and consumer products. EDCs
like phthalates, organochlorines, and polyfluoroalkyl compounds are mainly released from various
plasticizers [3]. Pesticides are biological agents or materials that control pests and many of them are identified
into chemical families. They include organochlorines, organophosphates, carbamates, and pyrethroids [4].
Flame retardants are added to manufactured materials such as plastics, surface finishes, and coatings to
prevent the start or development of fires. Organophosphates, organohalogens, and brominated chemicals are
released from various flame retardants [5]. Food additives are added to foods to conserve flavor or increase
taste, appearance, and other qualities. Also, they are used for foods indirectly in manufacturing processes
such as packaging, storage, or transport. Organotins and dioxins are known as EDCs in the group [6].
Surfactants generate self-assembled molecular clusters in a solution and adsorb to the interface between a
solution and a different phase. They are deposited in numerous ways on land and into water systems, whether
as part of an intended process or as industrial and household waste. Alkylphenols are considered as major
EDCs [7]. Some of common EDCs are generated from different sources, however, the diversity of EDCs is

continuously increasing.
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Sources

Effects on metabolism

Figure 1.1. Representative source of EDCs and their adverse effects. DEP, Diethyl phthalate; DEHP,
Diethylhexyl phthalate; DBP, Dibutyl phthalate; PFOS, Perfluorooctanote; DDT, Dichlorodiphenyltrichloro
ethane; PBDE, Polybrominated diphenyl ether; TPTO, bis (triphenyltin) oxide; TBT, Tributyltin. The figure
adapted from Kumar et al. Frontiers in Public Health, 2020, 8, 553850.

1.1.2 The key characteristics of EDCs in hormone systems

The generated EDCs are easily exposed to humans and animals in various ways. The exposed EDCs interfere
with hormone systems, ending in adverse health outcomes. Recently, Merrill et al (2020) reported common
features of EDCs in hormone action and regulation. The features specify actions that interrupt hormone
systems [8]. The major key characteristics (KCs) are indicated in Figure 1.2. KC1 denotes the interaction and
activation with hormone receptors. Hormones usually play upon binding to a specific receptor or receptors,
however, inappropriate receptor interaction or activation by EDCs can cause adverse effects on development
and health [9,10]. KC2 denotes EDCs function as an antagonist with hormone receptors. They can block or
inhibit the effects of endogenous hormones by functioning as receptor antagonists [10,11]. KC3 denotes an
alteration of hormone receptor expression. As hormone functions are regulated by the receptors, expression
patterns of the receptors control their response to hormone signals. Thus, EDCs can also modulate hormone
receptor internalization, degradation, and expression [12]. KC4 denotes an alteration of signal transduction
in hormone-responsive cells. The binding between a hormone and its receptor initiates specific intracellular
responses that rely on the receptor and tissue-specific properties of the target cell. Signal transduction
mediated through hormone receptors can be changed by some EDCs [13]. KC5 denotes epigenetic
modifications in hormone-producing or -responsive cells. Hormones employ perpetual effects by modifying
epigenetic processes such as chromatin modifications, DNA methylation and non-coding RNA expression
during development and differentiation. In the same ways, some of EDCs can act like hormones to employ
these epigenetic alterations [14]. KC6 represents an alteration of hormone synthesis by regulating both
intracellular and distant endocrine feedback mechanisms [15]. KC7 denotes a change of hormone transport
across cell membranes. Steroid hormones like progestins, androgens, and oestrogens are transferred passively

through membranes due to their lipophilicity. Others are transported selectively to obtain entrance and/or to



CHAPTER 1. INTRODUCTION

secrete the cell. These processes may also be interrupted by some EDCs [16]. KC8 denotes an alteration of
hormone distribution or circulating levels. Hormones normally circulate in blood and are transported
with/without conjugations. EDCs can change bioavailability of hormones by disrupting the distribution or
displacing their binding proteins [15]. KC9 denotes a change of hormone metabolism or clearance. EDCs
impact on the hormone concentration and its activity by altering the rates of inactivation, the metabolic
degradation or clearance of hormones [15,17]. Lastly, KC10 denotes a change of the fate of hormone-
producing or responsive cells. EDCs can impact on tissue organization and structure by disrupting or
promoting cell differentiation, proliferation, migration or death [18,19]. In light of these KCs, EDCs have the
functional properties of agents that impact on hormone actions and these result in the major mechanisms for

endocrine disorders.
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Figure 1.2. Key characteristics (KCs) of endocrine-disrupting chemicals (EDCs). Each arrow indicates
specific KCs. The symbol of “+” presents an EDC can increase or decrease processes and effects. Ac, acetyl
group; Me, methyl group. The figure adapted from Merrill et al. Nature Reviews Endocrinology, 2020, 16,
45-57.
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1.1.3 Adverse effects of EDCs

Due to their characteristics, EDCs can modulate the biological pathways and phenotypic changes through
altered molecular/cellular processes and eventually cause adverse health outcomes, including diabetes,
obesity, and disorders of blood pressure, cancer, thyroid homeostasis, and reproduction in humans and
animals [20]. Phthalates such as di-(2-ethylhexyl) phthalate (DEHP) induce cancers, obesity, metabolic and
inflammatory diseases, and developmental disorder [21,22]. Bisphenol A (BPA) and its analogs cause cancers,
genetic and connective tissue disorders, and also reproductive, neurological, and cardiovascular diseases
[23,24]. Alkylphenols such as nonylphenol result in cancers, inflammatory disease, skeletal & muscular,
developmental, and genetic disorders [25]. Polychlorinated biphenyls (PCBs) cause cancers, obesity,
metabolic, inflammatory, and reproductive diseases [26]. Other EDCs also have been reported to interfere
with hormone systems and induce many adverse disorders. Moreover, EDCs have been presenting endocrine
disorders in other organisms such as aquatic organisms. EDCs can significantly have a great influence on fish
species. Because fishes are susceptible to exposure and accumulation of chemicals in water, and they have
certain properties like rapid growth, reproduction, and population [27]. Phthalates and benzyl butyl phthalate
(BBP) disrupt thyroid development, steroid biosynthesis, and metabolism [28,29]. BPA and its analogs induce
reproductive effects including reductions in egg production, gonadosomatic index (GSI), egg fertility, and
alterations in sexual behavior and maturation [30]. Alkylphenols like nonylphenol and octylphenol have
reproductive effects like reduced egg production, skewed sex ratio, reduced GSlI, intersex gonads, sexual
maturation, and alteration of steroids [31,32]. Dichloro-diphenyl-trichloroethane (DDT) alters ATPase
activity, thyroid hormone levels, sexual maturation and characteristics, and embryo mortality [32]. Adverse
effects of EDCs have been reported steadily across species, and the diversity and exposure of EDCs are
continuously increasing. Figure 1.3 shows a massive production and release of EDCs into the environment
through numerous ways, and the numbers have increased over the years [33]. Previous studies support these
facts with reporting the detection of EDCs in the environment [34,35]. Therefore, there is a need to manage
the production and release of toxic chemicals. Although regulations like REACH (Registration, Evaluation,
Authorization, and Restriction of Chemicals) have been implemented, it still requires the development of
robust restrictions. Furthermore, precise and reliable toxicity assessment systems are also required to predict
and evaluate the effects of chemicals. Mis-assessment and -judgment about chemicals can result in severe
incidents of environmental and human health problems. Thus, minimizing the exposure of EDCs and damages

generated from EDCs is needed through precise assessments.
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Figure 1.3. Sources of endocrine-disrupting chemicals (EDCs), the production of EDCs from the sources, and
growth of diabetes incidence in the period 1980-2014. The relationship between sources of EDCs and global
diabetes prevalence. The figure adapted from Velmurugan et al. Trends Endocrinol Metab, 2017, 28, 612-625.

1.2 Zebrafish and its vitellogenesis
1.2.1 Zebrafish characteristics

The zebrafish (Danio rerio) is a freshwater fish that belongs to the minnow family (Cyprinidae) and is widely
spread across regions of India, Bangladesh, Nepal, Myanmar, and Pakistan. They generally prefer
environments like still or slow moving, slightly alkaline (pH~8.0), water of a relatively high clarity (~>35
cm). Depending on husbandry conditions, the zebrafish can grow up to 4-5 cm in length and its lifespan in
captivity is around two to three years [36]. The average generation time is three months. As asynchronous
spawners, zebrafish can regularly spawn under proper conditions. Thus, females can spawn two or three times
a week. Once eggs are released, the embryonic development can start with the first few cell divisions, even
without sperm. Fertilized eggs become transparent and the embryo develops quickly, generating major organs
within 36 hours post fertilization (hpf). The embryo starts as a yolk with a single enormous cell on top, but
then the yolk shrinks over time because the fish uses it for nutrients during the first few days. After a few
months, the adult fish reaches reproductive maturity [37]. Zebrafish has their own characteristics such as
conserved vertebrate biology, small size, rapid development as well as optical transparency and tractability.

These characteristics make zebrafish as a useful research model (Figure 1.4) [38-40].



CHAPTER 1. INTRODUCTION

Embryo Larva Adult

* Rapid development » Optical clarity » Vertebrate neutral structure
+ Optical clarity * Genetic malleability <« Low cost, easy maintenance
* Genetic malleability » High throughput » Genome comprises of

» External development screening several orthologs of human

genes mutated in Familial
Alzheimer’s disease

Figure 1.4 Advantages of using zebrafish as a research model. The figure adapted from Saleem and Kannan.
Cell Death Discovery, 2018, 4, 45.

The optical transparency provides the observation of organ development and phenotypic changes. It
also makes it simple to generate transgenic models, gene expressions, and cell-specific reporter assays for
real-time in vivo research of toxic mechanisms [41]. Phenotypic changes and/or toxic effects have been
monitored after the exposure to xenobiotics by simply dissolving a chemical in water. Moreover, the zebrafish
genome has been fully sequenced and reveals high homologues with human genes [42]. Zebrafish have
26,206 protein-coding genes, which is more than other sequenced vertebrates, and a higher number of species-
specific genes than mouse, chicken, and human [43]. The comparison of protein-coding genes between
zebrafish and human is indicated in Table 1.1. The table shows that human genes are associated with many
zebrafish genes. Above all, 71.4% of protein-coding genes (14,623 genes) in human possess at least one
zebrafish orthologue, and 68.8% of protein-coding genes (18,029 genes) in zebrafish possess at least one
human orthologue. Among the orthologous genes, 46.5% of human genes possess a one-to-one relationship
with zebrafish genes (9,528 genes). Furthermore, human genes are also associated with many zebrafish genes
in the one-human-to-many-zebrafish category (the average: 1:2.28 ratio). This sequence homology provides
an opportunity to study zebrafish for human genetic diseases. The application of genetic screens resulted in
phenotypic characterization with a collection of mutations. These mutations can induce defects in a variety
of organ systems with pathologies similar to human disease. Such studies notably contribute to understanding
vertebrates of basic biology and development [43]. Furthermore, screenings in zebrafish also contribute to
understanding the factors, which modulate the organ systems, body axes, and the specification and
differentiation of cell types [39]. Although there are some differences related to anatomy and physiology,
most organs have the same functions as their human counterparts and show well-conserved physiology [42].
Thereby, zebrafish has been utilized in many fields, including oncology, developmental biology, toxicology,

reproductive studies, teratology, genetics and environmental sciences [39].
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Table 1.1 Comparison of human and zebrafish protein-coding genes and their orthology relationships

Relationship type Human Core relationship Zebrafish Ratio
One to one - 9,528 - -

One to many 3,105 - 7,078 1:2.28
Many to one 1,247 - 489 2.55:1
Many to many 743 233 934 1:1.26
Orthologous total 14,623 13,355 18,029 1:1.28
Unique 5,856 - 8,177 -
Coding-gene total 20,479 - 26,206 -

Note. The table adapted from “The zebrafish reference genome sequence and its relationship to the human

genome” Howe et al. Nature, 2013, 496(7446), 498-503.

1.2.2 Endocrine system in zebrafish

As an excellent in vivo model with many advantages, zebrafish also show well-conserved hormone systems.
Generally, the hypothalamic-pituitary axis primarily controls the activity of the endocrine system in
vertebrates. There are some differences between humans and zebrafish, still the endocrine system is well-
conserved with the structure and function [38]. Zebrafish have no hypothalamic—pituitary portal system and
the neurosecretory fibers go in for the pituitary and secret their hormones directly to the adenohypophyseal
cells [44]. Besides, zebrafish are absent a characteristic adrenal gland, however, zebrafish have a comparable
interrenal gland. The development of the endocrine system is mostly completed within 5 days post
fertilization (dpf) [38]. Gene expressions related to the pituitary hormone begins at 2 dpf, and the major
steroidogenic gene expression of the interrenal organ also starts at 2 dpf [45]. Aromatase gene expression,
that codes for the enzyme catalyzing the biosynthesis of estrogens from precursor androgens, can be measured
from 1 dpf [46]. Moreover, estrogen receptors can be detected from 1 dpf and thyroxin production of the
thyroid gland begins from 3 dpf [47,48].

These features result in many studies of endocrine toxicity from the embryo stage for screening
EDCs on hormone systems. The studies on endocrine toxicity mainly have been focused on the estrogen,
androgen, thyroid, and steroidogenesis (EATS) pathways. Specific biomarkers can be detected to evaluate the
endocrine activity of xenobiotics (Figure 1.5) [49]. One of the representative examples is the measurement
of vitellogenin (Vtg) levels. Vtg is an egg-yolk protein precursor induced in the liver and simulated by
estrogens or estrogenic compounds [50]. Likewise, other markers such as thyroidal or steroidal hormones can
be detected for screening the endocrine disruption of xenobiotics [51,52]. The analysis of gene expression is
also considered as a useful approach to specify the pathways related to biological effects of EDCs in zebrafish
and its embryo. For example, fadrozole caused a downregulation of brain aromatase and Vtg transcript
abundances in 4 dpf. This event resulted in an adverse effect of the disrupted sex ratio during sexual
differentiation, showing an adverse outcome pathway (AOP) for aromatase inhibition [53]. Meanwhile,
multiple reporter models have been constructed for the endocrine toxicity of xenobiotics. The transgenic
zebrafish lines have been developed for screening estrogen-responsive substances, thyroid, and
glucocorticoid pathways [38]. These approaches are rapid and cost-effective methods for endocrine toxicity,

and are available in real-time in vivo research.
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Figure 1.5. Regulations of vitellogenesis in teleost fish through the brain-pituitary-gonad (BPG) axis.
Environmental factors presented at the top indicate (from left to right) water temperature, day length, rainy
weather, fishes, and xenoestrogens in the environment. Xenoestrogens can impact the BPG axis at several
levels. Fsh, follicle stimulating hormone; Gnrh, gonadotropin-releasing hormone; Lh, luteinizing hormone;
E2, 17b-estradiol. The figure adapted from Sullivan and Yilmaz. Encyclopedia of Reproduction (Second
Edition), 2018, 6, 266-277.

1.2.3 Vitellogenesis in zebrafish

Vitellogenesis in fish is defined as the phase of oocyte growth characterized by the production of egg yolk
precursor proteins (Vtgs) in the liver and its secretion and deposition as yok proteins in the ooplasm [54].
Thus, the formation of Vtgs is closely related to their reproduction and lifespan. Vtgs are massive proteins
(300 — 600 kDa) and are mainly composed in homodimers of two identical polypeptides, which contain
protein domains of phosphate, carbohydrate and lipid components. VVtgs are the main nutrients of amino acids
for developing embryos and larvae. Moreover, the components take over the important function as carriers of
minerals, vitamins, and hormones [55]. The complete structures of Vtg are serially lined with five yolk protein
domains, which are amino terminus (N)-lipovitellin heavy chain (LvH), phosvitin (Pv), lipovitellin light chain
(LvL), b’-component (b’-c), and C-terminal peptide (Ct)-carboxy terminus-(C) [55]. Once they are cleaved
from the Vtg, LvH and LvL function as the main sources of nutrients during the development. Pv binds to
iron, zinc, calcium, and magnesium via ionic interactions [56]. The production of Vtgs depends on the
interaction of the estrogenic hormones with the classical nuclear estrogen receptors (Esrs), which are known
as the three subtypes; Esrl, Esr2a, and Esr2b [57]. Once an estrogenic hormone introduces into liver cells
and binds to cytosolic Esrs, conformational changes begin and recruit several co-regulatory proteins to
activate Vtg gene transcription (Figure 1.6). Subsequently, the Esr is translocated into the cell nucleus

dimerizing with another Esr, and the dimerized structure becomes an activated transcription factor, that binds
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to specific DNA sequence motifs. It is called estrogen response elements (ERES), which are placed in the
promoter region encoding genes of Vtgs. Then, ribosomes translate the mMRNAs encoding Vtgs into their
respective polypeptides, and they are folded into configuration and dimerized to be Vtgs. Once all of the
processes are complete, the induced Vtgs exist in cisternae of the trans-Golgi and are transferred into secretory
vesicles. The vesicles containing Vtgs combine with the cell membrane and secret Vtgs to the circulation for

transit to the ovary [55].
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Figure 1.6. The synthesis of vitellogenin regulated by 17p-estradiol. The figure adapted from Sullivan and
Yilmaz. Encyclopedia of Reproduction (Second Edition), 2018, 6, 266-277.

Then, Vtgs egress porous capillaries in the follicle theca and enter the intercellular spaces of
granulosa cells to come to the oocyte surface, where they bind to Vtg receptors. The complexes congregate
into clathrin-coated pits and are endocytosed, forming endocytotic vesicles. The endocytosed Vtgs are
dissociated with Vtg receptors by vesicle acidification and the receptors are reused to the oocyte surface again.
The endosomes (vesicles) combine with lysosomes including inactive cathepsin D (CatD) and vacuolar
ATPases activate CatD. The CatD cleaves Vtgs into its product yolk proteins [54]. Therefore, vitellogenesis
is considered as an essential process for egg production and embryonic development. This process can be
regulated by external conditions such as water conditions, weather, and xenobiotics. Especially, xenobiotics
present in the environment, can disrupt the brain pituitary-gonad axis, and estrogenic chemicals play directly
on the liver to produce vitellogenesis in males and juveniles [38]. On the other way, anti-estrogenic chemicals
can inhibit vitellogenesis in females [58]. Vitellogenesis is highly reactive to estrogens and estrogenic

chemicals. Therefore, the Vtgs have been considered as a key biomarker for endocrine disturbances in aquatic
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organisms. According to OECD Test Guidelines 229, 230, 234, and 240 for in vivo reproductive screening

assays (Table 1.2), Vtg levels are measured as an endpoint to predict the potential reproductive effects of
chemicals on fish [59-62].

Table 1.2 Principal features of the OECD Test Guidelines (TGs) involving vitellogenin measurement in fish

species.
OECD . . Exposure . . .
TG Title Date Species involved duration Biological endpoint
- Survival
- Behaviour
. - Fecundity
. - Fathead minnow . .
229 Fish short_ term 2012 - Japanese medaka 21 days i Vltt_ellogenln
reproduction assay : - optionally gonadal
- Zebrafish .
histopathology
- Secondary sex
characteristics
- Survival
- Fathead minnow - Behaviour
230 Fish assay 2009 - Japanese medaka 21 days - Vitellogenin
- Zebrafish - Secondary sex
characteristics
- Fathead minnow - Hatching success
- Japanese medaka - Survival
Fish sexual pane: 60 days post - Gross-morphology
234 2011 - Zebrafish . ;
development test . hatch - Vitellogenin
- Three-spined .
. - Gonadal histology
stickleback .
- Sex ratio
- Fecundity
- Fertility
Medaka Extended - Hatching success
One Generation - Japanese medaka - Survival
240 2015 - Small fish species 19 weeks - Gross-morphology

Reproduction Test
(MEOGRT)

(e.g., Zebrafish)

- Vitellogenin

- Secondary sex
characteristics

- Histopathology

1.3 Alternatives to animal testing

1.3.1 Three Rs principle

Animals have been globally used for various purposes such as pets, sports, foods, and as transportation for

human beings themselves. Among the purposes, the use for research is considered as one of the major uses.

Diverse animals are being utilized in research areas for a long time [63]. They are mainly applied for drug

testing, toxicological screenings, surgical experiments, and developing vaccines as well as antibiotics [64].

Due to these purposes, millions of animals are sacrificed worldwide every year. For instance, 3.06 million

procedures of experiments were carried out in Great Britain using animals in 2021 [65]. In the European

Union, 10.7 million animals were used for research in 2017 [66]. In the USA, the available data from 2019

shows that, nearly 100 million mice and rats were sacrificed for research, and almost 1 million animals
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excluding mice, rats, fishes, and birds, were held captive and used for research [67]. Despite many efforts to
reduce the use of animals, massive populations of experimental animals are still observed worldwide. In
addition, the stress, pain, and death inflicted on animals during experiments have been rising issues for a long
time. The main issue is that the use of animals for experimentation is unethical, and animals should be
guaranteed rights against stress and pain [68]. Thus, diverse regulations and acts have been implemented to
control unethical uses and reduce stress, pain, and the use of animals. Many guidelines have been provided
by organizations like Organisation for Economic Co-operation and Development (OECD), National Institute
of Health (NIH), and Committee for Purpose of Control and Supervision on Experiments on Animal
(CPCSEA) [68].

The 3Rs principle stands for replacement, reduction, and refinement of laboratory animal
experiments [69]. The concept was first mentioned by Charles Hume and William Russell in 1957 and the
3Rs principle was launched by Russell and Burch in 1959 [70]. This principle prompts animal ‘replacement’
to alternative methodologies and lower organisms. Various alternatives like computer models, in vitro models,
and cell cultures have been introduced and applied for the ‘reduction’ of the use of animals, and well-designed
studies with statistical support can contribute to the reduction of the use of animals [71]. The animal
experiment should be planned carefully for alleviation or minimization of pain and distress. Animal welfare
is also included as the ‘refinement’. The improvement of the cage environment for animals can reduce their
stress. Hence, researchers must care for the animal facility to minimize their pain, distress, and discomfort
during their life. Animals under harsh environments may have an imbalance or disrupted hormonal levels and
may cause fluctuation and huge deviations in results. Due to this, experiments are needed to replicate for the
reproducibility that requires the many numbers of animals [69]. The refinement of animals is important for
improving their welfare and the quality of research. In light of these points, alternative approaches based on

a strategy of 3Rs would result in the reduction of animals used in scientific procedures.

1.3.2 Adverse outcome pathway as an alternative approaches

Alternative approaches offer the opportunity to evaluate diverse research fields like toxicology,
developmental biology, genetics, and environmental sciences and to structure adverse outcome pathways
(AOPs) that represent biological events causing adverse effects [72]. AOPs link in a linear way with
scientifically demonstrated key events (KE) from a molecular initiating event (MIE) for a chemical or drug
to an adverse outcome (AO) (Figure 1.7). It occurs at a molecular level of biological organization relevant to
risk assessment, and the connection between key events is set out key event relationships (KER) that explain

the connected relationships between the key events [72].
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Figure 1.7. Schematic concept of the adverse outcome pathways with examples of different pathways
(adapted from an OECD figure, found at http://www.oecd.org/chemicalsafety/testing/adverse-outcome-
pathways-molecular-screening-and-toxicogenomics.htm). The figure adapted from Burden et al. J. Appl.
Toxicol, 2015, 35, 971-975.

Once AOPs developed, they can be approached in two different ways, which are the “top-down’ and
‘bottom-up’ approaches. The ‘top-down’ approach explains a measured AO through an MIE and KEs, and
the approach relies on in vivo methods. The ‘bottom-up’ approach predicts the AO after evaluation of an MIE
and downstream KEs, and the approach utilizes non-animal methods [72]. These targeted approaches would
allow a change in the practical safety assessment away from the typical manner of observing endpoints,
towards the application of biological data obtained from in silico and in vitro methods to predict a chemical
risk. As AOPs explain the series of KEs that result in adversity at different levels, high throughput approaches
of in vitro and in silico methods can be used to predict toxic potential. Thus, AOPs can take a role as a bridge
between systems toxicology and non-animal tests, which could enhance the discipline of non-animal-based
risk and safety assessment [72]. AOPs also offer the chance to extrapolate effects between species through
the understanding of conserved MIEs, KEs, and KER. Therefore, AOPs offer a possibility to develop new
and more accurate processes of risk and safety assessment for toxicants, drugs, and other chemicals. AOPs
not only contribute to making a regulatory decisions but also significantly improve animal welfare with a
reduced reliance on animal testing.

The alternative methods have advantages such as cost, time, and resources compared to animal
experiments. The methods are mainly divided into three categories, i.e. cells and tissue cultures, computer
models, and alternative organisms. The alternative approach using computer models, can help to interpret the
basic principles of biology. Various software programs and computer models are used to predict the toxic and
biological effects of chemicals [73]. The programs like molecular docking and molecular dynamic simulation,
can be utilized to predict the binding interaction and site. Besides it is possible to create a compound for the
specific binding site and interaction using software programs [73]. Another example is based on the Structure
Activity Relationship (SAR) computer programs. It forecasts the biological activity of a chemical candidate
based on the existed chemical moieties. Quantitative -Structure Activity-Relationship (QSAR) is a
representative program, which is a computational modeling method for displaying relationships between
biological activities and structural properties of chemicals [74]. Consequently, these applications of computer
models can reduce the experimental use of animals.

The in vitro models of cell and tissue cultures are also an important alternative to animal testing. The
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cultures are conducted outside of the body in a laboratory environment. Various cells and tissues like brain,
kidney, liver, and brain can be cultured and kept outside of their body, lasting for a few days to even a few
years. Cells generally are cultured as a monolayer on the surface of plates or flasks, and cellular components
such as cellular enzymes also can be applied to the cultures. In vitro models enable studies of cellular
mechanisms and responses in a controlled system. The models consequently provide preliminary information
and interpretation for in vivo results. For instance, hepatocyte cell cultures provide information on drug
metabolism and chemical elimination. These modes help to eliminate unsuitable chemicals in the early stages
[75]. The use of stem cells can reduce the number of live animals and embryos on the experiment of
developmental toxicity [76,77]. They have been provided superior scientific information in humans,
exhibiting unique abilities like differentiation, infinite proliferation, and self-renewal [76]. Recently, various
types of culture methods like 3D cultures and co-cultures have been applied to form the tissue-like
environment [78,79]. Organ-on-a-chip systems offer a condition of several tissue/organ models on a single
device and interlink these within a body-like environment [79]. Thus, the methodologies are utilized actively
for understanding cellular mechanisms and screening the biological activities of chemicals and drugs.

The ethical issues of animal testing have brought strict regulations which prohibit on the use of
higher vertebrates. Thus, the alternative organisms have been used widely instead of higher vertebrates, they
are largely divided into lower vertebrates, invertebrates, and microorganisms. Lower vertebrates (fishes,
amphibians, and reptiles) have genetic relatedness to the higher vertebrates and relatively fewer ethical issues
in the research [80]. Invertebrate organisms also are an attractive option as an alternative to animal testing.
They have been applied to various studies due to their properties, which are small size, simple anatomy, and
a rapid life cycle [80]. However, the undeveloped organ system of invertebrates reveals some limitations in
human-related studies. Still, they are used in experiments within a short period at less expensive costs. Lastly,
microorganisms like Saccharomyces cerevisiae are an important and popular model organisms because of
their advantages such as easy handling, replicating, mutant isolation, and rapid growth. Furthermore, they
have highly versatile DNA transformation and well-defined genetic systems [81]. Another advantage of
yeasts is the presence of similar cellular structure and life cycle like multi-cellular eukaryotes [82]. Therefore,
yeasts have been used for a wide range of biological studies. Collectively, various methods and approaches

can contribute to replace and reduce the experimental use of animals in line with the 3Rs principle.

1.3.3 Current limitations and future direction

Considerable advances have been observed in the current technologies to identify chemical toxicity, effect,
and potential adverse reactions. However, the application of animal testing is still required, and the alternative
methods are not representative enough to replace animal testing. In the approaches based on in silico systems,
a relatively smaller scale of tests and limited sampling conditions might cause inadequate sampling and results
compared to actual data [80]. One of the representative limitations of cell and tissue cultures is difficult to set
up in vivo relevant in vitro systems. For instance, isolated primary hepatocytes appear to alterations in gene
expressions and cell physiology compared to their original physiological environment [83]. Other limitations
are difficulties to represent actual interactions between different cells; metabolism of xenobiotics; simulating

the experiment of long-term exposures; extrapolation of exposure concentrations; extrapolation from the

13



CHAPTER 1. INTRODUCTION

information in vitro to adverse effects in vivo. Furthermore, organs may possess possibilities to relieve stress
situations due to their organization and complex architecture [84]. As indicated above, the platforms are still
far from the complete replacement of animal testing by alternative methods in the future.

However, the replacement of animal testing can be achievable when (i) we have complemented the
current limitations of typical in vitro systems by applying innovative culture systems like the 3D culture, co-
culture, and cell-ECM culture. The systems can improve cell functionality and physiology by forming tissue-
like environments and eventually contribute to reducing the gap between in vitro and in vivo systems. Then,
based on the systems, (ii) we need to understand relevant mechanisms like toxicity and interactions from
initial key events to adverse outcomes, and (iii) to construct alternative methods which cover the relevant
mechanisms. Therefore, we need to make more efforts to overcome the current limitations, and integrated

approaches are necessary to realize the complete replacement of animal testing.
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Chapter 2. Aim and Structure of the Thesis

Motivation

As stated in the title, this thesis aims to 3D in vitro-based alternative approaches to ecotoxicity assessment.
In the context of this thesis, precise and reliable alternatives to animal testing are necessary as increasing the
presence of EDCs in the ecosystem, considering the bioethics and the 3Rs. In silico and in vitro approaches
have been introduced and tested as alternatives to animal testing. However, typical monolayer fish cell
cultures show numerous limitations on endogenous and exogenous metabolic functions compared to freshly
isolated primary cells. There is a need to develop novel test systems for robust reproductive toxicity
assessment. Thus, I addressed the research question “Can in vitro/in silico systems replace animal testing for
environmental hazard monitoring combined with AOP?”. For the above purpose, the 3D structure of zebrafish
estrogen receptor was generated to understand modes of action as a molecular initiating event upon estrogenic
chemical exposure. In addition, the zebrafish liver cell line was selected and applied to various 3D cell culture
techniques to develop novel in vitro platforms. The platforms were optimized for the assessment of chemicals

and tested to understand key events that can lead to adverse outcomes.

Structure of the Thesis

After the introduction, the thesis is composed of five main chapters. Combined in silico and in vitro
approaches for identifying EDCs are introduced in the first chapter. The study of the chapter has been
published in the journal of Environmental Toxicology & Chemistry. In the second chapter, the 3D spheroid
culture of ZFL cells is introduced. The study has been published in Aquatic Toxicology. In the subsequent
chapter, the cluster culture of ZFL cells is conducted on collagen-based hydrogels. The study has been
published in Environmental Science & Technology. The next chapter deals with hybrid-spheroid culture with
nanofibers, and the study has been published in Small. Finally, the thesis is concluded with a conclusion. The

published papers as their original formatting can be found in the appendix.
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Relation to the thesis

This study develops a 3D homology model for the ligand-binding domain structure of zebrafish estrogen
receptor 1 (zEsrl-LBD). This is the first time that binding patterns of BPA and its analogs with zebrafish
estrogen receptor 1 have been investigated by using molecular dynamics simulations and binding free energy
calculations with a combined in vitro reporter assay. The study was conducted with the docking of bisphenol
Aand its analogs on the human and the modeled zebrafish receptors to identify potential endocrine disruptors.
Then, the results were compared to those of the in vitro reporter gene assays. The findings of this study will
support the development of cross-species testing between humans and zebrafish for endocrine disruptors and
aid in minimizing their impacts.

In this chapter, the main relationship with the thesis is the approach of combined in silico and in
vitro systems for predicting EDCs. The 3D structure of zEsr1-LBD was generated using homology modeling,
and the model was docked and simulated with EDCs. The results showed moderate or high correlations with
the results of in vitro reporter gene assays. Therefore, the generated model can be useful for screening the
estrogenic activities of EDCs. Also, the combined approaches are able to evaluate modes of action as a
molecular initiating event upon estrogenic chemical exposure. Eventually, these approaches can contribute to

reducing the experimental use of animals.
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3.1 Abstract

Adverse impacts associated with the interactions of numerous endocrine-disruptor chemicals (EDCs) with
estrogen receptor 1 play a pivotal role in reproductive dysfunction. The predictive studies on these interactions
thus are crucial in the risk assessment of EDCs but heavily rely on the accuracy of specific protein structure
in three-dimensional (3D). As the 3D structure of zebrafish estrogen receptor 1 (zEsrl) is not available, the
3D structure of zEsrl ligand-binding domain (zEsr1-LBD) was generated using MODELLER, and its quality
was assessed by PROCHECK, ERRAT, ProSA, and Verify-3D tools. After the generated model was verified
as reliable, bisphenol A (BPA) and its analogs were docked on the zEsr1-LBD and human estrogen receptor
1 ligand-binding domain (hESR1-LBD) using Discovery Studio and Autodock Vina programs. Besides,
molecular dynamics followed by molecular docking were simulated using the NAMD program and compared
to those of the in vitro reporter gene assays. Some chemicals were bound with an orientation similar to that
of 17B-estradiol (E2) in both models and in silico binding energies showed moderate or high correlations with
in vitro results (0.33 <r?<0.71). Notably, hydrogen bond occupancy during molecular dynamics simulations
exhibited a high correlation with in vitro results (r> > 0.81) in both complexes. These results showed that the
combined in silico and in vitro approaches can be provided the valuable tools for identifying EDCs in different

species, facilitating the assessment of EDC-induced reproductive toxicity.

Keywords: In silico methods; Homology modeling; Estrogen receptor 1; Zebrafish; BPA and its analogs; In

vitro assay

3.2 Introduction

Estrogen-induced actions promote various physiological processes, such as growth, homeostasis, and
reproduction [1-5]. Additionally, estrogens regulate pubertal development and function of the female
reproductive system [2], bone density [3], immune system [5], and lipid and glucose metabolism [4]. Most
of these processes are mediated by estrogen receptors (ESRs), which can be divided into two subtypes:
estrogen receptor 1 (ESR1) and estrogen receptor 2 (ESR2). Both receptors have been observed in non-
mammalian vertebrates and mammals [6]. ESR1 is predominantly expressed in various tissues and organs,
such as the liver, bones, glands, uterus, ovaries, testes, and prostate [7,8], and plays more important roles than
ESR2 in the mammary glands and uterus, maintenance of skeletal homeostasis, and regulation of lipid and
glucose metabolism [9,10]. ESRs are structurally composed of N-terminal, DNA-binding, and ligand-binding
domains [11]. The LBD includes the ligand-binding pocket, which can activate ESRs by interacting with
ligands, such as 17B-estradiol (E2). Owing to this interaction, many exogenous chemicals, which mimic
estrogens, can alter the functions of the endocrine system and cause various adverse effects [12]. Therefore,
concern regarding the possible threats posed by endocrine-disrupting chemicals (EDCs) in wildlife and
humans is increasing [13,14].

Bisphenol A (BPA) has been reported to adversely affect the reproductive and developmental

systems of humans, fish, and amphibians [15-17], and is a precursor to plastics, epoxy resins, and thermal
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paper [18]. Although substitutes have recently been manufactured to replace BPA, some exert endocrine
effects similar to those of BPA [19-22]. As a large number of comprehensive studies are required to evaluate
potential endocrine disruption caused by BPA substitutes, molecular docking is a promising tool for
predicting and screening potential EDCs, and has been conducted to predict the types of interactions, binding
affinity, and orientations of the docked ligands at the binding site of the target receptor [23-26]. However,
since most static docking protocols lack receptor flexibility, the reliability of the complexes might be
uncertain [27]. Hence, molecular dynamics (MD) simulation has been applied to understand the dynamic
behavior of complexation and provide significant complementary with molecular docking. MD simulation
can offer fundamental molecular mechanisms and conformational changes [27,28]. Although most docking
studies have been conducted on BPA and its analogs for human ESRs, docking and MD simulations for
aquatic organisms remain limited as there are currently no available crystal structures [25,29].

Therefore, this study aimed to generate the structure of a zEsr1-LBD using homology modeling.
Zebrafish (Danio rerio) have been utilized as a model organism for toxicity testing by the Organization for
Economic Co-operation and Development (OECD) guidelines. Furthermore, zebrafish exhibit rapid
development and growth, and signaling pathways highly similar to those in humans [30,31]. The zEsr1-LBD
was generated using the MODELLER program and the structural quality was then verified using
PROCHECK, ERRAT, ProSA, and Verify-3D tools. Consequently, the generated zEsr1-LBD model was
used to investigate its interactions with E2, BPA, 4,4'-(9-Fluorenyliden)-diphenol (BPFL), tetramethyl
bisphenol A (TMBPA), and 4-phenylphenol. BPFL, TMBPA, and 4-phenylphenol are classified as alternative
substances of BPA, and these analogs are introduced mainly for the usage in thermal paper, polymer,
polycarbonate, and fire retardant [22]. As these applications cause exposure of chemicals into the
environment, the analogs have been detected in nature with environmental relevance [32-34]. These
chemicals have been reported to have endocrine disruptor potential by exhibiting anti- or estrogenic activities
in humans [22]. In addition, BPFL showed anti-estrogenic effect in mice and zebrafish and hormetic effects
on regulating hypothalamic-pituitary-thyroid axis in zebrafish [35-37]. However, there is still a lack of studies
on their estrogenic disruptive activities and their modes of action in aquatic species. Thereby, the complex
geometry and putative chemical-receptor binding energies of BPA and its analogs were then calculated and
validated by conducting in vitro assays. The correlations between the in silico and in vitro analyses confirmed

that the newly generated zEsr1-LBD is useful for predicting and evaluating the estrogenic activities of EDCs.

3.3 Materials and Methods

3.3.1 Sequence alignment, template selection, and homology modeling

Sequence alignment was conducted to observe sequence identity between human ESRs (hESRs) and zebrafish
Esrs (zEsrs). Multiple sequence alignment and Principal Components Analysis (PCA) were conducted, and a
phylogenetic tree was generated using JalView [38]. The PCA and phylogenetic tree were constructed using
amino acid sequences of estrogen receptors available from Uniprot. The sequence sources and UniProt 1Ds

were as follows: human estrogen receptor 1 (hESR1, P03372), zebrafish estrogen receptor 1 (zEsrl, P57717),

23



CHAPTER 3. COMBINED IN SILICO AND IN VITRO APPROACHES FOR IDENTIFYING EDCS

human estrogen receptor 2 (hESR2, Q92731), zebrafish estrogen receptor 2a (zEsr2a, Q7ZU32), and
zebrafish estrogen receptor 2b (zEsr2b, Q90WS9).

The crystal structure of hESR1 (PDB ID: 2YJA) was selected as hESR1-LBD, which is bounds to
stapled peptides and E2 [39]. The LBD structure of zEsrl was created using homology modeling. First, the
LBD sequence of zEsrl (P57717) was retrieved from the UniProt database to build the model. The query
sequence was then used to search for an optimal template with the protein-basic local alignment search tool
(BLASTp) [40]. The hESR1-LBD (2YJA) was selected as the optimal template after utilizing BLASTp.
MODELLER 9.25 was used to create the homology model for zEsr1-LBD. The program is a homology or
comparative modeling tool that conducts comparative protein structure modeling based on satisfaction of
spatial restraints. Comparative modeling predicts the 3D structure of a given protein target sequence based
primarily on its alignment with one or more proteins with known template structures to generate a zebrafish
Esrl model [41]. The LBD sequence of zEsrl and template structure (2YJA) were used as the inputs in
MODELLER v9.25 (https://salilab.org/modeller/9.25/release.html). When target-template alignment is
conducted, the program automatically calculates a 3D model of the target using its automodel class [41].
MODELLER finally generates a 3D model containing all the main chain and sidechain non-hydrogen atoms
as the output of the given target sequence. Ten models were generated, and one structure with the lowest

DOPE score was selected as the zEsr1-LBD model for molecular docking [42].

3.3.2 Homology model validation

The structural qualities of zEsr1-LBD and hESR1-LBD were validated using ERRAT [43], PROCHECK [44],
ProSA [45], and Verify 3D tools [46]. ERRAT analyzes the relative frequencies of non-covalent interactions
between various types of atoms [43], while PROCHECK uses the Ramachandran plot for structural
verification, which assesses the quality and accuracy of the stereochemical properties of a model [44]. The
Protein Structure Analysis (ProSA) program is an established tool with a large user base that is frequently
used to refine and validate experimental protein structures and for structural prediction and modeling [45].

The program Verify 3D measures the compatibility of a protein model with its own amino acid sequence [46].

3.3.3 Molecular Docking

The hESR1-LBD and generated zEsr1-LBD structures were used for molecular docking with BPA analogues
including E2, BPA, BPFL, TMBPA, and 4-phenylphenol as the test ligands from the PubChem database (E2:
5757, BPA: 6623, BPFL: 76716, TMBPA: 79717, and 4-phenylphenol: 7103). All the chemicals were saved
as a SDF file, and their geometries were optimized following the MM2 energy minimization method. The
files were converted into PDB format using Discovery Studio Visualizer 2016 (Accelrys Software Inc., San
Diego, CA, USA).

Molecular docking simulations were conducted using the CDOCKER module of Discovery Studio
[47] and AutoDock Vina [48], which uses the CHARMM-based molecular dynamics method. CDOCKER
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generates the conformation using high-temperature MD and then forwarding the conformations to the binding
site for binding pose analysis. The CDOCKER interaction energy is taken as an estimate of the molecular
binding affinity, with lower values suggesting more favorable binding between the protein and ligand [47].
Autodock Vina utilizes protein and ligand information, along with the grid box properties, in the docking
configuration file, and assumes that the receptor is rigid and ligands are flexible during docking [48]. Root-
mean-squared-deviation (RMSD) values below 1.0 A were clustered and considered the results with the most
favorable binding free energy. The grid size was set to 40 points each in the X, y, and z directions, with a grid
spacing of 1.0 A. The energetic map was determined using the distance-dependent function of the dielectric
constant, and the default settings were applied to all the other parameters. All docked poses were determined
using rankings based on binding energies. The pose with the lowest binding energy was extracted and aligned

with the receptor structure for further analysis.

3.3.4 Molecular dynamics (MD) simulations

All simulations were performed using the nanoscale molecular dynamics (NAMD) 2.14 software with the
CHARMMZ27 force field [28]. System preparations for MD simulations and analysis of the computed
trajectories were performed using visual dynamics studio (VMD) v1.9 [49]. The CHARMM GUI web server
was utilized to prepare the system for the MD simulations, including ligand parameter files. Coordinates for
the missing hydrogen atoms and amino acids side chains were added with AutoPSF plugin from VMD and
based on the CHARMMZ27 force field [27]. The system was solvated with TIP3P water using the solvate
plugin from VMD with a spacing of 10 A in all directions [50]. The MD simulations were considered Na*
and Cl-ions in explicit water for neutralizing the charges of the system. After the minimization of the solvated
system, the system was equilibrated at a temperature of 310 K. The simulations were conducted in the
isothermal-isobaric (NPT) ensemble with periodic boundary conditions. Electrostatic interactions were
computed using the particle mesh Ewald method [51]. The van der Waals interactions were calculated at a
cutoff and switching distances of 12 A and 10 A, respectively. The temperature and pressure were maintained
constant using a Langevin thermostat and a Langevin barostat, respectively. All simulations were conducted
for at least 20 ns using 2 fs time steps [52].

The RMSD of protein Ca atoms was calculated in each simulation. Moreover, the H-bonding
occupancy was analyzed using the H-bond plugin. The cutoff distance and angle of occupancy were set to
3.5 A and 120, respectively. The simulation of binding free energy (AGping) Was also calculated by MM/PBSA
(Molecular Mechanics/Poisson-Boltzmann Surface Area) in the CaFE plugin. Each simulation extracted at
least 5000 snapshots from the last 5 ns of the trajectories. The calculation of MM/PBSA was performed

according to a methodology described previously [53].

3.3.5 Recombinant yeast assay

All the chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA) and dissolved in dimethyl

sulfoxide (DMSOQ), the concentration of which did not exceed 1% (v/v) of the test chemicals. Saccharomyces
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cerevisiae recombinant yeast was purchased from Xenometrix AG (XenoScreen YES; Allschwil, Switzerland)
and was genetically integrated to express hESR1 (YES). The expression plasmid of the reporter gene lac-Z
was also inserted into the yeast, which induces the B-galactosidase enzyme. Therefore, when an agonist bound
to the hESRI1 in the yeast, yeast was activated and expressed B-galactosidase, which converts chlorophenol
red-p-D-galactopyranoside (CPRG) into chlorophenol red [54]. Based on this principle, the yeast could be
used to evaluate the estrogenic activity of chemicals; for this, we used E2 as a reference chemical. The test
yeast was exposed to half-logarithmic (3.16-fold) dilutions of E2 and other chemicals. The exposure ranges
were 107! to 108 M for E2, 107 to 10* M for BPA and TMBPA, and 1078 to 10 M for BPFL and 4-
phenylphenol, respectively. The medium containing yeast and CPRG (200 puL) was exposed to the test
chemicals (2 pL) in 96-well plates and incubated at 31 °C with shaking (100 rpm) for 48 h. E2 treatment
resulted in the cleavage of CPRG into chlorophenol red by the induction of B-galactosidase. We analyzed
optical density at 690 nm (ODsg) and 570 nm (ODsz) using a spectrophotometer (Tecan, Mannedorf,

Switzerland). Data analysis was conducted according to the yeast assay manufacturer’s protocol [54].

3.3.6 Cell culture, transfection, and luciferase reporter assay

The human embryonic kidney 293 cell line (HEK293, CRL-1573; ATCC, Wesel, Germany) was utilized as a
transfection host for the zEsr1 construct. The HEK293 cells were cultured in Dulbecco’s modified Eagle’s
medium without phenol red (DMEM; Thermo Scientific, Karlsruhe, Germany), with 10% fetal bovine serum
(Thermo Scientific) and 1% penicillin-streptomycin (Thermo Scientific), at 37 °C and 5% CO..

The HEK293 cells were transduced with the pGreenFire Lenti-reporter plasmid (pGF2-ERE-
rFLuc-T2A-GFP-mPGK-Puro, TR455VA-P; System Biosciences, Palo Alto, CA, USA) that encodes GFP
reporter and red-shifted luciferase, under the control of ERE response elements with the puromycin resistance,
according to a previously described methodology [55]. Briefly, the cells were plated with 3 x 10° cells per
well in a 6-well plate (Thermo Scientific) before transduction. After overnight culture, the old medium was
aspirated and the virus-containing medium was treated with 5 pg/mL of polybrene for 8 h. Subsequently, the
virus-containing medium was removed and the transduced cells were allowed to recover overnight before the
addition of puromycin (10 pg/mL) for selection in the medium. In the second step, the transduced cells
(HEK293-ERE) were transfected with the piggyBac transposon gene expression system. The zEsrl
expression vector was custom-cloned by vectorbuilder (pPB-Neo-CAG>zEsrl, VB210426-1022cns;
Vectorbuilder Inc. Chicago, USA) and the pRP-mCherry-CAG>hyPBase plasmid (VB160216-10057;
Vectorbuilder Inc) encodes the hyperactive version of piggyBac transposase. The cells were plated with 1 x
105 cells per well in a 6-well plate. After overnight culture, 1 pg of the vector and 0.75 pL of the lipofectamine
3000 reagent were mixed in 250 pL of Opti-MEM medium and incubated for 15 min for DNA-lipid complex
formation. The complex was treated to the wells and incubated for 6 h. Afterward, the medium was removed
and the cells were allowed to recover overnight before the addition of puromycin and neomycin (10 pg/mL
and 2 pg/mL, respectively). Finally, the transfected cells (HEK293-ERE-zEsr1) were collected.

The HEK293-ERE-zEsrl cells were used to assess the estrogenic activity of chemicals. E2 was

used as a reference chemical and the cells were exposed to half-logarithmic (3.16-fold) dilutions of E2 and
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other chemicals. The exposure ranges were 107>-10° M for E2 and 1071°-10°° M for other chemicals,
respectively. The test chemicals were obtained with high purity (> 98%) from Sigma—Aldrich and were
dissolved in dimethyl sulfoxide (DMSO), with a concentration not exceeding 0.5% (v/v). The cells were
seeded at a rate of 1.0 x 10* cells per well on a 96-well plate. After overnight culture, the chemical solutions
were treated with a ratio of 1:1 in each well containing the medium, and cultured for 24 h. The cells were
lysed with passive lysis buffer (Promega, Mannheim, Germany), and the lysates were applied to evaluate
Firefly luciferase activity using the Luciferase Reporter Assay System (Promega). Luminescence was
measured as relative luminescence units with an integration time of 10 sec and a settling time of 1 sec using

a microplate reader.

3.3.7 Statistical analysis

All data of the in vitro studies are presented as the mean of triplicate of three wells per concentration and are
presented as the mean + standard deviation. Graphs are prepared using SigmaPlot (Version 12.0, Systat
Software Inc., San Jose, CA, USA). The correlation analysis was performed using Pearson correlation test in
R version 3.5.1 through RStudio Version 1.2.5042.

3.4 Results and Discussion

3.4.1 Sequence alignment, template selection, and homology modeling

Sequence alignments of hESRs and zEsrs were obtained and are compared in Figure 3.1. The sequence
identity between hESR1 and zEsrl is 47% (Figure 3.1a). Notably, the sequence identity of LBD between
hESR1 and zEsrl increase to 62%, which indicates better conservation compared to other domains. The
sequence similarity of the LBD regions between both sequences is 78%. The PCA results indicated clear
separations between estrogen receptor 1 and estrogen receptor 2, regardless of the species (Figure 3.1b). The
hESR1 and zEsrl isoforms are closer to each other than the hESR2 and zEsr2 isoforms. The phylogenetic
tree reveals the close inter-relationship of 1 and 2 isoforms of hESR and zEsr in terms of evolutionary distance
metric. (Figure 3.1c¢). Sequence alignment is a pivotal step in generating a homology model, as sequence
misalignment can result in homology model errors and the generation of different models [56,57].
Phylogenetic analysis confirmed that zEsr1 is derived from the estrogen receptor 1 ancestral subtype and that
zEsr2 isoforms belong to the estrogen receptor 2 subgroup. Moreover, the LBD is highly conserved following
the DNA binding domain [58]. Consequently, the LBD sequences of hESR1 and zEsrl were considered well
conserved within the same subtype.

A homology model of zEsr1-LBD was generated using MODELLER based on sequence alignment
(Figure 3.2). The hESR1-LBD (PDB ID: 2YJA; Figure 3.2a) was selected as a template, with a query
coverage, sequence identity, e-value, and bit score of 44%, 62.1%, 6e-109, and 327, respectively. Ten
homology models were generated, and the optimal zEsr1-LBD model was selected according to the lowest

discrete optimized protein energy (DOPE score: —32,888; Figure 3.2b). The x-ray crystal structure of hESR1-
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LBD and the homology model of zEsr1-LBD are superimposed in Figure 3.2c. The backbone positional
RMSD between the two structures was 0.162 A, indicating that the zEsr1-LBD model has high similarity and
structural comparability with the hESR1-LBD structure [59,60]. The ligand-binding cavities when both
receptors were bound to E2 are superimposed in Figure 3.2d. Three residues at corresponding positions of
the ligand-binding cavities of hESR1 and zEsr1 were involved in hydrogen bonding and each residue of the
two receptors formed hydrogen bonding interactions with the identical atoms of E2. Moreover, the distances
of each corresponding hydrogen bond are comparable between the two species. Taken together, these results
confirmed the reliability of the generated zEsr1-LBD and binding similarity between the hESR1- and zEsr1-
LBDs.
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Figure 3.1. Sequence alignment comparison. (a) Sequence alignment between human estrogen receptor 1
(hESR1) and zebrafish estrogen receptor 1 (zEsrl). The conserved amino acids are marked with asterisks and
similar properties between different amino acids are marked as dots. The helices surrounding the ligand-
binding cavity are colored black in the E/F domain. Gaps are denoted with a hyphen. (b) Principal component
analysis (PCA) of human and zebrafish estrogen receptors. (c¢) Phylogenetic analysis showing the
relationships between human and zebrafish estrogen receptors.
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Figure 3.2. 3D ligand-binding domain structures of the hESR1 and modeled zEsrl. (a) Ligand-binding
domain of human estrogen receptor 1 (hESR1-LBD; PDB:2YJA). (b) Ligand-binding domain of zebrafish
estrogen receptor 1 (zEsr1l-LBD) generated by homology modeling using MODELLER. (c) Superimposed
images of hESR1-LBD (red) and zEsr1-LBD (green). (d) Hydrogen bond interactions of 17B-estradiol (E2)
with both structures. Red and green residues indicate hESR1-LBD and zEsr1-LBD, respectively.

3.4.2 Model validation

The generated model, including the conformation-dependent backbone geometry, was validated using
PROCHECK, ERRAT, ProSA, and Verify-3D (Supplementary Table 3.1 and Supplementary Figure 3.1).
PROCHECK was used to obtain a Ramachandran plot [44] for evaluating the stereochemical properties of
hESR1-LBD and zEsr1-LBD, which presents the phi (¢) and psi (y) distributions of backbone conformation
angles for each residue in a protein structure consistent with a right-handed a-helix (Supplementary Figure
3.1a). A good-quality model is expected to occupy over 90% of the most favorable region in the
Ramachandran plot [44,61]. For the plots of hRESR1-LBD and zEsr1-LBD, amino acids occupied 96.6% and
97.5% of the most favorable region, respectively. None of the residues were present in the disallowed region
in the plot generated for zEsr1-LBD, while 0.4% of the residues were present in the disallowed region of the
plot for hESR1-LBD, indicating that both structures were good stereochemical models. ERRAT was used to
assess the relative distributions of different atom types in the test structure and determine the overall quality
factor for non-covalent bonded atomic interactions, scoring exceeding 90% which resulted in 97.0% and 90.8%
for hESR1-LBD and zEsr1-LBD, respectively, indicating that the backbone conformation and non-covalent
bonding interactions of hESR1-LBD and zEsrl-LBD were acceptable for high-quality structure models
(Supplementary Figure 3.1b) [43,62].

The structures were also cross-validated using ProSA-web (z-score), which resulted in -6.80 and -
6.76 for hESR1-LBD and zEsrl-LBD, respectively, and plotted within the range for entire proteins
determined by the Nuclear Magnetic Resonance and x-ray-derived structures (Supplementary Figure 3.1c).
The results suggest that the prediction accuracy of the 3D protein structure models is acceptable, when
compared to the previous studies [45,60,61]. Finally, the Verify-3D server was used to predict the hESR1-
LBD and zEsr1-LBD structures as profile-3D scores, which were presented as a table computed from the
atomic coordinates of the structure (Supplementary Figure 3.1d). A 3D-1D score exceeding 0.2 for over 65%
of a structure indicates high quality in a general manner, according to previous studies [46,62]. The verify-
3D server predicted that 79.2% of the residues in hESR1-LBD had an average 3D-1D score of > 0.2, while
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78.0% of the residues in zEsr1-LBD had an average 3D-1D score of > 0.2. Both structures are quite matched
their amino sequences, with high scores. Overall, the modeled zEsr1-LBD was comparatively robust and

could be applied for the subsequent evaluation of binding activities.

3.4.3 Molecular docking and MD simulations

The docking of chemicals on hESR1-LBD and zEsr1-LBD was successfully simulated and revealed multiple
docking poses for each ligand binding site. The binding poses of the docked complexes are illustrated in
Figure 3.3. Especially, the docked complexes of E2/hESR1-LBD and E2/zEsr1-LBD exhibited an identical
pattern of interactions between ligand and receptor, consisting of three hydrogen bonds and nine hydrophobic
interactions. The hydrogen bonds were Glu353, Arg394, and His524 for hESR1-LBD, and Glu321, Arg362,
and His492 for zEsr1-LBD. However, the interactions with BPA differed between hESR1-LBD and zEsr1-
LBD. The interactions of BPA with hESR1-LBD consisted of two hydrogen bonds and nine hydrophobic
interactions, while three hydrogen bonds and ten hydrophobic interactions were observed in the BPA/zEsr1-
LBD complex. Notably, two hydrogen bonds (Glu353 and His524 for hESR1-LBD, and Glu321 and His492
for zEsr1-LBD) were shared between both structures. The docked complex between BPFL and hESR1-LBD
consisted of one hydrogen bond and five hydrophobic interactions. Ser512 hESR1-LBD a hydrogen bond
with BPFL as a hydrogen bond. The docked complex with BPFL/zEsr1-LBD exhibited one hydrogen bond,
two electrostatic interactions, and five hydrophobic interactions. TMBPA exhibited the same hydrogen bonds
as BPAin hESR1-LBD. Two phenolic hydroxyl groups formed hydrogen bonds with polar residues of Glu353
and His524, respectively. TMBPA formed electrostatic interaction with the Met343 residue. Only one
hydrogen bond (His492) was observed in the TMBPA/zEsr1-LBD complex. Additionally, 4-phenylphenol
formed the same hydrogen bonds and hydrophobic interactions in both receptors. The van der Waals
interactions of only three residues differed, and the hydrogen bonds were Glu353 and Arg394 for hESR1-
LBD, and Glu321 and Arg362 for zEsr1-LBD.

Before analyzing the MD simulation results, each ligand-receptor complex was evaluated for
dynamic stability based on the RMSD values of all atoms (Supplementary Figure 3.2 and Supplementary
Figure 3.3). The RMSD values were between 0.8 and 2.2 A in ligand/hESR1-LBD complexes, and between
1.6 and 4.5 A in ligand/zEsr1-LBD complexes. All complexes favored to converge from 5 ns and reached a
steady state after 10 ns equilibration. The hydrogen bond (H-bonding) occupancies between 10 and 15 ns in
the MD trajectory analysis were analyzed with Glu353, Arg394, and His524 for hESR1-LBD and Glu321,
Arg362, and His492 for zEsr1-LBD, respectively (Figure 3.4). These residues are interacted with E2 as major
hydrogen bonds, as previously described [63,64]. In contrast of TMBPA, E2, BPA, BPFL and 4-phenylphenol
exhibited similar patterns in the docked complexes with hESR1-LBD and zEsr1-LBD. Considering the sum
of three H-bonding occupancies, E2/hESR1- and E2/zEsr1-LBDs ratio exhibited superiority when compared
with those of other chemicals, in the order of E2 > BPA > 4-phenylphenol > TMBPA > BPFL. Similar to E2,
BPA formed mainly hydrogen bonds with Glu353 and His524 in hESR1-LBD, and with Glu321 and His492
in zEsrl-LBD. None of the H-bonding occupancies with the residues was observed for BPFL. High

occupancy with Glu353 was observed in the TMBPA/hESR1-LBD complex, whereas high occupancy with
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His492 was observed in the TMBPA/zEsr1-LBD complex. Lastly, 4-phenylphenol exhibited similar H-
bonding occupancy trends in both structures. Glu353 and Arg394 were observed in the hESR1-LBD complex,

and Glu321 and Arg362 were observed in the zEsr1-LBD complex.
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Figure 3.3. Interactions of the ligand-receptor complexes. 2D docking results for receptor-ligand complex
indicating hydrogen bonding (green), hydrophobic interactions (pink), van der Waals interactions (orange),

and electrostatic interactions (cyan).
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Previous studies have attempted to determine the major amino acid residues involved in ligand
recognition by hESR [65-67]. The 515-535 residue region has been identified as responsible for ligand
recognition through an alanine-scanning mutagenesis assay [67]. Consequently, Gly521, His524, Leu525,
and Met528 in helix 11 were identified as the key residues for ligand recognition [66]. The His524 residue
has recently been recognized as a key player with a critical role in maintaining agonist conformation in
hESR1-LBD [29,68]. Furthermore, the hydrogen bonds with Glu353 and Arg394 residues also have been
reported to stabilize ligands embedded in the hESR1 cavity, thereby providing a stable recognition site [69-
71]. In the present study, hydrogen bonds with the Glu353, Arg394, and His524 residues were observed in
the E2/hESR1-LBD complex, and the interactions corresponded with previously reported docking results
[64,68,72,73]. Collectively, the docking results of this work indicated that BPA and its analogs were located
in hESR1-LBD forming diverse interactions. BPA, TMBPA, and 4-phenylphenol shared some similarity to
E2 in hydrogen bonding interactions. BPA and TMBPA formed hydrogen bonds with Glu353 and His524,
which were associated with the ligand recognition site. Although 4-polyphenol interacted with two other
hydrogen bonds, Gly521, His524, Leu525, and Met528 in H11 formed van der Waals interactions. Two to
four hydrogen bonds were observed in the BPA/hESR1-LBD complex: Glu353, Arg394, Gly521, and His524.
Glu353 and His524 interactions have been commonly observed in previous studies [24,68,74-76]. Such
differences regarding hydrogen bonds appear to be due to the different calculations and simulation methods
used in different docking programs. Cao et al. (2017) docked TMBPA on hESR1-LBD and reported that
TMBPA interacted as hydrogen bonds with Glu353 and His524 during MD simulations, which are consistent
with our results. Several docking simulations have been conducted using zEsr1-LBD, and they have shown
that E2 forms three hydrogen bonds corresponding to those (Glu321, Arg362, and His492) observed in the
present study [63,77]. Mu et al. (2018) reported that BPA forms the same hydrogen bonds as E2, which are
similar to those (Glu321 and His492) observed in our results . When considering the key residues for ligand
recognition in hESR1-LBD, BPA, TMBPA, and 4-phenylphenol were fitted to zEsr1-LBD and interacted with
the residues for ligand recognition. Considering the similarity of their ligand recognition patterns to E2, these
interactions were assumed to contribute to agonism. Similar to in hESR1-LBD, the interactions of TMBPA
and 4-phenylphenol with zEsr1-LBD indicated that BPA and its analogs exhibited similar binding modes,

which may explain how they mimic endogenous hormones that disrupt zebrafish endocrine system.
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Figure 3.4. Occupancies of hydrogen bonds between ligands and (a) Glu353, Arg394, and His524 residues
for ligand-binding domain of human estrogen receptor 1 (hESR1-LBD), and between ligands and (b) Glu321,
Arg362, and His492 residues for ligand-binding domain of zebrafish estrogen receptor 1 (zEsr1-LBD) during
MD simulations (10-15 ns).

3.4.4 Binding energy analysis

To assess the binding affinity of ligand-receptor complexes, binding energies were calculated with molecular
docking and the MD simulations. The binding energies of each chemical are listed in Table 3.1 and
Supplementary Table 3.2. Docking simulations were conducted using CHARMm-based (CDOCKER) and
AutoDock Vina, and all chemicals were docked in hESR1-LBD and zEsrl1-LBD. In the hESR1-LBD
simulations, the E2/hESR1-LBD complex exhibited the lowest binding energy among the test chemicals in
both docking programs, while the BPFL/hESR1-LBD complex exhibited the highest energy. The binding
energies in hESR1-LBD were ranked as follows: E2 > TMBPA > BPA > 4-phenylphenol > BPFL. In the
zEsr1-LBD simulations, a similar pattern to hESR1-LBD was observed, with the lowest binding energy
occurring for the E2/zEsr1-LBD complex, and the highest occurring for the BPFL/hESR1-LBD complex
among the test chemicals. The binding energies were ranked as follows: E2 > BPA = TMBPA > 4-
phenylphenol > BPFL. The steady state of 10 and 15 ns MD simulations revealed the following order, TMBPA
> E2 > BPA > 4-phenylphenol > BPFL, in which TMBPA revealed a lower binding free energy than E2 in
the hESR1. For the zEsrl complexes, the binding free energies were ranked as follows: E2 > BPA> TMBPA
> 4-phenylphenol > BPFL. The binding energies differed according to the chemicals used. The docking
programs exhibited similar binding energy patterns, and they corresponded with the results of previous studies
[24,74,78]. BPA and its analogs were docked, and their binding energies with hESR1-LBD were compared.
E2/hESR1-LBD exhibited lower binding energy than BPA and its substitutes. Cavaliere et al. reported the
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same binding energy pattern for hESR1-LBD (E2 > TMBPA > BPA). Makarova et al. simulated E2 and BPA
docking on simulated hESR1-LBD and zEsr1-LBD using AutoDock, and E2 exhibited lower binding energy
than BPA. The binding energies were -11.5 and -7.73 kcal/mol for hESR1-LBD and -11.0 and -7.56 kcal/mol
for zEsr1-LBD, respectively. The E2/hESR1-LBD manifested lower binding free energy than BPA/hESR1-
LBD using MM/PBSA and MMGBSA methods [76]. Notably, the TMBPA/hESR1-LBD displayed a lower
binding free energy than the E2 complex during MD simulation, which is not consistent with docking
calculation. It can be explained by van der Waals and hydrophobic interactions (Supplementary Table 3.2).
The calculated van der Waals (AGwaw) and non-polar solvation (AGsa) of TMBPA interactions revealed the
lowest energies among the complexes. Previous reports have shown that the energies of the apolar (AGyaw +
AGsa) and electrostatic (AGelec) cOMponents dominantly contribute to the estimate of binding free energy in
MM/PBSA [79,80]. Therefore, TMBPA resulted in a lower binding free energy than E2 in hESR1-LBD.
Whereas, the TMBPA-zEsr1-LBD complex exhibited a higher binding free energy than E2 due to the
electrostatic interactions. The electrostatic energy was markedly lower in zEsr1-LBD than in the hESR1-LBD
complex. Collectively, each complex showed different binding energies and the patterns were confirmed by
docking programs and MD simulation.

Table 3.1 Binding energies of molecular dockings and MD simulation

Molecular docking

AutoDock Vina
Binding free energy
(kcal/mol)

MD simulation (10 — 15 ns)

MMPBSA
Binding free energy,
AG,, (kcal/mol)

Discovery Studio
Cdocker interaction energy
(kcal/mol)

Docking program

Ligands/receptors hESR1-LBD zEsrl-LBD hESR1-LBD zEsrl-LBD hESR1-LBD zEsrl-LBD

Estradiol

2 532+000 -49.8+000 -11.1+0.00 -10.7+0.00 -18.8+2.76 -18.6+2.55
B'S(‘)E?S“A‘;' A 3824000 -38.0£000 -813+010 -8.36+004 -17.8+309 -17.3+317
Bisphenol FL

aPrL) 145+000 -12.3+000 -7.26+005 -7.02+012 -7.23+2.61 -3.48 +4.67
Tetramethyl
Bisphenol A -41.8+0.00 -423+000 -8.10+0.08 -8.13+0.12 -22.9+346 -16.8+3.79
(TMBPA)
A-phenylphenol  -30.4+0.00 -29.7+0.00 -7.80+0.00 -7.60+0.00 -13.1+264 -12.3+353

3.4.5 Comparison of in silico and in vitro experiments

The in silico and in vitro results were compared to evaluate their correlation, as shown in Figure 3.5. The
human estrogenic activities of BPA and its analogs were evaluated by conducting an in vitro reporter gene
assay (Figure 3.5a). The maximum concentration of each chemical with a non-toxic effect on the yeast strain

was selected based on the results of the cytotoxicity test. E2 was used as the reference chemical and exhibited
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a dose response depending on the concentration. BPA and its analogs also exhibited dose-response curves,
excluding BPFL. The ECsp values for E2, BPA, TMBPA, and 4-phenylphenol were 1.25, 14,657, 10,216, and
4,594 nM, respectively. The maximal induction rates of BPA and its analogs were ranked in the following
order: BPA > TMBPA > 4-phenylphenol > BPFL. Even though the ECso value of BPA was higher than those
of TMBPA and 4-phenylphenol, BPA exhibited the highest induction rate (90.7%) at the maximum
concentration except E2. Similar results have been reported in other reporter gene studies [68,81-83]. TMBPA
exhibited lower ECy and ECsp values than BPA; however, the estrogenic activity at the maximum
concentration of BPA was higher than that of TMBPA [68,81]. Two studies reported that the ECsp value of 4-
phenylphenol is lower than that of BPA [82,83]. Conversely, Li et al. reported a higher ECsy value for 4-
phenylphenol than for BPA. Such differences can be attributed to the different reporter systems, and the
different host cells and their cytotoxicity and ligand-binding affinity. Our in vitro assay showed that BPFL
and 4-phenylphenol appeared to be more cytotoxic (> 10 uM) than BPA and TMBPA (> 100 pM). Keminer
et al. recently conducted a ligand-binding assay using a commercially available fluorescence polarization-
based technique. BPA inhibited the fluorescent ligand by 61.2%, followed by 4-phenylphenol (53.1%),
TMBPA (24.2%), and BPFL (-2.06%). Therefore, it seems that BPA exhibited the highest estrogenic activity
compared to BPA analogs, despite the lower ECsp values of TMBPA and 4-phenylphenol.

In the present study, zebrafish estrogenic activities of BPA and its analogs were evaluated using an
in vitro reporter gene assay (Figure 3.5b). The maximum concentrations of compounds with a non-toxic effect
on the cells were selected based on the results of the cytotoxicity test. E2, BPA, and 4-phenylphenol exhibited
dose-response curves. The ECso values for E2, BPA, and 4-phenylphenol were 0.09, 583, and 9,787 nM,
respectively. TMBPA induced weak estrogenic activity (16.6% as the maximal induction), which was
different from the estrogenic activity in the human in vitro assay. The maximal induction rates of BPA and its
analogs were ranked in the following order: BPA > 4-phenylphenol > TMBPA > BPFL. Each chemical
exhibited different estrogenic activities in this reporter assay. None of the previous studies showed estrogenic
activity with BPFL, TMBPA, and 4-phenylphenol in zEsr1, while estrogenic activity has been observed with
BPA [84-86].

Lastly, the in silico and in vitro results were compared to evaluate their correlation. All the factors
computed by in silico experiments revealed moderate or high correlations with in vitro results (Figure 3.5¢
and 3.5d). High correlation was observed between Cdocker and AutoDock Vina (r? = 0.84 for hESR1 and r?
= 0.77 for zEsr1). Notably, the H-bonding occupancy exhibited high correlations with in vitro results (r> =
0.81 for hESR1 and r? = 0.87 for zEsr1). The result indicates that hydrogen bond interactions with certain
residues have pivotal roles for ligand recognition and its activation. The interaction of modelled zEsrl with
TMBPA resulted in relatively poor correlations, especially compared to the correlations of hESR1, although
the TMBPA complex in both receptors revealed comparable binding free energies compared with BPA and 4-
phenylphenol interactions. The in vitro results of weak estrogenic activity of TMBPA can be explained by the
MM/PBSA calculated lowest energies in van der Waals and non-polar solvation among the complexes. In
addition, TMBPA formed a hydrogen bond with the His492 residue in the docking programs and the MD
simulation. The residue is considered to be critical in ligand recognition and maintenance of the agonist
conformation [25,60]. The results are inconsistent with previous reports and the present in vitro result.

However, the inconsistency can be elucidated with other residues such as Glu353 and Arg394 in hESR1-LBD.
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Considering the reported functions of Glu353 and Arg394 residues, and the results in H-bonding occupancy;,
we speculate that even though the His492 residue plays critical roles, other residues such as Glu321 and
Arg362 are necessary as well for the complex stabilization and its activation. For these reasons, it seems
TMBPA induced different estrogenic activities on human ESRa and zebrafish ESRa. Overall, the present
study found a good agreement between the results from in silico and in vitro approaches using the hESR1-
LBD and zEsr1l-LBD structures. The structures can be useful for screening EDCs that have potential
estrogenic disruptive activities. However, the current approach also reveals some limitations, which are
needed to consider for better prediction. A relatively smaller scale of the test and limited sampling conditions
in pose prediction and approximated scoring, might cause poor correlation of results with experimental in
vitro data. Moreover, this structure only predicts estrogenic activity between the LBD and a ligand, thereby
it is impossible to predict estrogenic activities related to other mechanisms or domains. In light of these
limitations, more studies with diverse ligands are necessary to draw a solid conclusion, and detailed analyses
of binding energy and interaction modes are required to predict estrogenic activity. Our future study will be

the assessment of other EDCs and the investigation to reveal other mechanisms inducing (anti)estrogenic

activities.
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Figure 3.5. Comparisons of in silico and in vitro assays. (a—b) In vitro assays for estrogenic activity in (a)
hESR1 and (b) zEsrl, respectively. The induction value at the maximum concentration of 17B-estradiol (E2;
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10 nM for hESR1 and 1 nM for zEsrl) was set to 100%. (c-d) Correlation matrix plot. Pearson correlation
coefficient (r) between in silico and in vitro results in (¢) hESR1 and (d) zEsr1, respectively. Values are
indicated as r?. The color intensity and the size of rounds are proportional to r2. An asterisk indicates
significant correlation (p < 0.05). The applied in vitro data are the maximal induction ratios of each chemical.
The binding energies computed by Discovery studio, Autodock Vina, and MMBPSA, were applied in the
analysis. The H-bonding data are the sum of H-bonding occupancies of each complex during MD simulations.

3.5 Summary and Conclusion

As the 3D structure of zebrafish ESRa is not available, a homology-based 3D model of zEsr1-LBD was
constructed and validated using PROCHECK, ERRAT, ProSA, and Verify-3D tools, which have suitable
models to represent the 3D structure. After validation, BPA and its analogs were docked on zEsrl- and
hESR1-LBDs. MD simulation was conducted to understand the dynamic behavior of each complex and
provided noteworthy complementary with molecular docking. Several BPA and its analogs were bound to
both models with an orientation as E2 in both structures. Additionally, the in vitro results demonstrated that
the in silico and in vitro results were in good agreement with moderate to high correlations. Therefore, the
combined in silico and in vitro approaches provide useful prediction models for identifying EDCs by taking

into account the difference between the two species.
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Supplementary Figure 3.1. Validations of hESR1-LBD and zEsrl-LBD structures. (a) Ramachandran plot
hESR1-LBD (left) and zEsr1-LBD (right) after refinement. The red, yellow, and white regions represent the
favoured, allowed, and the disallowed regions respectively. (b) ERRAT plots for overall model quality (c)
PROSA map. The red color indicates hESR1-LBD; yellow indicates zEsr1-LBD in relation to all protein
chains in PDB determined by X-ray crystallography (light blue) or NMR spectroscopy (dark blue). (d) 3D

Number of residues

profile energy plots. Score over 0.2 indicates high quality of model.
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Supplementary Figure 3.2. Time dependence of the RSMD in ligand/hESR1-LBD complexes.
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Supplementary Table 3.1. Validations of hESR1-LBD and zEsr1-LBD structures

Validation programs EEBSDRL zEsr1-LBD Standard
Procheck Most Favoured regions  96.6% 97.5% Good quality of models
(Ramachandran Plot) expected to have over 90%
Additionally allowed 2.60% 2.10% most favored regions
regions
Generously allowed 0.40% 0.40%
regions
Disallowed Regions 0.40% 0.00%
ERRAT Overall model quality 97.0% 90.8% For low resolutions native
structures is around 90%
PROSA -6.80 -6.76 Checks if z-score is within the
range of score typically found
for native proteins of similar
size
Verify-3D 79.2% 78.0% Good models more than 65%

of the amino acids have scored
>=0.2 in the 3D/1D profile

Supplementary Table 3.2. Average MMPBSA free engeries of docking complexes calculated from MD

simulations (10-15ns).

Roceptor Ligangs Vander Wasls  Elestroiate polrSobvaton U S 20
(AGsa) (AGping)

E2 -38.01£2.11 -1443+6.58 38.41+554 -472+0.08 -18.76+2.76

BPA -33.98+£2.11 -1948+7.79 40.05%6.75 -443+0.06 -17.84+3.09

hESBFél_ TMBPA -43.20+£2.28 -1419+341 39.74+343 -527+0.08 -22.92+3.46
BPFL -23.26 £4.23  -5.84+3.93 25.44 £ 5.27 -3.57+0.26 -7.23+261
4-phenylphenol -26.23+1.83 -15.09+3.20 32.07+2.03 -3.88+0.07 -13.14+2.64

E2 -37.96 £2.78 -20.62+3.26 44.59 + 2.68 -463+0.06 -18.63+2.55

BPA -32.29+224 -2453+6.34 43.85+384 -436+0.06 -17.33+3.17

ZEE%_ TMBPA -40.83+6.10 -6.99+393 36.23+7.42 -520+0.61 -16.79+3.79
BPFL -10.27£6.51 -1.34+3.64 10.34+754 -2.20+0.79 -3.48 + 4.67
4-phenylphenol -26.01+2.21 -10.95+4.55 2853+2.83 -3.87+0.08 -12.31+3.53
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Relation to the thesis

The importance of recognizing endocrine-disrupting chemicals on toxicological impact is evident through
numerous publications on their prevalence. However, as in vivo studies often miss important intermediate
molecular and cell dynamic events, there are increasing efforts to assemble in vitro test models that can
replicate specific organs' morphology and physiological function. Aligned with the 3Rs policy, it would be
ideal for building the in vitro platform with zebrafish cell lines instead of isolating primary cells by sacrificing
fishes whenever needed. Unfortunately, studies report that cell lines cultured in a monolayered form do not
reproduce the sensitivity of organs to endocrine disruptors.

To address such unmet needs, this study tested if cell culture in a 3D spherical form would enhance
cellular sensitivity and physiological function. The zebrafish liver (ZFL) cell line was selected as a model
system. The spheroid’s size was optimized to make them viable for 28 days. Throughout a comparative study
with a monolayered cell for 28 days, 3D ZFL spheroids were confirmed to significantly enhanced hepatic
function. More interestingly, 3D ZFL spheroids treated with 17f3-estradiol (E2) and endocrine-disrupting
chemicals were activated to synthesize a higher level of vitellogenin than monolayer cells. RNA-seq analysis
also confirmed that 3D ZFL spheroids hold the increased transcriptional activities of genes related to
reproductive toxicities, compared with monolayer cells. These results provide an advanced in vitro tissue
platform that allows long-term assessment of reproductive toxicity on the ecological system at molecular and

cellular levels.
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CHAPTER 4. 3D SPHEROID CULTURE OF ZEBRAFISH LIVER CELL

4.1 Abstract

In recent decades, extensive efforts have focused on developing in vitro platforms mimicking fish livers to
better understand the acute or chronic effects of toxicants on lower aquatic vertebrates. Fish liver cell lines
have emerged as a promising culture system for these in vitro platforms because they complement the
currently limited in vitro tools that mostly consist of mammalian cell lines and adhere to the 3Rs: replacement,
reduction, and refinement of live animal tests. However, monolayer cell lines have lower transcriptional and
physiological responses upon exposure to toxic chemicals than freshly isolated primary cells. To overcome
this challenge, we utilized a three-dimensional (3D) spheroid-based in vitro platform, in which hepatocyte
cells had self-organized into spheroid forms via E-cadherin bonds. This platform exhibited augmented
transcriptomic and phenotypic regulation of liver cells in comparison to monolayer cells. We examined the
organoid platform using the zebrafish liver (ZFL) cell line as a model system. ZFL cells spontaneously
clustered into 3D spheroids with long-term viability by optimizing cell seeding density on a non-adherent
substrate. Interestingly, 3D ZFL spheroids treated with estrogenic chemicals were activated to synthesize a
higher level of vitellogenin (Vtg) than monolayer cells. Whole-transcriptome sequencing analysis confirmed
that 3D ZFL spheroids had greater transcriptional regulation of genes related to reproductive toxicological
response and liver functions, such as the urea cycle, estrogen receptors, and vitellogenin, compared to
monolayer cells. These results may contribute to the engineering of novel 3D in vitro platforms for screening
harmful chemicals and improving understanding of the underlying liver toxicity mechanisms at the molecular

and cellular levels.

Keywords: 3D spheroid culture, 17p-estradiol, in vitro platforms, vitellogenin, zebrafish liver cell

4.2 Introduction

Hepatic and reproductive toxicity in fish has been extensively evaluated within the adverse outcome pathway
framework during assessments of environmental disturbances caused by various contaminants [1]. Many of
these contaminants are endocrine-disrupting chemicals (EDCs), which can mimic the modes-of-action of sex
hormones [2]. These EDCs have adverse effects on wildlife population dynamics [2]. For example, EDCs
inhibit the biosynthesis of enzymes including steroidogenic cytochrome p450, steroid hydroxylase, and
hydroxysteroid dehydrogenases. Some EDCs can also interact with nuclear receptors such as estrogen
receptors (ERSs), androgen receptors, peroxisome proliferator-activated receptors, and other physiologically
critical nuclear receptors, including retinoid X receptors [3,4]. In particular, the binding of estrogenic EDCs
to ERs triggers the transcription of vitellogenin (\Vtg), a precursor of the egg yolk proteins [5]. Vtg is present
not only in females but also in males that express Vtg in response to exposure with xenoestrogens [6].
Therefore, Vtg is a critical biomarker of endocrine disturbances in aquatic organisms [6].

Zebrafish (Danio rerio) have been used as a model vertebrate organism globally and are part of
several Organization for Economic Co-operation and Development (OECD) test guidelines because of their

rapid growth, development, and high conservation of signaling pathways compared to those of humans [7,8].
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Zebrafish are increasingly used in single-chemical toxicity testing [9-11]. High numbers of zebrafish are also
required for long-term studies on toxin bioaccumulation and reproduction. Due to growing concerns about
the welfare of laboratory animals in toxicity testing, the reduction, refinement, and replacement principles
(3Rs) have been actively attempted in vertebrate animal studies, including those using fish. Among alternative
approaches, in vitro cell-based systems represent a promising technology for the predictive assessment of in
vivo toxicity, allowing for more controlled manipulation of cellular functions and biological processes. Both
freshly isolated primary hepatocytes and the zebrafish liver (ZFL) cell line are commonly cultured on two-
dimensional (2D) substrates to study liver response dynamics to EDCs at the molecular and cellular level [12-
14]. In particular, the ZFL cell line offers continued cell proliferation and adheres to the 3Rs [15]. However,
monolayer-cultured cells exhibit decreased hepatic polarity and detoxification processes than 3D cell cultures
[16]. It is difficult to conduct long-term chronic toxicity assessments using monolayer-cultured cells due to
cellular detachment [17]. Furthermore, ZFL cells have a limited capacity for synthesizing Vtg upon exposure
to estrogen hormones under monolayer culture conditions [18,19]. Therefore, there is an urgent need to
develop a novel in vitro system to enhance the physiological activity of ZFL cells for robust reproductive
toxicity assessment. In vivo-like cell aggregates such as a three-dimensional (3D) cell cultures represent a
promising approach to address this need because they show higher cell-to-cell interactions, metabolic activity,
and the tissue-like environment than monolayer cell cultures. Therefore, 3D cell culture is increasingly being
employed in various fields including toxicology, pharmacology, and biomedical applications [20-24].

In this study, we hypothesized that ZFL cells cultured in 3D spheroids would present genetic
profiles and physiological functionality more similar to liver tissue due to enhanced E-cadherin-mediated
intercellular adhesion. E-cadherin plays pivotal roles in the formation of hepatocyte spheroids, the
maintenance of epithelial cell behavior, and the prevention of cell death [25-27]. The resulting ZFL spheroids
are expected to exhibit enhanced liver-specific functions and tissue-like environments compared with
monolayer cell cultures. To achieve this objective, we optimized the cell-seeding conditions under which ZFL
spheroids remain viable and metabolically active over 28 days, and prepared a monolayer ZFL cell culture as
the control. We conducted comparative analyses of Vtg synthesis, detoxification, and transcriptional
regulation using these two systems based on immunofluorescence, enzyme-linked immunosorbent assay
(ELISA), quantitative reverse-transcription polymerase chain reaction (RT-gPCR), and whole-transcriptome
RNA sequencing (RNA-Seq) techniques. We anticipate that the results of this study will contribute to
improving understanding of EDC-induced endocrine disorders and the ability to design toxicity tests that

empower fit-for-purpose chemical regulation.

4.3 Materials and Methods

4.3.1 Formation of 3D ZFL spheroids

The ZFL cell line was purchased from ATCC (CRL2643, Wesel, Germany) and then cultured and maintained
in complete growth medium within T-75 flasks at 28°C in a cell incubator (Thermo Scientific, Karlsruhe,

Germany). The complete growth medium consisted of 50% Leibowitz-15 (ATCC), 35% Dulbecco’s modified
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Eagle’s medium (DMEM; Thermo Scientific), and 15% Ham’s F12 (Thermo Scientific), supplemented with
15 mM of HEPES (Sigma-Aldrich, Steinheim, Germany), 0.15 g/L sodium bicarbonate (Sigma-Aldrich), 1%
penicillin—streptomycin (Sigma—Aldrich), 0.01 mg/mL bovine insulin (Sigma-Aldrich), 50 ng/mL mouse
epidermal growth factor (Thermo Scientific), 5% heat-inactivated fetal bovine serum (FBS), and 0.5% trout
serum (Caisson Laboratories, Smithfield, UT, USA). For the generation of 3D spheroids, cells in the T-75
flask were washed with phosphate buffered saline (PBS; pH 7.4, Thermo Scientific). Next, the cells were
treated with 0.25% trypsin—-EDTA (ATCC), suspended in complete growth medium, and spun at 125 x g for
5 min. The pelleted cells were re-suspended in the medium and counted using a hemocytometer after staining
with 0.4% trypan blue (Sigma-Aldrich). Cells from the same batch were seeded into a 96-well flat-bottomed
plate (Thermo Scientific) for monolayer cell culture, and ultra-low-attachment 96-well round-bottomed plates
(Corning B.V. Life Sciences, Amsterdam, Netherlands) for 3D spheroid culture, respectively. The initial
spheroid cell densities were 5,000, 10,000, 25,000, 50,000, and 100,000 cells/well. The 3D ZFL spheroids
formed in ultra-low-attachment 96-well round-bottomed plates (Figure 4.1a). Seeded cells were cultured in
an incubator at 28°C, and 50% of the complete growth medium was replaced every 2—3 days in both
monolayer cells and 3D spheroid cultures. To analyze changes in size and shape, bright-field images of the
3D ZFL spheroids were obtained at 1, 3, 7, 14, 21, and 28 days of culture using an inverted light microscope
(Olympus CKX41, Olympus, Tokyo, Japan) equipped with a digital camera (C5060-ADUS, Olympus, Tokyo,
Japan).

4.3.2 ZFL cell viability measurement

To measure cell viability in 3D ZFL spheroids, the cells were seeded at different densities in ultra-low-
attachment 96-well round-bottomed plates and measured at 1 and 28 days. Complete medium containing a
3D spheroid (100 pL) was transferred from the ultra-low-attachment plates to 96-well white opaque culture
plates (Thermo Scientific). Next, each well was treated with 100 puL CellTiter-Glo 3D reagent (Promega,
Mannheim, Germany), and luminescent signals were recorded after 30 min using a microplate reader (Tecan,
Ménnedorf, Switzerland). Bioluminescence from viable cells among the spheroids on day 1 was correlated
to the cell seeding density (Figure 4.2a). Each cell density group was replicated for eight spheroids and a
mean value was calculated. The experiment was repeated three times from independent cultures (n = 3).
Measured response values revealed a non-linear trend at higher cell seeding densities (> 25,000 cells/well)
and fit a polynomial regression equation. The expected linear fit was calculated for accurate cell viability
measurement [28]. Based on the linear fit equation, the fractions of viable cells were measured on days 1 and
28. Each cell density group was replicated for five spheroids and a mean value was calculated. The experiment
was repeated three times from independent cultures (n = 3). For live and dead staining, each cell concentration
was cultivated for 28 days, and then the medium was removed. Fluorescein diacetate (FDA; Sigma-Aldrich)
and propidium iodide (PI; Sigma-Aldrich) were dissolved in culture medium without FBS and trout serum,
and the solution was added to each well. After incubation in the dark for 10 min, the staining solution was
removed, and the cells were washed with PBS. The stained cells were observed under an inverted fluorescence
optical microscope (DMi8, Leica Microsystems, Wetzlar, Germany) equipped with a digital camera (DCF295,
Leica Microsystems), N PLAN 40x/0.55 CORR objective lens (11506297, Leica Microsystems), a
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fluorescence excitation light source CoolLED pE300-lite (CoolLED Ltd. Andover, UK), fluorescence filters
[350/50 4’°,6-diamidino-2-phenylindole (DAPI) excitation filter and 460/40 emission, 480/40 excitation
fluorescein isothiocyanate (FITC) filter and 527/30 emission, and 546/10 RHOD excitation filter and

emission 585/40], and fluorescence overlay software (LAS AF v3.1.0, Leica Microsystems).

4.3.3 Chemical exposure

The test chemicals were dissolved in dimethyl sulfoxide (DMSO) and the concentration of which did not
exceed 0.5% (v/v). We obtained high-purity (> 98%) 17B-estradiol (E2), 17a-ethynylestradiol (EE2),
bisphenol A (BPA), and bisphenol S (BPS) from Sigma-Aldrich. The concentrations of the E2, EE2, BPA,
and BPS working stocks were 0.0002, 0.002, 2, and 2 mM, respectively. From these stocks, diluted solutions
were prepared through 100 x dilution with complete medium. Each diluted solution was treated to wells
containing spheroid or monolayer cells and complete medium at a 1:1 ratio. After exposure for 24 or 48 h,

the spheroid and monolayer cells were used for assays.

4.3.4 Immunofluorescence assay

Cells with nuclear non-histone, cytoskeleton, and nuclei were stained with Ki67, F-actin, and DAPI,
respectively. To obtain fluorescence images, monolayer cells and 3D spheroids were fixed in 3.7%
paraformaldehyde at room temperature (RT) for 15 min, washed with PBS, and permeabilized in PBS
supplemented with 0.1% Triton X-100 at RT for 5 min. After permeabilization, the samples were washed
three times with PBS and blocked with 3% bovine serum albumin (BSA; Sigma—Aldrich) at RT for 30 min.
Next, the samples were incubated with primary antibodies at 4°C overnight. After being washed three times
with 1% BSA, the samples were incubated with secondary antibodies for 2 h and rewashed three times with
1% BSA. Finally, the samples were embedded in mounting medium containing DAPI (Vector Laboratories,
Burlingame, CA, USA). Table 4.1 lists the primary and secondary antibodies used in this experiment. F-actin
staining was performed using phalloidin-iFluor (ab176753, Abcam). Images of the monolayer cells were
obtained by using a fluorescence microscope (DMi8, Leica) and analyzed using the ImageJ software (NIH
and LOCI). The 3D spheroids were imaged using a Lightsheet Z.1 microscope (Carl Zeiss Microscopy GmbH,
Jena, Germany) with two-sided 10x/0.2 illumination optics and a 20x/1.0 detection optic equipped with a
pco.edge 4.2 camera (PCO AG, Kelheim, Germany). The captured images were analyzed using the ZEN
imaging software (Carl Zeiss). The relative intensity of Vtg was calculated using the ImageJ software.
Fluorescence microscope images of the samples were measured at the same exposure time and laser power,

and the corrected total cell fluorescence (CTCF) were calculated as follows [29]:

Whole-cell signal = Sum of pixel intensity values for one cell Q)
Background signal = Average intensity per pixel for a selected region adjacent to the cell 2
CTCF = Whole-cell signal (Number of pixels in the cell = Area of the selected surface x Background signal) ?3)
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Images obtained from eight replicates of each condition were analyzed as mean relative intensity values. The

experiment was repeated three times with independent cultures (n = 3).

4.3.5 Urea assay

Cellular synthesis of urea was measured to evaluate hepatic functionality. The urea cycle converts toxic
ammonia to urea in the liver for excretion, thereby acting as a detoxification mechanism [30]. The urea
content of cell pellets was analyzed using a urea assay kit (MAKO006, Sigma-Aldrich). In the monolayer
culture, 1 mL of ZFL cells (50,000 cells/mL) was seeded into each well of a 6-well flat-bottomed plate and
cultured for 7 and 28 days. After trypsinization and cell counting, 1.0 x 108 cells were collected from three
wells into a tube by centrifugation at 125 x g for 5 min. For the 3D spheroids, 100 pL (i.e., 5,000 cells at a
density of 50,000 cell/mL) were seeded into each well of an ultra-low-attachment 96-well round-bottomed
plate and cultured for 7 and 28 days. About 200 spheroids were collected into a tube and centrifuged at 125
x g for 5 min. Each tube of pooled monolayer cells and spheroids was considered a sample, and six replicate
samples of each condition were prepared from independent cultures (n = 6). After washing with PBS and
another centrifugation at 125 x g for 5 min, 100 pL of cold urea assay buffer was added to a tube and
homogenized by vortexing for 2 min. The homogenates were centrifuged at 14,000 x g and 4°C for 10 min.
The supernatants were used for urea quantification according to the manufacturer’s instructions. This assay
determined the urea concentration: a coupled enzyme reaction resulted in a colored product that was measured
by reading the absorbance at 570 nm on a microplate reader (Tecan). The supernatants of each sample were

normalized to total protein content, quantified using a bicinchoninic acid (BCA) protein assay.

4.3.6 ELISA

Vtg synthesis was measured using an ELISA kit (10004995, Cayman Chemical, Ann Arbor, MI, USA).
Monolayer cells and 3D spheroids were cultivated for 7, 14, and 28 days, and collected in the same manner
as for the urea assay. Each tube of pooled monolayer cells and spheroids was considered a sample, and three
replicate samples of each condition were prepared from independent cultures (n = 3). After washing with PBS
and another centrifugation at 125 x g for 5 min, 100 uL of passive lysis buffer (Promega) was added to a tube
and homogenized by vortexing for 2 min. The homogenates were centrifuged at 14,000 x g and 4°C for 10
min. The supernatants were used for Vtg quantification according to the manufacturer’s instructions (Cayman
Chemical). The supernatants of each sample were normalized to total protein content and quantified using a
BCA protein assay.

4.3.7 mRNA expression analysis

To extract total RNA samples from monolayer cell cultures, 1 mL of ZFL cells (50,000 cells/mL) were seeded
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into each well of a 6-well flat-bottom plate and cultured for 7 days. The cells of three wells were collected in
a tube and lysed with RLT buffer (Qiagen, Hilden, Germany) after washing with cold PBS. For 3D spheroids,
100 pL of cells (i.e., 5,000 cells at a density of 50,000 cell/mL) were seeded into each well of an ultra-low-
attachment 96-well round-bottomed plate and cultured for 7 days. We collected 100 spheroids in a tube and
centrifuged them at 125 x g for 5 min. After washing with cold PBS and another centrifugation at 125 x g for
5 min, 3D spheroids were lysed in the same manner as monolayer cells. Each tube of pooled monolayer cells
and spheroids was considered a sample, and three replicate samples were prepared from independent cultures
for each condition (n = 3). Total RNA of each sample was extracted using an RNeasy Plus mini kit (74136,
Qiagen). Sample concentration and purity were determined spectrophotometrically using a NanoDrop 2000
spectrophotometer (Thermo Scientific). Reverse transcription was performed for samples with purity > 2.0
(OD260/OD2s0 and OD250/OD230) using the High-Capacity RNA-to-cDNA kit (Applied Biosystems, Waltham,
MA, USA) according to the manufacturer’s instructions. Total RNA (1 pg) was used for reverse transcription.
Next, gRT-PCR (7500 FAST Real-Time PCR System, Applied Biosystems) was conducted using the TagMan
Gene Expression Master Mix (Thermo Scientific) and PowerUp SYBR Green Master Mix (Applied
Biosystems). Table 4.2 and Table 4.3 describe the probe assay identifications and reaction cycles. Relative

mRNA expression was determined using the 2-44¢T method [31].

4.3.8 RNA-Seq analysis

Total RNA samples of monolayer cells and 3D spheroids were extracted in the same manner as those subjected
to mMRNA expression analysis. Six total RNA samples (monolayer cells and 3D spheroids in triplicate) were
sent to a Novogene for RNA-Seq (Novogene, Cambridge, UK). Total RNA samples were purified using poly-
T oligo-attached magnetic beads after quality control checks. Paired-end sequencing (150 bp) was conducted
using an Illumina NovaSeq 6000 system. Samples were sequenced at a sequencing depth of at least 48 million
clean reads, and 15 G raw bases were generated per sample. Raw sequences were filtered for contaminant
adapter sequences and reads with > 10% uncertain nucleotides or > 50% low-quality nucleotides (Qphred <
5). Filtered reads were considered clean reads, and the reads of each sample were used for data analysis. Data
analysis was conducted by Novogene. Paired-end clean reads were aligned to the reference genome (genome
assembly: GRCz11_gca_000002035_4, Taxon ID: 7955) using HISAT2 to count the read numbers mapped
to each gene, and the expected FPKM number was determined for each gene based on the gene length and
read count mapped to the gene. Differential expression analyses of two conditions/groups (in triplicate for
each condition) were conducted using the DESeq2 R package, which identifies differential expression among
genes using a model based on the negative binomial distribution. To control the false discovery rate, P values
were adjusted (Pagj) using the Benjamini and Hochberg methods. Differentially expressed genes (DEGS) were

evaluated at a level of Pagj < 0.05.

4.3.9 Statistical analyses

Statistical analyses were performed using the SPSS Statistics v21 software (SPSS, Inc, IBM, Chicago, IL,
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USA). All data are expressed as means + standard deviation (SD). Data were tested for normality using the
Shapiro—Wilk test and for homogeneity of variance using Levene’s test to determine whether to perform
parametric or non-parametric statistical tests. Statistical differences among test groups were determined using
Student’s t-test or one-way analysis of variance (ANOVA) followed by post hoc Dunnett’s T3 test (non-
homogeneous variance) or Scheffe’s test (homogeneous variances). Data for cell viability, urea synthesis, and
Vtg intensity analyses were evaluated using Student’s t-test. Data for Vtg synthesis and gene transcript
abundance analyses were evaluated using one-way ANOVA. All statistical analyses for RNA-Seq were
performed using the DESeq2 R package; heatmaps were generated based on FPKM cluster analysis according
to the log2(FPKM+1) value, and a volcano plot was created from DEG gene expression levels according to
—log10(Pag;). For principal component analysis (PCA), six samples from two groups were scaled to unit
variance and calculated as PC1 (85.5%) and PC2 (6.05%).

Table 4.1 Antibody information

Antibodies Source Catalog RRID
Anti-E-cadherin Thermo PA5-19479 AB_10988711
Anti-Ki67 GeneTex GTX16667 AB_422351
Anti-Total ERK Cell signaling 4696 AB_390780
Anti-Vitiellogenin LifeSpan LS-C76845-100 AB_1602614
Anti-Rabbit IgG Alexa Fluor 546 Thermo A-11010 AB_2534077
Anti-Mouse IgG1 FITC Thermo 31232 AB_429670
Goat Anti-Mouse 1gG H&L (HRP) Abcam Ab6789 AB_955439
Goat Anti-Rabbit 1gG H&L (HRP) Abcam Ab6721 AB_955447

Table 4.2 The information of assay identification and probes

Gene RefSe Assa
Gene Name symbol Identiﬁcation Ident)ilfication Source
Estrogen receptor 1 esrl NM_152959.1 Dr03093579  Thermo
Estrogen receptor 2a esr2a NM_180966.2 Dr03074408  Thermo
Estrogen receptor 2b esr2b NM_174862.3 Dr03150586  Thermo
Vitellogenin 1 vtgl NM_001044897.3 PPZ09938A  Qiagen
Vitellogenin 2 vtg2 NM_001044913.1 PPZ10052A  Qiagen
Vitellogenin 3 vtg3 NM_131265.1 PPZ00317A  Qiagen
Vitellogenin 4 vtgd NM_001045294.2  Dr03191564  Thermo
Vitellogenin 5 vtg5 NM_001025189.2  PPZ00676A  Qiagen
Glucose-6-phosphate dehydrogenase gépd XM_694076 PPZ12949A  Qiagen
Eukaryotic translation elongation factor 1 alpha eeflalll NM_131263.1 Dr03432748  Thermo

1, like 1
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Table 4.3 Condition of reaction cycles

Mode Cycles ;%Tperature Duration (sec) Step
AmpliTaq Fast DNA
Hold 95 20 polymerase
SYBR green assay and Up activation
40 95 3 Denature
60 30 Anneal/Extend
Hold 50 120 UNG incubation
95 120 Polymerase activation
TagMan assay
40 95 3 Denature
60 30 Anneal/Extend
4.4 Results

4.4.1 Formation of 3D ZFL spheroids

The ultra-low-attachment plate inhibited cellular attachment, and cells gradually aggregated to form spheroids
during cultivation (Figure 4.1b). Bright-field microscopy images revealed that the initial cell seeding densities
influenced spheroid morphology. Morphological changes were evaluated by measuring the 2D surface area,
diameter, solidity, and roundness of the spheroids over a period of 28 days (Supplementary Figure 4.1 and
Supplementary Table 4.1). The surface area and diameter of spheroids decreased over time, whereas their
roundness and solidity increased continuously over 28 days of cell culture (Supplementary Table 4.1). Initial
cell densities > 25,000 cells/well resulted in more significant changes in spheroidal area and diameter.
Notably, initial seeding densities of 5,000 and 10,000 cells/well resulted in high solidity values (> 0.9) on day
3. Inmonolayer cell culture, cells had a typical epithelial appearance (Supplementary Figure 4.2a). After cells
were plated at a density of 5,000 cells/well, cell numbers increased over time, finally reaching confluency on
day 7 (Supplementary Figure 4.2a). Cells continued to grow, but a delay in cell doubling time coincided with
over-confluency at day 14 (Supplementary Figure 4.2Db).

4.4.2 Long-term viability of 3D ZFL spheroids

Cell viability measurements using bioluminescence differed significantly between days 1 and 28 for cell
seeding densities > 25,000 cells/well, indicating cell death during culture (Figure 4.2b). In contrast, no
significant difference was observed in the fraction of viable cells for cell seeding densities of 5,000 and 10,000
cells/well between days 1 and 28. Cell viability was further assessed using a live/dead cell staining method
(Figure 4.2c). Cell seeding densities of > 50,000 cells/well showed red fluorescence in the spheroid cores,
indicating cell death. In contrast, spheroids formed from cell seeding densities of 5,000 and 10,000 cells/well
remained viable for 28 days. Therefore, we selected a seeding density of 5,000 cells/well as the optimal

condition for subsequent experiments.
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Time.

Monolayer ZFL cell culture Trypsinization 3D spheroid formation

Day 1 Day 3 Day7 Day 14 Day 21 Day 28

Cell numbers per well
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100,000
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Figure 4.1. Process of three-dimensional (3D) spheroid formation and morphological changes. (a) Schematic
of 3D spheroid formation. A monolayer culture of zebrafish liver (ZFL) cells was trypsinized for cell
dissociation and collected by centrifugation at 125 x g. The collected cells were transferred to an ultra-low-
attachment plate and cultured. (b) Representative bright-field images of 3D spheroids seeded at different cell
densities over 28 days of culture. Cells were seeded into an ultra-low attachment plate, and bright-field images
were captured at 1, 3, 7, 14, 21, and 28 days. White scale bar: 200 pm.
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Figure 4.2. Cell viability in 3D spheroid cultures over 28 days of culture. (a) Cell viability of 3D spheroids
cultured in an ultra-low-attachment plate. Different cell densities (5,000-100,000 cells/well) were seeded into
an ultra-low-attachment plate and cultured for 24 h. The CellTiter-Glo 3D cell viability assay was used to
measure luminescence intensity according to cell numbers. The polynomial fit indicates the measured
relationship between luminescence and cell number, and the linear fit (red line) is the expected relationship.
The graph presents means of three replicates of eight spheroids for each cell number condition. Data are
means + standard deviation (SD; n = 3). (b) Comparison of cell viability between days 1 and 28. Cell viability
rates (%) were calculated based on the linear fit in (2). The graph presents means of three replicates of five
spheroids for each cell number condition. Data are means + SD (n = 3). Student’s t-test was performed to
compare means between days 1 and 28 of cell number groups (*P < 0.05; **P < 0.01; ***P < 0.001). (c)
Images of live and dead 3D spheroids cultured for 28 days as a function of increasing cell number (5,000
cells from left, 100,000 cells to the right). White scale bar: 100 pum. Green and red fluorescence indicates live
and dead cells, respectively.

4.4.3 Comparative studies of growth, cell-cell adhesion, and hepatic functionality

Phenotypic properties and physiological functions of 3D ZFL spheroids prepared at a seeding density of 5,000
cells/well were assessed by monitoring cell proliferation, cell-to-cell interaction, and urea synthesis (Figure
4.3). In general, Ki-67 is expressed only during active cell cycle phases with its effects on cell proliferation.
Positive Ki67 expression was observed at the periphery of 3D spheroids on day 7, but became minimal by
day 28. Monolayer cells also had decreased Ki67 expression throughout the 28-day culture period (Figure
4.3a). A separate analysis of cellular adhesion to neighboring cells revealed that cells in the 3D ZFL spheroids
had more active cell-to-cell interactions induced by E-cadherin bonds responsible for hepatic junction
formation in the liver. Immunofluorescence images revealed that E-cadherin expression increased over time
in 3D spheroids compared to cell monolayers (Figure 4.3b). Western blot analysis of E-cadherin expression

confirmed higher expression by cells constituting 3D spheroids than monolayer cells (Supplementary Figure
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4.3a). However, according to our RNA-Seq results, 3D spheroids cultured for 7 days had significantly lower
expression of genes related to cell proliferation and replication (e.g., mki67 and pcna) than monolayer cells
(Figure 4.3c). Genes related to cell-to-cell junctions such as cdhl, cadm, cldn, and tjp had enhanced
expression within 3D spheroids (Figure 4.3d). Section 3.5 provides more detailed hepatic functional gene
expression analysis results. The hepatic functionality of cells was evaluated by quantifying the cellular
synthesis of urea (Figure 4.3e). Interestingly, 3D spheroids had significantly more urea synthesis activity than
monolayer cells over 28 days. Additionally, 3D spheroids displayed a 2-fold increase in urea synthesis activity
over time, whereas monolayer cells exhibited constant urea synthesis activity. Overall, the difference in the
urea synthesis activity between 3D spheroids and monolayer cells became more prominent over the cell

culture period.
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Figure 4.3. Evaluation of 3D spheroid properties and urea synthesis. (a—b) Immunofluorescence observations
of monolayer cells and 3D spheroids using fluorescence optical and lightsheet microscopies. Cells seeded at
a density of 5,000 cells/well were cultured for 7, 14, and 28 days. Scale bars: 50 um. (a) Representative
images of Ki67 (red), F-actin (green), and 4”,6-diamidino-2-phenylindole (DAPI; blue) staining to investigate
cell proliferation and cell structure. (b) Representative images of E-cadherin (orange) and DAPI (blue)
staining to investigate cell—cell interaction. (c—d) RNA-seq analysis. Heatmaps of gene expression differences
between monolayer and 3D spheroid cells at day 7. For monolayer cells, 50,000 cells/mL were seeded into
each well of a 6-well flat-bottom plate; cells were collected from three wells into a tube. For 3D spheroids,
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100 spheroids (5,000 cells/well) were collected into a tube. Each tube of pooled monolayer cells or spheroids
was considered a sample, and three replicate samples were prepared for each condition from independent
cultures (n = 3). (c) Heatmap of expression differences in genes related to cell proliferation and replication,
(d) Heatmap of expression differences in genes related to cell—cell junctions. (e) Urea synthesis analysis. We
collected 1.0 x 108 monolayer cells or 200 spheroids (5,000 cells/well) into a tube. Each tube was considered
a sample, and six replicate samples were prepared for each condition from independent cultures (n = 6). Urea
concentrations were normalized to total protein concentration. Error bars indicate means + SD. Student’s t-
test was performed to compare means between groups. Significant differences were observed between
monolayer cells (day 0) and 3D spheroids cultured for 28 days (P = 0.004) and between monolayer cells and
3D spheroids cultured for 28 days (P = 0.019).

4.4.4. Comparative analysis of Vtg synthesis

Immunostaining revealed that monolayer cells produced a limited amount of Vtg even after stimulation with
exogenous E2 (Figure 4.4a). In contrast, 3D ZFL spheroids actively synthesized Vtg even without the addition
of exogenous E2 (Figure 4.4b). Cellular Vtg synthesis levels continued to increase over 28 days in both the
presence and absence of exogenous E2 (Figure 4.4c). The relative intensity of VVtg demonstrated that BPA
and BPS, both of which are agonists to ERs, resulted in a significant increase in VVtg synthesis by 3D spheroids
(1.6-fold with 10 uM BPA,; 3.2-fold with 10 uM BPS; Figure 4.4D and Supplementary Figure 4.3c). The 3D
spheroids also exhibited increased Vtg synthesis in response to 17a-ethynylestradiol (EE2), which is a
synthetic hormone for ER activation (Supplementary Figure 4.3c). The transcript abundance of genes
involved in Vtg synthesis was also compared between monolayer cells and 3D spheroids after 7 days of
culture (Figure 4.4e). Each condition was treated with 1 nM E2 for 24 h to activate Vtg transcript abundance.
E2 decreased esr2b expression levels in 3D spheroids and increased esr2a expression more significantly than
monolayer cells (2.1- and 1.8-fold in the absence and presence of exogenous E2, respectively). We further
examined the effects of E2 on transcript abundance among Vtg sub-family genes. Vtgl and vtg5 are major
precursors for ovulation and egg maturation. The abundance of vtgl transcripts was 2.9-fold higher in 3D
spheroids than in monolayer cells following E2 exposure. Similarly, 3D spheroids had 5.3-fold higher vtg5
transcript abundance than monolayer cells.
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Figure 4.4. Analysis of Vtg synthesis in 3D spheroids. (a—b) Fluorescence images of monolayer cells and 3D
spheroids stained with DAPI (blue) and Vtg (green). Cells seeded at a density of 5,000 cells/well were
cultured for 7, 14, and 28 days. On days 7 and 28, cell cultures were treated with 1 nM 17B-estradiol (E2) for
24 h. Scale bar: 50 um. (c) Quantification of VVtg synthesis in two-dimensional (2D) monolayer cells and 3D
spheroids. Cells were treated with 1 nM E2 for 24 h. We collected 1.0 x 108 cells or 200 spheroids (5,000
cells/well) into a tube. Each tube was considered a sample, and three replicate samples were prepared for
each condition from independent cultures (n = 3). VVtg was normalized to total protein concentration. Error
bars indicate means + SD. Comparisons of means between culture days in each group were performed using
one-way analysis of variance (ANOVA; P < 0.05), followed by Dunnett’s T3 test (non-homogeneous
variance) or Scheffe’s test (homogeneous variance). Different letters indicate significant differences. (d)
Relative intensity of Vtg, normalized by DAPI intensity. The 3D spheroids (5,000 cells/well) were cultured
for 7 days with charcoal stripped fetal bovine serum (FBS); subsequently, 10 uM of bisphenol A (BPA), and
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bisphenol S (BPS) were treated for 48 h. Eight replicate spheroids of each group were measured and the mean
relative intensity was calculated. Measurements were repeated three times from independent cultures. Error
bars indicate means + SD (n = 3). Student’s t-test was performed to compare means between the control and
chemical treatment groups (99.9% confidence interval; *P < 0.05; **P < 0.01; ***P < 0.001). (¢) mRNA
expression related to vitellogenesis in 2D and 3D measured by a TagMan gene expression assay and SYBR
Green gene expression assay, as described in the Methods section. For monolayer cells, 50,000 cells/mL were
seeded into each well of a 6-well flat-bottomed plate, and cells were collected from three wells into a tube.
For 3D spheroids, 100 spheroids (5,000 cells/well) were collected into a tube. Each tube was considered a
sample, and three replicate samples were prepared for each condition from independent cultures (n = 3). Data
were normalized to the transcript abundance of eeflalll (TagMan assay) or gépd (SYBR Green assay). After
7 days of culture, both groups were treated with 1 nM E2 for 24 h. Error bars indicate means + SD.
Comparisons of means between sample groups for each gene were performed using one-way ANOVA (P <
0.05), followed by Dunnett’s T3 test for non-homogeneous variance or Scheffe’s test for homogeneous
variance.

4.4.5 Analysis of whole transcriptome sequence (RNA-Seq) related to hepatic function
We further analyzed differential gene expression in 3D spheroids using whole-transcriptome sequencing
analysis (Figure 4.5). A heatmap of hierarchical clustering revealed distinct expression profiles between
monolayer cells and 3D spheroids (Figure 4.5a). Principal component analysis (PCA) also revealed clear
separation between monolayer cells and 3D spheroids sets (Figure 4.5b). The 3D spheroids exhibited
significant upregulation of 4,324 genes and downregulation of 4,363 genes compared to monolayer cells
(Figure 4.5c¢). Interestingly, 3D spheroids expressed greater transcript abundance of genes related to hepatic
functions than monolayer cells (Figure 4.5d-h). Supplementary Tables 2—6 present detailed gene functions
associated with the heatmap data. The 3D spheroids had more transcript abundance of genes related to the
urea cycle, such as acyl (a marker of aminoacylase) and oat (a marker of ornithine aminotransferase), than
monolayer cells. However, they expressed lower levels of some markers such as assl (a marker of
argininosuccinate synthase), cad (a pyrimidine biosynthesis marker), and otc (a marker of ornithine
carbamoyltransferase) (Figure 4.5d). This trend is consistent with our urea synthesis results (Figure 4.3¢). We
observed significantly more vtg3 and vtg5 gene transcript abundance in spheroids compared to monolayer
cells (Figure 4.5e). The 3D spheroids had greater expression of cyp2 family genes such as cyp2aas and cyp2ks
(markers of endogenous and xenobiotics compound metabolism) than monolayer cells (Figure 4.5f).
Moreover, the expression of other cyp genes increased, including cypldl (a marker of testosterone 6-beta-
hydroxylase function), cyp7al (a marker of a rate-limiting factor for synthesizing bile acids), and cyp39al (a
bile acid synthesis marker). In contrast, monolayer cells expressed more cypl7al and cyp2ads genes, which
encode proteins involved with hydroxylase activity and metabolic functions, respectively, than 3D spheroids.
The 3D ZFL spheroids had more transcript abundance of genes related to glucose and glycogen synthesis and
metabolism activity than monolayer cells, as shown by higher levels of pdks (a glucose homeostasis marker),
irsl (an insulin receptor binding activity marker), and gcgra (a glucose metabolism marker) (Figure 4.5g).
Nuclear receptor genes esr2a and esr2b (estrogen receptor activity markers) were increased in 3D
spheroids (Figure 4.5h). The 3D spheroids also had more transcript abundance of ppar genes than monolayer
cells. These genes regulate energy homeostasis and metabolic function; ppardb regulates cholesterol storage,
and pparaa regulates fatty acid metabolism. Other markers such as arntl1lb (a photoperiodism regulation

marker), thrb (thyroid hormone-mediated signaling pathway), pgr (steroid binding and steroid hormone
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receptor activity), and nrli2 (pxr, responses to diverse xenobiotic and endogenous chemicals) were also
enhanced in 3D spheroids. These markers play critical roles in regulating numerous biological processes such

as cell proliferation, development, metabolism, and reproduction [32].
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Figure 4.5. RNA sequencing (RNA-Seq) analysis of monolayer cells and 3D spheroids. (a—h) RNA-Seq
analysis. Heatmaps of differences in expression between monolayer and 3D spheroid cells at day 7 (n = 3).
Samples were prepared as described for mMRNA expression. (a) Heatmap hierarchical clustering according to
log2(FPKM+1) indicates differentially expressed genes (DEGS) between groups. Red and blue indicate genes
with high and low expression levels, respectively. (b) The 2D principal component analysis (PCA) results for
both groups. (c) Volcano plot analysis results. Plots indicate overall DEG distribution. (d-h) Heatmaps of
differential expression between groups. (d) Urea cycle; (e) vitellogenin; (f) cytochrome P450 activity; (g)
glycogen and glucose metabolism; (h) nuclear receptor and transcription factor.

4.5 Discussion

In this study, we systematically examined the extent to which 3D culture of the ZFL cell line provides
improved and more realistic assessments of cell viability, detoxification activity, and sensitivity to
reproductive toxicants. We successfully assembled 3D ZFL spheroids that remained viable and metabolically
active for 28 days in vitro by tuning the initial cell seeding density to 5,000 cells/non-adherent wells. At
optimized cell densities (5,000 cells and 10,000 cells/well), uniform spheroidal shapes were achieved during
cultivation, without necrotic cores. The consistent maintenance of 3D spheroid morphology is a key factor in

their viability, functionality, and application [22,28]. In contrast, at cell seeding densities > 25,000 cells/well,
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excess cells aggregated within the limited space of the concave well and rolled up the boundary of the cell
layer, causing irregular cell aggregates > 500 um in size. The resulting spheroids had an internal quiescent
zone and necrotic core, probably due to limited diffusion of nutrients and oxygen [22,28]. These findings
suggest that the optimized cell densities have reproducible and consistent viability and function. In contrast,
monolayer cells reached 100% confluency after 7 days of culture, followed by over-confluency. A previous
study reported that an over-confluent environment altered signaling and led to irreproducible behavior [33].
Therefore, monolayer cell culture and 3D ZFL spheroids at high cell density (= 25,000 cells/well) are
inappropriate for long-term culture experiments.

Compared to monolayer cells, 3D ZFL spheroids had increased cell—cell interaction driven by E-
cadherin and urea synthesis, and decreased cell proliferation and replication. These results are consistent with
previous studies reporting that 3D spheroids display more realistic hepatic functions and properties [23,34].
In human cell lines, E-cadherin inhibition in primary hepatocytes prevented cell—cell attachment and spheroid
formation, subsequently leading to cell death through a caspase-independent mechanism [27]. E-cadherin
also plays a crucial role in cell—cell interactions related to contact formation and junction remodeling [35].
Several studies have reported that 3D spheroids exhibit enhanced cell—cell interactions and hepatic functions,
such as albumin secretion and urea synthesis, compared to monolayer culture [23,34,36]. The results of
whole-transcriptome sequencing analysis revealed distinct differences in cell-cell interaction and cell
proliferation and replication between monolayer cells and 3D spheroids. One representative finding is the
upregulation of ctnnb in 3D spheroids. The ctnnbl gene encodes f-catenin; this is a major participant in the
Whnt signaling pathway, which is important in liver metabolism and the development and maintenance of liver
functions [37]. However, the roles of other genes within the same category according to the heatmap have
not yet been fully evaluated. Cldn genes encode claudin, a family of proteins important in tight junction
formation and function. The functions of claudin proteins remain poorly understood, except for claudin-1
[38]. Additionally, 3D spheroids had increased the expression of genes relevant to primary hepatic functions
including the urea cycle, hepatic cytochrome P450, glycogen and glucose metabolism, nuclear receptors, and
transcriptional factors compared to 2D cultures. These expression patterns were previously reported in other
3D human hepatocyte spheroids [20], where they were found to be similar to those of in vivo liver samples
through whole-proteome analysis. The 3D spheroid model of hepaRG cells was more similar to liver tissue-
specific gene expression profiles than monolayer cell culture [39]. The cyp2 family (e.g., cyp2aas and cyp2ks)
can be markers of endogenous and xenobiotics compounds. In addition, cyp7al and cyp39al are used as bile
acid synthesis markers. Nuclear receptors such as pxr and ppar, which have important regulatory functions
in the liver, were also more abundant in 3D spheroids compared to monolayer cells, which may indicate
enhanced hepatic functionality; however, the regulation of enzymatic activity and metabolites via these
receptors should be confirmed in further studies, as well as differences in the responses of related pathways.
Future studies should focus on the effects of receptor ligand upregulation on xenobiotic and lipid metabolism.

The 3D spheroid culture increased vitellogenesis over time, suggesting that the spheroid model can
be further developed as a suitable model system for screening reproductive toxicity. According to OECD Test
Guidelines 229, 230 and 240 for in vivo reproductive screening assays, Vtg levels are measured as an endpoint
to predict the potential reproductive effects of chemicals on fish [40-42]. Compared to the test guidelines, our

model is able to measure Vtg levels in chemical exposure up to 28 days without the need for live animal
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testing. Another important finding is that 3D ZFL spheroids synthesize Vtg in response to ER signaling, as
shown by antibody fluorescence staining and ELISA. The transcript abundance of vtg5 gene in the 3D
spheroids was further increased through exposure to exogenous E2, whereas monolayer cells did not respond
to this stimulus. Interestingly, we found a correlation between the improved Vtg synthesis by 3D ZFL
spheroids and ER gene transcriptional activity. Exogenous E2 induces esrl and esr2a expression, but
downregulates esr2b expression, in the liver [43]. Esr2a and esr2b are essential for female zebrafish
reproduction: esr2a plays a vital role in follicle cell proliferation and trans-differentiation, follicle growth,
and chorion formation [44] and esr2a-knockout female medaka fish (Oryzias latipes) are completely infertile
[45]. Our 3D ZFL spheroids had increased esr2a expression compared with monolayer cells, consistent with
responses observed in vivo during increased vitellogenesis [46]. The increased Vtg expression was also
correlated with the elevation of esrl expression by E2 induction [47]. A previous zebrafish embryo study
reported that exogenous E2 also induced vtgl, 3, and 5 [48]. Similarly, 3D ZFL spheroids expressed vtgl and
vtg5 more actively than monolayer cells. Therefore, we propose that 3D ZFL spheroids are more receptive
than monolayer cells to ER signaling and vitellogenesis activation. The results of this study also indicate that
3D ZFL spheroids are sensitive to BPA and BPS, as demonstrated by the increased Vtg intensity during
exposure. BPA and BPS have been shown to bind with ERs and stimulate Vtg synthesis [5,49,50].
Interestingly, BPS had greater Vtg intensity than BPA in the present study. This tendency can be interpreted
according to relative estrogenic potency (REP). Previous studies have found that BPA has higher REP in esrl
than esr2s [5,50], whereas BPS has the highest REP in esr2a among ERs [49]. These findings confirm that
the 3D ZFL spheroid model responds with Vtg synthesis upon exposure to EDCs with estrogenic potency.

4.6 Summary and Conclusion

In summary, the results of this study demonstrate that 3D ZFL spheroids are advantageous to retaining hepatic
functions and vitellogenesis via phenotypic and whole-RNA-Seq analysis. Compared with monolayer cells,
3D spheroids exhibited increased intercellular interactions marked by E-cadherin, as well as increased urea
and Vtg synthesis activity. Interestingly, these increases in phenotypic activity were correlated with increased
expression of genetic markers of hepatic functions and Vtg. Together, these findings indicate that 3D cell
culture is crucial to ZFL cell sensitization and activation for transcription, and ultimately to physiological
function. Therefore, this study has yielded a robust alternative in vitro platform to animal and primary cells

for accurate and rapid in vitro screening of estrogenic or anti-estrogenic substances.
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Supplementary Figure 4.1. Influence of culture time (days) on morphological parameters of 3D spheroids
depending on cell numbers. (a) area, (b) roundness, (c) diameter, and (d) solidity of 3D spheroids depending
on cell numbers. All parameters were analyzed by ImageJ software. The graph presents the means of five
replicates of eight wells for each cell number condition, and error bars represent means + SD (n = 5).

A
Day 1 Day 3 Day 7
B
05 3.0e+5
@® Absorbance value
[ Cell numbers per well
r 2.5e+5
0.4
3 -
S F 2.0e+5 [
~< 03 =
is H
B F15e+5 @
© @ N o
- 5
o8 024 H
2 10e+5 @
<
0.1 4
- 5.0e+4
P i
0.0 T T 0.0

0o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Time (days)

68



CHAPTER 4. 3D SPHEROID CULTURE OF ZEBRAFISH LIVER CELL

Supplementary Figure 4.2. Observations of the monolayer cell culture. The seeding density was 5,000 cells
per well in a 96-well flat-bottom plate. (a) Bright-field images of monolayer cells for 7 day cultures. Scale
bar: 20 um. (b) Measurements of CCK8 assay and cell number for 14 days cultures. The graph presents the
means of eight replicates of three wells for CCK8 assay and the means of five replicates of three wells for
cell number. Data are expressed as mean = SD (CCK8 assay; n = 8 and cell number; n =5).

Monolayer 3D spheroid

Control 7day 14day 7day 14day

E-cadherin ==t

PO ——
0 1 118 134 1.41

B Control 10 uM BPA 10 pM BPS

Dapi

VTG

Merge

c Control 1 nM E2 10 nM EE2

Day 21

Dapi VTG

Supplementary Figure 4.3. E-cadherin protein expression and fluorescence images of vitellogenin. (a)
Comparisons of E-cadherin expressions between monolayer cells and 3D spheroids. E-cadherin protein was
visualized by western blot analysis. Monolayer cells and 3D spheroids were cultured for 7 and 14 days
respectively. For monolayer cells, 50,000 cells/mL were seeded into each well of a 6-well flat-bottom plate;
cells were collected from three wells into a tube. For 3D spheroids, 100 spheroids (5,000 cells/well) were
collected into a tube. Each tube of pooled monolayer cells or spheroids was considered a sample and 15 pg
of total protein from each sample was loaded and normalized by total ERK protein. (b—c) Representative
fluorescence images of 3D spheroids stained with DAPI (blue) and Vtg (green) by a lightsheet microscopy.
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Scale bars: 50 um. (b) 3D spheroids (5,000 cells/well) were cultured for 7 days with charcoal stripped FBS.
After that, 10 uM of BPA and BPS were treated for 48 h. (¢) 3D spheroids (5,000 cells/well) were cultured
for 21 days with charcoal stripped FBS. The 3D spheroids at 21 days were exposed to 1 nM of 17p3-estradiol
(E2) and 10 nM of 17a-ethynylestradiol (EE2) for 48 h respectively.

Supplementary Table 4.1. Statistical analysis for influence of cultivation days on area, roundness,
diameter, and solidity of 3D spheroids according to cell numbers

Area (Hmz) Cell numbers
5,000 10,000 * 25,000 50,000 100,000
1 70308+5751°  118832+18419" 303448+29,017° 716915+ 70,465° 1,391,460 + 55,380 °
3 47188+3879°  86649+7,017°  200,077429007° 452,585+14720° 889,340 £ 27,225
Time 7  43683+5491°  57457+11436°  131,650+23068" 280507+9416° 489,819+ 25884 °
(day) 14 33201£8436"  45056+6601° 7420143627  118396+4,188° 179,868 + 12,646 °
21 22,046 + 4,067 ° 36,741 +5,388 ° 71601£17,027" 98,148 +2,741° 144,362 + 8,774 °
28 18,739 +2,550 ° 30,471 +4,714° 66603+13360° 83,683 +2,999 " 115589 + 3,600 '
F-value 58.088 46.182 79.885 209.983 1441.411
Diameter Cell numbers
(um) 5,000 * 10,000 25,000 50,000 100,000
1 366+13° 546 + 60 ° 870 +117° 1,360 +158°  1,651+93°
3 262+5° 406 +35° 66792 % 1,004+42°  1,288+83"
Time 7 222+17" 321+43° 517 +29 " 769+ 60" 926 £42°
(day) 14 207434 277 +28° 339+13" 417+12° 510 + 15 ¢
21 153+26% 266+ 84" 331%55° 373+5° 449 +11°
28 125+8° 224+37°" 308+34° 344+3° 413+10"
F-value 68.959 10.302 27.209 99.628 386.72
Roundness Cell numbers
5,000 * 10,000 * 25,000 * 50,000 * 100,000 *
1 0713+0.043" 0.732+0.025° 0.769+0.028° 0.831+0.024" 0.826 +0.042°
3 0.822+0004° 0.752+0026% 0.784+0.025° 0.846+0.057°" 0.847 +0.032°
Time 7 0.87620.019™ 0.855+0.012° 0.790+0.020" 0.847 +0.020° 0.850+0.014°
(day) 14 0872+0.031" 0.852+0013° 0.892+0.014° 0.935+0.015° 0.943+0.027"
21 0.889+0.043" 0.941+0.071™ 0.929+0.065° 0.939+0.021° 0.937+0.047"
28 0.931+0.051° 00935+0034° 0.954%0.029° 0.965+0.012° 0.940+0.024°
F-value 17.116 20.398 22.668 14.835 10.753
Solidity Cell numbers
5,000 10,000 25,000 50,000 100,000 *
1 0907+0.032" 0.844+0.013° 0.846+0.021° 0.832+0.029" 0.876+0.024°
3 0.957+0007° 0922+0020° 0.880+0.030° 0.875+0.016" 0.903 +0.043"
Time 7 0.967+0012" 0.953+0.017° 0.920+0.046% 0.890 +0.017% 0.919+0.035°
(day) 14 0.960+0.019° 00958+0.020° 0.971+0.008° 0.976+0.005° 0.982 +0.003"
21 0.961+0.015° 0.961+0032" 0.976+0.007" 0.980+0.003° 0.983+0.004"
28 0.978+0.004° 0.973+0.005" 0.982+0.004° 0.979+0.004° 0.974+0.008"
F-value 8.84 24.976 21.268 56.365 14.993
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A comparison between the days was performed using a one-way ANOVA test (p < 0.05, Dunnett T3 test
for non-homogeneity of variance and Scheffe test for homogeneity of variance (asterisk)). Different letters
within the same cell numbers denote significant differences.

Supplementary Table 4.2. Gene function in the heat map of urea cycle

Gene name Main function Sé/:éeny
Number . (Predicted: referred from Zebrafish Information 9 Reference
(Zebrafish) name
Network, ZFIN)
(Human)
Caldovic et al.,
1 aral Predicted: Arginase and manganese ion binding aral 2014; LeMoine
g activities; arginine catabolic process to ornithine g and Walsh,
2013; ZFIN*
Predicted: Pyrroline-5-carboxylate reductase .
2 pyer3 activity; L-proline biosynthetic process pyer3 ZFIN
Predicted: Argininosuccinate synthase activity; Caldc.)wc et ?I"
- . . RO . 2014; LeMoine
3 assl arginine biosynthetic process; argininosuccinate assl and Walsh
metabolic process; and urea cycle 2013 ZFIN*
Predicted: Aspartate carbamoyltransferase and
dihydroorotase activities; pyrimidine nucleobase
4 cad biosynthetic process; cranial nerve cad ZFIN*
morphogenesis; and regulation of signal
transduction
Predicted: Ornithine carbamoyltransferase Caldgwc et ?I"
L L . . . 2014; LeMoine
5 otc activity; arginine biosynthetic process via otc and Walsh
ornithine and citrulline biosynthetic process 2013: ZFIN*
Predicted: Pyrroline-5-carboxylate reductase .
6 pycr1b activity; brain development pyerl ZFIN
7 acvl Predicted: Aminoacylase activity; cellular amino acvl Caldovic et al.,
y acid metabolic process y 2014; ZFIN*
8 gatm Predl_cted:_ Glycine _amldlnotransferase activity; gatm ZEIN*
creatine biosynthetic process
Predicted: Identical protein binding activity;
ornithine-oxo-acid transaminase activity;
9 oat pyridoxal phosphate binding activity; and oat ZFIN*
arginine catabolic process to glutamate and
arginine catabolic process to proline via ornithine
1 gludia Pre_dl_cte.:d: Glutamate dehydrogenase (NAD+) glud1 ZEIN*
activity; glutamate catabolic process
Caldovic et al.,
Carbamoyl-phosphate synthase (ammonia) 2014; LeMoine
12 cpsl Lo ) . cpsl
activity; ammonium homeostasis and urea cycle and Walsh,
2013; ZFIN*
13 pycrla Predicted: Pyrroline-5-carboxylate reductase pyerl ZEIN*

activity; L-proline biosynthetic process.
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Predicted: Ornithine decarboxylase activity; eye

*
14 odel photoreceptor cell development odel ZFIN
15 bbox1 Pre_dl-cted: Ga}rpma—'butyrobetame dioxygenase bbox. ZEIN*
activity; carnitine biosynthetic process
16 diol Predlct.ed: Thyroxine 5'-de|0d|nase activity; diol ZFIN*
regulation of neural retina development
Caldovic et al.,
Predicted: Argininosuccinate lyase activity; 2014; LeMoine
17 asl S . g o asl
arginine biosynthetic process via ornithine and Walsh,
2013; ZFIN*
Predicted: Arginase activity and manganese ion Cald(?VIc et ?I"
- Lo . 2014; LeMoine
18 arg2 binding activity; arginine catabolic process to arg2
ornithine and Walsh,
2013; ZFIN*

*ZFIN: Gene data for this paper were retrieved from the Zebrafish Information Network (ZFIN), University
of Oregon, Eugene, OR 97403-5274; URL.: http://zfin.org/

Supplementary Table 4.3. Gene function in the heat map of vitellogenin

Gene Main function Synteny
Number name (Predicted: referred from Zebrafish Information gene Reference
(Zebrafish) Network) name
(Human)
Exhibits antioxidant activity; cellular response Sullivan and
1 vtgl to estrogen stimulus; response to estradiol; and - Yilmaz, 2018;
response to xenobiotic stimulus ZFIN*
. - . Sullivan and
D wp s peemen s e i ane
ZFIN*
Predicted: Lipid transporter activity; cellular Sullivan and
3 vtg4 response to estrogen stimulus and response to - Yilmaz, 2018;
estradiol ZFIN*
Predicted: Lipid transporter activity; cellular Sullivan and
4 vtg5 response to estrogen stimulus and response to - Yilmaz, 2018;
estradiol ZFIN*

*ZFIN: Gene data for this paper were retrieved from the Zebrafish Information Network (ZFIN), University
of Oregon, Eugene, OR 97403-5274; URL.: http://zfin.org/

Supplementary Table 4.4. Gene function in the heat map of cytochrome P450

Gene Main function Synteny
Number name (Predicted: referred from Zebrafish Information  gene name  Reference
(Zebrafish) Network) (Human)
Predicted: Metabolic functions targeting Goldstone et
endogenous and xenobiotics compounds; heme al. 2010:
binding activity; oxidoreductase activity, acting Gamez e't al
1 cyn2k8 on palfed donors, with incorporation or _ cyp2wl 2010: Guo et
reduction of molecular oxygen, reduced flavin i
. . . al., 2016; Saad
or flavoprotein as one donor, and incorporation ctal 2016:
of one atom of oxygen; and steroid hydroxylase ZFIﬁ* '

activity
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Goldstone et

al., 2009;
Metabolic functions targeting endogenous and Goldstone et
cypldl xenobiotics compounds; testosterone 6-beta- cypldl al., 2010;
hydroxylase activity Scornaienchi et
al., 2010;
ZFIN*
Predicted: Metabolic functions targeting
endogenous and xenobiotics compounds; heme Goldstone et
binding activity; oxidoreductase activity, acting al., 2010;
cyp2aal on paired donors, with incorporation or i Kubota et al.,
reduction of molecular oxygen, reduced flavin 2013; Kubota
or flavoprotein as one donor, and incorporation etal., 2015;
of one atom of oxygen; and steroid hydroxylase ZFIN*
activity
Goldstone et
al., 2010;
Metabolic functions related to Gomez et al.,
cyp2k19 Metabolism/oxidoreductase Members of this cyp2wl 2010; Guo et
xenobiotic CYP family al., 2016; Saad
et al., 2016;
ZFIN*
Predicted: Metabolic functions targeting
endogenous and xenobiotics compounds; heme Goldstone et
binding activity; oxidoreductase activity, acting al., 2010;
cyp2aall on paired donors, with incorporation or _ i Kubota et al.,
reduction of molecular oxygen, reduced flavin 2013; Kubota
or flavoprotein as one donor, and incorporation et al., 2015;
of one atom of oxygen; and steroid hydroxylase ZFIN*
activity
Predicted: Metabolic functions targeting
endogenous and xenobiotics compounds; heme
binding activity; oxidoreductase activity, acting Goldstone et
cyp2ael on paired donors, with incorporation or i al., 2010; Saad
reduction of molecular oxygen, reduced flavin etal., 2016;
or flavoprotein as one donor, and incorporation ZFIN*
of one atom of oxygen; and steroid hydroxylase
activity
Goldstone et
cypl7a2 Steroid 17—alpha-monpoxygenase activity; cypl7al ::';“2_ ,Oégbir;ou
Progesterone metabolic process
Zhou et al.,
2007b; ZFIN*
Predicted: Metabolic functions targeting
endogenous and xenobiotics compounds; heme
. L L . Chuang et al.,
binding activity; oxidoreductase activity, acting 2004-
on paired donors, with incorporation or ’
cyp2ul . . cyp2ul Goldstone et
reduction of molecular oxygen, reduced flavin al. 2010:
or flavoprotein as one donor, and incorporation " ’
. ZFIN*
of one atom of oxygen; and steroid hydroxylase
activity
Rate-limiting factor for synthesizing bile acids;
steroid hydroxylase activity; bile acid Enyaetal,
cyp7al ' cyp7al 2018;

biosynthetic process and cholesterol
homeostasis

Goldstone et
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al., 2010;
ZFIN*

Predicted: Metabolic functions targeting
endogenous and xenobiotics compounds; heme
binding activity; oxidoreductase activity, acting
on paired donors, with incorporation or

Goldstone et

10 cyp2vl reduction of molecular oxygen, reduced flavin cyp2)2 al., 2010;
. . . ZFIN*
or flavoprotein as one donor, and incorporation
of one atom of oxygen; and steroid hydroxylase
activity
Predicted: Oxysterol 7-alpha-hydroxylase and Goldston.e et
steroid 7-alpha-hydroxylase activities; bile acid al., 2010;
11 cyp39al . |pha-nyaroxy ' cyp39al Jelinek and
biosynthetic process and cholesterol i
homeostasis Russell, 1990;
ZFIN*
17-alpha,20-alpha-dihydroxypregn-4-en-3-one SD:;::) rzeozir;q
dehydrogenase, 17-alpha-hydroxyprogesterone Gol d;tone e:t
aldolase, and steroid 17-alpha-monooxygenase .
12 cypl7al N . . . cypl7al al., 2010;
activities; androst-4-ene-3,17-dione biosynthetic i .
S ZFIN*; Zhai et
process; female sex determination; and i -
rogesterone metabolic process al., 2017; Zhai
prog P ' etal., 2018
Predicted: Metabolic functions targeting
endogenous and xenobiotics compounds; heme
e e 19 Golsone o
13 cyp2ad3 pair ' P _ oyp2j2 al., 2010:
reduction of molecular oxygen, reduced flavin
. . . ZFIN*
or flavoprotein as one donor, and incorporation
of one atom of oxygen; and steroid hydroxylase
activity
Predicted: Metabolic functions targeting
endogenous and xenobiotics compounds; heme
e o 18 Gotsone o
14 cyp2ad6 pair ' P _ oyp2j2 al., 2010;
reduction of molecular oxygen, reduced flavin
. . . ZFIN*
or flavoprotein as one donor, and incorporation
of one atom of oxygen; and steroid hydroxylase
activity
Goldstone et
Catalyze the formation of cortisol and 11- al., 2010;
Ketotestosterone (11-KT) ZFIN*; Zhang
15 cyplicl Prediced: heme binding, iron ion binding, and etal., 2020;
oxidoreductase activities Zheng et al.,
2020
Emoto et al.,
Lo . 2005;
Controls retinoic acid (RA) homeostasis by
metabolizing RA into bioinactive metabolites; Goldstone et
16 cyp26al . g ) K cyp26al/cl al., 2010; Hu et
animal organ development; cellular response to al. 2008-
vitamin A Topletz et al.,
2012; ZFIN*
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Goldstone et

Predicted: heme binding, iron ion binding, and al., 201.0’
17 cyp4f3 oxidoreductase activites; oxidation-reduction cypaf Hardwick,
brocess. 2008; Kalsotra
and Strobel,
2006; ZFIN*
Chunetal.,
Conversion of prohormone 25-hydroxyvitamin 2014;
18 cyp27bl D3 (25D) to active 1,25-dihydroxyvitamin D3 - Goldstone et
(1,25D); hematopoietic stem cell proliferation al., 2010;
ZFIN*

*ZFIN: Gene data for this paper were retrieved from the Zebrafish Information Network (ZFIN), University
of Oregon, Eugene, OR 97403-5274; URL.: http://zfin.org/

Supplementary Table 4.5. Gene function in the heat map of glycogen and glucose metabolism

Gene Main function Sé/rr]:eny
Number name (Predicted: referred from Zebrafish Information g Reference
(Zebrafish) Network) name
(Human)
Van
1 slc37ada Predicted: Symporter activity; transmembrane slc37ad Schgftlngenland
transport Gerin, 2002;
ZFIN*
Predicted: Glycogen binding and protein
phosphatase 1 binding activities; glycogen *
2 ppp1r3ch biosynthetic process and regulation of glycogen Ppplrac ZFIN
biosynthetic process
Predicted: Glycerophosphocholine
cholinephosphodiesterase and )
. . Massé et al,
3 enppé glycerophosphodiester phosphodiesterase enppé )
o ) . . 2010; ZFIN*
activities; choline metabolic process and lipid
metabolic process
Predicted: Phosphoglucomutase activity; *
4 pgm1 carbohydrate metabolic process pgm1 ZFIN
Predicted: Glucose-6-phosphatase activity;
5 g6pclb gluconeogenesis and glucose 6-phosphate g6épc ZFIN*
metabolic process
G_Iuc_agon rt_egeptor actmty and peptide hormone Li et al, 2015:
6 gcgra binding activities; regulation of glucose gegr ZEIN*
metabolic process.
Predicted: Protein serine/threonine kinase
7 pdk2a activity; glucose homeostasis and negative pdk2 ZFIN*
regulation of pyruvate dehydrogenase activity
8 gbelb Pre_dl_ct(?d: 1,4-a|pha_—g|ucan b_ranchlng enzyme gbel ZEIN*
activity; glycogen biosynthetic process
9 enpp5 Predicted: Catalytic activity enpp5 ZFIN*
Carbgmoyl-phos_phate synthase_(ammonla) Caldovic et al,
10 cpsl activity; ammonium homeostasis and urea cpsl 2014: ZEIN*

cycle.
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Predicted: protein serine/threonine kinase
11 pdk4 activity; glucose homeostasis and negative pdk4 ZFIN*
regulation of pyruvate dehydrogenase activity

Predicted: negative regulation of fatty acid
biosynthetic process

Predicted: DNA binding and DNA-binding

13 crema transcription factor activities; regulation of crema ZFIN*
transcription and DNA-templated
Predicted: Protein serine/threonine kinase

14 pdk2b activity; glucose homeostasis and negative pdk2 ZFIN*
regulation of pyruvate dehydrogenase activity.

12 wdtcl wdtcl ZFIN*

Predicted: Insulin receptor binding and

1 *
phosphatidylinositol 3-kinase binding activities. Irsl ZFIN

15 irsl

Predicted: 1-phosphatidylinositol-3-kinase
regulator activity; in insulin receptor signaling
16 pik3rl pathway; phosphatidylinositol phosphorylation;  pik3rl ZFIN*
and regulation of phosphatidylinositol 3-kinase
activity
*ZFIN: Gene data for this paper were retrieved from the Zebrafish Information Network (ZFIN), University
of Oregon, Eugene, OR 97403-5274; URL.: http://zfin.org/

Supplementary Table 4.6. Gene function in the heat map of nuclear receptors and transcription factors

Gene Main function Synteny
Number name (Predicted: referred from Zebrafish gene name Reference
(Zebrafish)  Information Network) (Human)
Estrogen receptor, nuclear receptor, and
. - S Novac and
steroid hormone binding activities; cellular . .
. . Heinzel, 2004;
1 esrl response to estrogen stimulus; posterior lateral  esrl )
. . . S Schaaf, 2017;
line neuromast primordium migration; and
. ZFIN*
response to estradiol
Novac and
Estrogen receptor, nuclear receptor, and . )
2 esr2a steroid hormone binding activities; reponse to  esr2 Heinzel, 2004;
i g 1P Schaaf, 2017;
g ZFIN*
Nuclear receptor activity; hindbrain Noyac and )
3 raraa morphogenesis; liver development; and rara Heinzel, 2004;
res r())nsg to reti,noic acid i ' Schaaf, 2017;
P ZFIN*
Predicted: Nuclear receptor and retinoic acid- Novac and
responsive element binding activities; positive Heinzel, 2004;
4 rxrgh regulation of transcription by RNA rxrg Schaaf, 2017;
polymerase Il; response to retinoic acid; and ZFIN*
retinoic acid receptor signaling pathway
Sequence-specific DNA binding activity; Egi\:?zce?ngOM'
5 pparda neL!ra.lI crest cell development and responseto  ppard Schaaf, 2017:
activity ZEIN*
Chromatin binding activity; contribution to Noyac and .
L . - Heinzel, 2004;
6 arntlb DNA binding activity; photoperiodism and arnt )
. . . Schaaf, 2017;
positive regulation of gene expression ZEIN*
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Nuclear receptor activity; regulation of Novac and
7 thrb transcription and DNA-templated; sensory thrb Heinzel, 2004;
organ development; and thyroid hormone Schaaf, 2017;
mediated signaling pathway ZFIN*
Nuclear receptor and steroid hormone receptor Novac and
8 nriiz activities; regulation of transcription and nrii2 Heinzel, 2004;
DNA-templated; response to toxic substance; Schaaf, 2017;
and transcription by RNA polymerase 1l ZFIN*
Steroid binding and steroid hormone receptor No_vac and .
9 pgr activities; luteinizing hormone signaling pgr Heinzel, 2004_1’
pathway and ovulation. Schaaf, 2017;
ZFIN*
Predicted: DNA-binding transcription factor Novac and
activity; RNA polymerase I1-specific and Heinzel, 2004;
RNA polymerase Il cis-regulatory region Schaaf, 2017;
sequence-specific DNA binding activity; RNA ZFIN*
10 ppardb polymerase Il repressing transcription factor ppard
binding activity; negative regulation of
cholesterol storage; positive regulation of fatty
acid metabolic process; and regulation of
transcription by RNA polymerase 11
Predicted: RNA polymerase Il cis-regulatory Novac and
region sequence-specific DNA binding and Heinzel, 2004;
1 nroc2 nuclear receptor activities; cell differentiation; nr2c2 Schaaf, 2017;
positive regulation of embryonic development; ZFIN*
and positive regulation of transcription by
RNA polymerase 11
Exhibits estrogen receptor, nuclear receptor, Noyac and )
12 esr2b and steroid hormone binding activities; esr2 Heinzel, 200&_1’
response to estrogen Schaaf, 2017;
ZFIN*
Predicted: DNA-binding transcription factor Novac and
activity; RNA polymerase Il-specific and Heinzel, 2004;
RNA polymerase Il cis-regulatory region Schaaf, 2017,
sequence-specific DNA binding activity; RNA ZFIN*
13 pparaa polymerase Il repressing transcription factor ppara
binding activity; negative regulation of
cholesterol storage; positive regulation of fatty
acid metabolic process; and regulation of
transcription by RNA polymerase |1
DNA-binding transcription factor activity; Noyac and .
14 arnt2 animal organ development; neuron arnt2 Heinzel, 200‘_1’
. S . Schaaf, 2017;
differentiation; and response to hypoxia ZEIN*
Predicted: RNA polymerase 1l cis-regulatory Novac and
region sequence-specific DNA binding Heinzel, 2004,
15 rarab activity and nuclear receptor activity; animal rara Schaaf, 2017,
organ development and pectoral fin ZFIN*
development
Novac and
Heinzel, 2004;
16 nr2c2ap Unkown nr2c2ap Schaaf, 2017:
ZFIN*
17 Ahe2 Nuclear receptor and sequence-specific DNA Hgi\:feinzdoom

binding activities; contribution to DNA
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binding activity; including fin development; Schaaf, 2017;

ovarian follicle development; and positive ZFIN*

regulation of transcription by RNA

polymerase Il

Predicted: neuregulin binding, neuregulin Novac and

receptor, and transmembrane receptor protein Heinzel, 2004;

tyrosine kinase activities; positive regulation Schaaf, 2017;
18 erbb3a of cell population proliferation; positive erbb3 ZFIN*

regulation of kinase activity; and
transmembrane receptor protein tyrosine
kinase signaling pathway

Predicted: Nuclear receptor and retinoic acid- Novac and
responsive element binding activities; Heinzel, 2004;
19 rxraa regulation of transcription by RNA rxra Schaaf, 2017;
polymerase Il; response to retinoic acid; and ZFIN*
retinoic acid receptor signaling pathway
Nuclear receptor activity; regulation of Novac and
20 thraa transcription b_y RNA polymerase I1; thyroid thra Heinzel, 2004,
hormone mediated signaling pathway; and Schaaf, 2017;
ventricular system development. ZFIN*
Novac and

DNA-binding transcription factor and RNA

21 ahrlb polymerase Il-specific and ligand-activated ahr Heinzel, ZOOL};
. S Schaaf, 2017,
transcription factor activities ZEIN*

*ZFIN: Gene data for this paper were retrieved from the Zebrafish Information Network (ZFIN), University
of Oregon, Eugene, OR 97403-5274; URL.: http://zfin.org/
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Relation to the thesis

There are significant ethical and methodological concerns for using zebrafish as model organisms for testing
EDCs, as well as aquatic environmental risks from EDC accumulation. The 3Rs are essential values in
legislation and guidelines governing the ethical use of animals in experiments. Hence, there is an ethical
obligation to minimize the pain, stress, and suffering of fish, although there is still debate about whether fish
can experience pain or have consciousness. Methodological challenges include de-differentiation of primary
zebrafish tissues for ex vivo cultures on conventional cell culture substrates. Therefore, the engineered in vitro
zebrafish liver model not only mimics the natural zebrafish liver, but also complements alternatives to animal
testing.

The main challenge for adapting in vitro tissue models is that the cells do not form into
physiologically similar units which maintain the structural and functional characteristics of their target organs.
This study addresses this challenge by creating a hydrogel system which provides repeatable and consistent
hepatoid formation from a singularized cell line. The hydrogel drove cells to form a cell sheet with a

canaliculi-like structure compared to its stiffer gel counterpart. The hepatoids cultured on the softer gel

81


https://doi.org/10.1021/acs.est.0c01988

CHAPTER 5. ZEBRAFISH LIVER CELL CLUSTER CULTURE ON COLLAGEN-BASED HYDROGELS

exhibited the more active urea production and Vtg levels upon exposure to estrogenic compounds. By creating
a stable zebrafish liver model in vitro, researchers can test EDCs and other water-borne chemicals in a reliable
manner. Moreover, what can be used from this study is the hydrogel construct which can regulate phenotypes
of human hepatocytes or other cell types and engineer human organoids. Therefore, this study is broadly

applicable to toxicology testing where the use of live animal models is costly or ethically prohibited.

5.1 Abstract

Endocrine disrupting chemicals (EDCs) include synthetic compounds that mimic the structure or function of
natural hormones. While most studies utilize live embryos or primary cells from adult fish, these cells rapidly
lose functionality when cultured on plastic or glass substrates coated with extracellular matrix proteins. This
study hypothesizes that the softness of a matrix with adhered fish cells can regulate the intercellular
organization and physiological function of engineered hepatoids during EDC exposure. We scrutinized this
hypothesis by culturing zebrafish hepatocytes (ZF-L) on collagen-based hydrogels with controlled elastic
moduli by examining morphology, urea production, and intracellular oxidative stress of hepatoids exposed to
17p-estradiol (E2). Interestingly, the softer gel drove cells to form a cell sheet with a canaliculi-like structure
compared to its stiffer gel counterpart. The hepatoids cultured on the softer gel exhibited the more active urea
production upon exposure to E2 and displayed faster recovery of intracellular reactive oxygen species level
confirmed by gradient light interference microscopy (GLIM), a live-cell imaging technique. These results are
broadly useful to improve screening and understanding of potential EDC impacts on aquatic organisms and

human health.

Keywords: Endocrine disrupting chemicals; Hydrogels; zebrafish hepatocytes; Zebrafish; 17p-estradiol

5.2 Introduction

For the last few decades, endocrine disrupting chemicals (EDCs) have been extensively used in various
industrial and household products and medicine. It is well documented that the majority of endocrine
disruption effects in field populations are due to exposure to natural and synthetic steroidal estrogens and
their breakdown products such as E2 [1]. Certain industrial chemicals also have shown an estrogenic activity.
For example, bisphenol A is a precursor of polycarbonate plastics and resins [2]. Another chemical, di(2-
ethylhexyl) phthalate, is used as a plasticizer of food packaging and medical devices [3]. The subsequent
increase in EDC levels in the river and potential drinking water prompted efforts to understand their impacts
on the human endocrine system. EDCs may disrupt endocrine pathways through mimicking naturally
occurring hormones or by blocking receptors. As they are transported into the liver for metabolic degradation,
chronic exposure can result in non-alcoholic fatty liver disease which severely impacts metabolism,
potentially leading to cirrhosis or cancer [4]. Thus, a platform must be developed to test chemical substitutes

for their potentially adverse effects on liver morphology and function.
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One common way to examine the potential toxicity of EDCs is through the examination of the
zebrafish (Danio rerio), a standard testing fish species for biomonitoring due to their small size, easy
cultivation, and transparent embryos. As EDCs are accumulated in the liver, the zebrafish liver would be an
ideal organ to develop into an in vitro platform. Zebrafish sensitivity to toxins in the water is evaluated by
examining damage in the DNA or chromosomes, P450 detoxification activity, and endocrine activity at the
RNA level [5]. Endocrine disruption is not species-specific; therefore, EDC effects are widespread and often
irreversible [6,7]. Many studies report the zebrafish liver would make a useful model for accurate prediction
of both endocrine effects and reproductive toxicity [5,8,9].

With the movement away from animal models due to ethical reasons and tight regulations on their
captivity, an alternative way to test the potential toxicity of current and newly developed EDCs without using
the “live” zebrafish is necessary [14], especially for the cosmetic industry due to the complete ban of animal
testing in the European Union since 2013 [15]. Consequently, efforts have been increasingly made to engineer
an in vitro 3D hepatic platform that recapitulates anatomical and physiological function of liver to test the
potential impacts of chemical compounds on liver function. In particular, spheroids formed from primary
trout hepatocytes were found to present canalicular structures and have similar gene expression profiles as in
vivo trout livers, as long as the spheroids matured for 25 days [16]. Additionally, there have been efforts to
create in vitro liver models that closely predict human metabolism and match in vivo clearance rates when
exposed to common pharmaceuticals like propranolol [17]. Despite challenges such as extended culture
periods, these results show promising advances in replacing fish models in vitro.

Many approaches of 2D cell culture were focused on primary liver cells or cell lines into clusters
using an ultra-low-adhesion dish or the hanging drop method. Other methods culture the cells on a flat surface
like tissue culture plastic or glass coated with extracellular matrix proteins. However, cells isolated from
tissues lose their phenotypes quickly through uncontrolled de-differentiation [10]. It is suggested that liver
cells would exhibit a reasonable reorganizational period by placing cells into a physiologically similar
microenvironment. Ultimately, cells would form a more cohesive structure and well-defined functional units
during the first couple of days. These insights have not been widely tested for assembling zebrafish liver
hepatoids used for EDC toxicology studies. However, studies made with hydrogel coupled with cell-adherent
proteins have shown positive effects of substrate softness on cell viability and metabolic secretions in primary
cells as compared to the unmodified gel [11-13]. In particular, rat primary hepatocytes cultured on heparin-
PEG hydrogels with an elastic modulus of 2.3 kPa showed higher cell viability, albumin secretion, and urea
secretion than cells cultured on stiffer heparin-PEG hydrogels [11]. In addition, mouse primary hepatocytes
on collagen-polyacrylamide hydrogels with an elastic modulus of 140 Pa showed significantly higher albumin
production and HNF4a expression, a transcriptional regulatory factor that is critical in normal liver
development and maintaining normal liver functions, than those cultured on a stiffer hydrogel [13]. These
studies state that the elastic modulus of the substrate to which hepatocytes are cultured is an extracellular
factor of modulating hepatocyte function and structure in an in vitro culture.

In this study, we hypothesized that the softness of a matrix modulates whether zebrafish hepatocytes
can regulate their intercellular organization. In turn, the response of the resulting “hepatoid-like cluster”
(hepatoid) to EDC through modulation of cell-matrix interaction. The matrix softness would mitigate the

effects of EDCs on cellular detoxification activity through the urea cycle. We examined this hypothesis using
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E2 as a model EDC [18,19], and studied the morphology and metabolic activity of zebrafish hepatocytes
cultured on collagen-based gels with two different elastic moduli of 14 and 256 Pa. We assessed cellular
oxidative stress from E2 by monitoring the reactive oxidative species activity in real-time using a fluorescent
probe. The extent that E2 affects the detoxification activity of cells is monitored by the urea cycle activity of
liver cells exposed to different concentrations of E2. Overall, this study aims to develop an advanced in vitro
zebrafish liver and use it to understand the impact of EDCs on the physiological activities of urea and

vitellogenin synthesis.

5.3 Materials and Methods

5.3.1 ATCC Zebrafish cell culture

Zebrafish hepatocytes (ZFL; ATCC CRL-2643) were cultured in 50% Leibovitz’s L-15, 35% Dulbecco's
Modified Eagle Medium high glucose, and 15% Ham’s F12, all without sodium bicarbonate and
supplemented with 0.15 g/L sodium bicarbonate, 15 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES), 0.01 mg/mL bovine insulin, 5% heat-inactivated fetal bovine serum, and 0.5% trout serum (Caisson
Laboratory). Cells were expanded in T-75 flasks and incubated at 28°C and atmospheric carbon dioxide in a
tabletop, low temperature incubator (Fisherbrand™). We used cells with a passage number of 3 to 5 for
hepatoid formation on gels with controlled elastic moduli. Media was formulated in the University of Illinois
Cell Media Facility, except for the trout serum, which was added separately, and the completed medium was
not sterile filtered. Cells were cultured in T-75 flasks until about 80% confluent and cryopreserved using the
culture medium supplemented with 10% heat-inactivated fetal bovine serum and 5% DMSO. Cells were

cryopreserved in vapor phase liquid nitrogen.

5.3.2 Collagen-polyethylene glycol (PEG) hydrogel formation

Collagen-polyethylene glycol (collagen-PEG) hydrogels were prepared in 96-well plates via in situ cross-
linking between collagen molecules by mixing PEG (Sigma, MW 7500) at mass ratios of O (pure collagen)
and 10 to bovine Type | collagen (Advanced Biomatrix) in an equal volume of the zebrafish medium.
Reconstitution solution containing 0.26 M sodium hydrogen carbonate, 0.2 M HEPES, and 0.04 M sodium
hydroxide (Sigma) was added to modulate the pH of the gel to initiate gel formation. Hydrogels were then
incubated at 37°C and 5% CO, for 30 minutes. Cells were plated directly onto hydrogels at a cell density of
1.0 x 106 cells/mL and cultured for 14 days at 28°C and atmospheric carbon dioxide. The media was replaced

every two to three days.

5.3.3 Mechanical analysis
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The elastic modulus of the hydrogels was measured using a rheometer (DHR-3, TA Instruments). Collagen
and collagen-PEG gels were prepared as previously described and loaded onto the parallel plate (diameter =
22 mm). Gap between two plates was kept constant at 200 um. The hydrogel was left for 20 minutes at 37°C
to gel. Then, the hydrogel was oscillated at 0.1% strain while varying frequency from 0.1 to 10 Hz. The
resulting stress was measured to calculate elastic and loss moduli at individual frequency. The test was
conducted in triplicate.

5.3.4 Scanning electron Microscopy (SEM)

Collagen and collagen-PEG hydrogels were formed in a 96-well plate as previously described. Then, they
were removed with a spatula and slowly dehydrated in 30%, 50%, and 70% w/w ethanol-water solution for
at least an hour each and 100% ethanol overnight. The dehydrated gels were dried using the critical point
dryer (Tousimis 931). SEM (Hitachi S4700) imaging was performed directly after drying the samples. First,
the samples were mounted using copper tape and coated with a 6-8 nm layer of gold (EMITECH 575). Images
were taken with an accelerating voltage of 2 kV, a working distance of 8-9 mm, and the emission current was
adjusted to reduce sample damage. The pore area and fiber diameter were measured using ImageJ software.
For the pore area, an automatic threshold was applied to remove the background and the particle analyzer
tool was using to measure pores that were higher than 1 um?. The average pore area was calculated by dividing
the total pore area by the area of collagen. Fiber diameter was directly measured and at least 20 measurements

were taken from each image. The statistical significance was calculated using the ANOVA test.

5.3.5 Immunofluorescence imaging

Cells were cultured for two weeks on collagen or collagen-PEG hydrogels installed on glass bottom dishes
(Cellvis). Then they were fixed with 1:1 v/v methanol and acetone at -20°C for 20 minutes. Then, the samples
were washed twice with room temperature phosphate buffered saline (PBS, Corning) for five minutes each.
Cells were blocked with 2% bovine serum albumin for 1 hour. Cells fixation using this method is not needed
an extra permeabilization step as they are permeabilized by acetone and methanol. The cells were stained
with phalloidin-Alexa 488 (Invitrogen) overnight at 4°C (1:250) for the imaging of actin filaments and
washed twice with PBS for five minutes each. 4",6-diamidino-2-phenylindole (DAPI) was incubated at room
temperature for one minute (1:500) and washed twice for one minute each immediately before imaging. For
B1-integrin staining, the primary antibody P5D2 (Abcam) was incubated overnight at 4°C. The sample was
then washed twice with PBS for five minutes each. Then, the secondary antibody anti-mouse conjugated
AF555 (Cell Signaling Technology, 4409S) was incubated for four hours at room temperature. Then, the
samples were washed with PBS twice for five minutes each. Finally, nuclei of the cells were imaged with
DAPI immediately before imaging. Although the P5D2 antibody is noted as only reactive with human cells,
according to the National Center for Biotechnology Information, zebrafish and humans are orthologs for 1

integrin which would suggest that the antibody will have cross-species reactivity [20].
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The images were taken using a four laser, point scanning confocal microscope (Zeiss LSM 175
700), the 10x/0.3 or the 20x/0.8 air objectives were used. Images of the cells were obtained using the tile scan
feature. The pinhole for all channels was set to the size of one Airy unit for the DAPI channel. The line
averaging was set to 8 times and the pixel dwell time was set to 1.58 us. Image acquisition and review were

done through the Zeiss Zen (Black and Blue, respectively) programs.

5.3.6 Bicinchoninic acid (BCA) protein assay

The Pierce™ BCA Protein Assay Kit (Thermo Fisher Scientific 23225) was used to determine the total protein
concentration of the zebrafish hepatoid samples. The microplate protocol was followed using the instructions
provided with the assay kit. Samples were tested in triplicate. Samples were collected from the culture on
days 1, 7, and 14. First, diluted albumin standards were made so that there was a range of standard from 0 to
2,000 ng/ mL of BSA concentration. Then, the working reagent was prepared by mixing 50:1 BCA reagent A
to B. The solution was mixed to reduce turbidity and yielding the clear, green color as described. The working
reagent was prepared fresh, immediately before starting the assay. Following the microplate procedure, 25
pL of each standard and unknown were pipetted into a 96-well plate. Then, 200 pL of the working reagent
was pipetted into each well and mixed thoroughly by pipette. The plate was covered, protected from light,
and placed into an incubator at 37°C for 30 minutes. Finally, the plate was cooled to room temperature and

read at 562 nm wavelength on a plate reader (BioTek).

5.3.7 17p-estradiol and bisphenol A treatment

Zebrafish hepatocytes were plated at a density of 1.0 x 108 cells/mL and cultured in the conditions as
described above for 14 days. A stock solution of E2 or BPA was prepared with a DMSO solution, 0.1 wt% in
water. Then, for 24 hours, the cells were exposed to 0, 1, or 10 nM of E2 or BPA in cell culture media. The

cells were analyzed after the 24-hour exposure period.

5.3.8 Urea colorimetric assay

Cell culture media was collected from each condition and stored at -20°C for short-term storage until testing.
The low concentration urea assay kit (BioVision K375) was used to determine the urea cycle activity. The
media samples and kit components were first warmed to room temperature. Then in a 96 well plate, the
standard curve and samples were prepared according to the manufacturer’s instructions. Each condition was
tested in triplicate. The colorimetric output was read at 570 nm using a plate reader (BioTek). Then the data
was analyzed using and ANOVA test to determine significance. The media was collected from each condition
and stored at -5°C until use for experiments. Urea synthesis was assayed in cell culture medium using the

urea assay kit (MAKO06, Sigma Aldrich, Steinheim, Germany). A standard curve was created to generate 0,
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1, 2, 3, 4, and 5 nmol urea/well. Then, each 50 uL of the media was applied to the 96 well for urea
quantification according to the manufacturer’s instruction. The colorimetric product was measured at
wavelengths of 570 nm using a microplate reader (TECAN, Mannedorf, Switzerland). Each condition was

tested in triplicate and statistical significance was measured using and ANOVA test.

5.3.9 Vitellogenin (Vtg) measurements and immunofluorescent staining

Vtg was measured in cell pellets using an ELISA kit (10004995; Cayman Chemical, Ann Arbor, MI, USA).
A cell concentration of 1.0 x 108 cells/mL was seeded on collagen and collagen-PEG coated well plates and
cultured for 14 days. Then, the cells were exposed to 1 nM of E2 (Sigma Aldrich) and 10 pM of BPA (Sigma
Aldrich) for 48 hours, respectively. The cell pellets were collected in 1.5 mL tubes and centrifuged for 5
minutes at 125 x g, and the supernatants were discarded and washed with cold PBS. The pellets were lysed
with passive lysis buffer (Promega, Mannheim, Germany) after re-centrifugation. The supernatants were used
for the vitellogenin quantification according to the manufacturer’s instructions (Cayman Chemical). Each
sample was normalized by total protein content, which was calculated using the BCA protein assay. And the
ANOVA test was run to determine significance of the results for the hepatoids cultured on the collagen-PEG
hydrogel. For vitellogenin staining, the primary antibody vitellogenin (LifeSpan, LS-C76845-100) was
incubated overnight at 4°C. The sample was then washed twice with PBS for five minutes each. Subsequently,
the secondary antibody anti-mouse conjugated FITC (Thermo Fisher Scientific, 31232) was incubated for
two hours at room temperature. Then, the samples were washed with PBS three times every five minutes.

Finally, nuclei of the cells were stained with DAPI immediately before imaging.

5.3.10 Live cell imaging with E2

Glass bottom dishes with dimensions of 29 mm diameter, 14 mm diameter well, #0 glass, and glass top (D29-
14-0-TOP, Cellvis) were first coated with poly-D-lysine (Sigma) for 20 minutes and then washed 2x with
culture media to remove the excess chemical. Zebrafish hepatocytes (ATCC CRL-2643) were seeded at 5,000
cells per dish and allowed to adhere for 10 minutes before being coated by collagen or collagen-PEG hydrogel
as described above. Cells were cultured in this manner because of the short working distance of the
microscope objective. Therefore, cells needed to be cultured as close to the glass cover slip as possible. After
the hydrogel formed, 3 mL of culture media was added and the cells were incubated in the conditions
previously described. The cells were then cultured for 2 days prior to the live cell imaging experiment to
ensure that the cells were interacting with the hydrogel and each other without forming large clustered
structures. Thus, individual cell ROS levels could be analyzed. Before imaging, zebrafish culture medium
with 0, 1, and 10 nM of E2 (Sigma-Aldrich) replaced the media and 6 pL/3 mL of CellROX® Green Reagent
(Thermo Fisher Scientific) was added to each sample. Co-localized fluorescence and phase imaging was
performed on an Axio Observer Z1 (Zeiss) with GLIM Pro add-on module (Phi Optics). Gradient light

interference microscopy is an upgrade to differential interference contrast microscopy that uses phase-shift

87



CHAPTER 5. ZEBRAFISH LIVER CELL CLUSTER CULTURE ON COLLAGEN-BASED HYDROGELS

shifting to improve image quality by separating unwanted amplitude information from high detail phase
information [21]. Here we use a 10x/0.3 objective and sSCMOS camera (Prime BSI, Photometrics). Imaging
began 20 minutes after adding the CellRox™ dye with a total of 18 representative fields of view (1150 x 1150
um) acquired every 30 minutes for 16 hours. The images were then analyzed with ImageJ (Fiji) to measure
signal intensity from the CellROX reagent as well as overlay the GLIM and fluorescent images. To measure
the intensity, images from the same sample were loaded into ImageJ as a sequence in chronological order.
Then, a region of interest (ROI) was enclosed using an oval, ensuring that the entire cell cluster or single cell
was within the boundaries of the ROI for the entire set of images. Using the stacks menu, the Z-axis profile
was plotted, and the values were exported to Excel for further analysis. The Z-axis profile plots the mean
grey signal of the ROI. At least 10 ROI were chosen per sample. In Excel, the data was averaged and

normalized to the control sample of 0 nM E2 for each hydrogel modulus respectively.

5.4 Results and Discussion

Increasing the pH of the pre-gelled collagen solution and the collagen-polyethylene glycol (PEG) mixture
from 2.0 to 7.4 resulted in the collagen gel and collagen-PEG gel, respectively. Both hydrogels are made with
interconnected fibrous networks as confirmed with scanning electron microscope images (Figure 5.1). The
PEG in the collagen-PEG gel altered the diameter and spacing of collagen fibers minimally compared with
the pure collagen gel (Table 5.1). In contrast, an elastic modulus of the PEG-collagen gel was 14 Pa while
that of the pure collagen gel was 274 Pa. This result confirms that PEG modulates the mechanical stiffness

of the collagen gel without altering the microstructure significantly.

P s o
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Figure 5.1. Two hydrogels were formulated; pure collagen and collagen mixed with polyethylene glycol
(PEG) and imaged with scanning electron microscopy. The black scale bars represent 5 um.

This collagen-PEG hydrogel system allows for the control of the elastic modulus without

significantly altering other matrix parameters like the pore area and fiber diameter. Microscopic images of
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the gel confirm that there is no significant difference in microstructure, independent of the change in softness.
As analyzed previously [22], it is likely that PEG depletes the hydrogen bonds between water molecules and
collagen fibers, which are major components to generate the elastic properties of the gel. As the free water
molecules are depleted, the fibrillogenesis of the collagen fibers is hindered, resulting in a softer hydrogel.
Such change of the intermolecular association at the molecular scale may influence the stiffness of individual
collagen fibers but may not impact the pore size of the gel. This strategy to control gel softness is different
from other formulations in that the PEG act as spacers between the collagen fibers instead of being used to

chemically cross-link collagen molecules [23,24].

Table 5.1. The shear modulus was decreased from 256 to 14 Pa with the addition of PEG at a mass ratio of
PEG to collagen being 10:1. The concentration of collagen was held constant for both hydrogel formulations
at 1.5 mg/ ml. The asterisk indicates statistical significance of the difference of values between two conditions
(*P < 0.02).

PEG: Collagen (m/ m) Shear modulus (Pa) Fiber diameter (um) Pore area (um?)
10:1 14+1 * 0.10+0.02 0.53+0.21
0:1 256+ 132 * 0.09 +0.02 0.38+0.19

The zebrafish hepatocytes were seeded onto the gels with controlled elastic moduli. Then, cell
growth was monitored for two weeks by measuring total protein concentrations with a BCA protein assay kit
(Figure 5.2a). The total protein concentration was increased at a comparable rate regardless of the elastic
modulus of the gel. In contrast, the elastic modulus of the gel influenced cellular organization. Cells cultured
on the pure collagen gel with an elastic modulus of 256 Pa proliferated independently, or in small clusters
(Figure 5.2c-iv). However, cells cultured on the softer collagen-PEG gel with an elastic modulus of 14 Pa
aggregated to form a large cell sheet (Figure 5.2c-i). More interestingly, the cells self-organized on the
were localized on the cell membrane more significantly than cells cultured on the stiffer pure collagen gel.
Furthermore, cells cultured on the softer collagen-PEG gel expressed more Bl-integrins than those cultured
on the pure collagen gel (Figure 5.2b and 5.2d). To further clarify that the zebrafish hepatoid ultrastructure
was a direct result of the elastic modulus of the hydrogel, singularized hepatocytes were pre-exposed to PEG
prior to plating (Supplementary Figure 5.1). After 14 days of culture, the cells were immunostained for actin
filaments as well as f1-integrin expression. The cells pre-exposed to the PEG, which is the same PEG used
to assemble the collagen-PEG hydrogels, did not show significant changes in actin or integrin expression
from cells plated on the collagen-PEG hydrogel without pre-exposure to the soluble PEG. In addition, cells
pre-exposed to PEG formed canaliculi-like structures, like cells that were not pre-exposed to the soluble PEG.
Thus, it is suggested that the PEG that is present in the collagen-PEG hydrogel acts as a neutral softener with
minimal interactions with the zebrafish hepatocytes during hepatoid formation.

When observing the B1-integrin expression, which indicates cellular adhesion to the matrix, the

softer collagen-PEG hydrogel served to increase 31-integrin expression of cells than the stiffer, pure collagen
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hydrogel. Previous studies report that cell clusters formed or placed on a bioactive 2D substrate sense and
respond to biophysical properties of the matrix via integrin-ligand bonds and cell-cell junctions [25,26]. As
such, we suggest that hepatocytes bound to collagen molecules of the softer gel sense the mechanical signal
from the substrate, increase cellular adhesion and growth, and finally form a cell sheet in which cells are
interconnected to form the canaliculi-like structure. Cells homogenously mixed into the hydrogel failed to
associate with each other, thus resulting in few clusters with the physiologically relevant ultrastructure. These
results indicate that the cells cultured on the 14 Pa collagen-PEG hydrogel were the most physiologically
organized even though there was an independency of cell growth on the gel stiffness.

This study demonstrates that the softness of the collagen-PEG hydrogel plays a significant role in
regulating the intercellular organization of engineered zebrafish hepatoids. Ex vivo cells frequently de-
differentiate when cultured on a substrate which has a different modulus from the native tissue. By plating
the hepatocytes onto a soft hydrogel with stiffness relatable to the yolk of the zebrafish egg, cells will
experience a biophysical cues which will result in hepatoids with higher physiological relevance. In particular,
mouse hepatocytes cultured on stiffer collagen-polyacrylamide hydrogels exhibited larger cell areas and
decreased expression of HNF4aq, a transcriptional regulatory factor [13]. Because this factor controls many
downstream factors and functions, culturing mouse hepatocytes on stiff substrates results in reduced
hepatocyte function. Specifically functional mMRNA expression levels of Baat, F7, and Gys2 are lowered in
addition to HNF4a, according to the previous study made with mouse hepatocytes. Compared with this study,
the cells cultured on the softer gel, with an elastic modulus of 14 Pa, formed cohesive sheet-like structures
with a canaliculi-like intercellular organization as seen in the actin staining images (Figure 5.2c). Canaliculi
eventually fuse to form bile ducts in the adult zebrafish [9,27]. The bile ducts and blood vessels are jointly
responsible for clearing metabolic waste from the hepatocytes [8,28]. In contrast, the hepatocytes on the
stiffer collagen hydrogel, with an elastic modulus of 256 Pa, formed separated, small cell clusters. By
introducing the hepatocytes into a softer microenvironment, the organotypic 3D organization resembled that

of a zebrafish liver.
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Figure 5.2. Zebrafish hepatocytes (ATCC® CRL-2643™) cultured on the collagen and collagen-PEG gels
with different elastic moduli. () The total protein concentration assay after 1, 7, and 14 days of culture. The
values and error bars represent the mean and standard deviation of three samples per condition, respectively.
(b) Immunofluorescent staining of hepatocytes at days 2 and 5 for blue-colored nuclei and green-colored 1-
integrin. (c—d) Immunofluorescent staining of hepatocytes after 14 days of culture on the gel. The images in
(c) show blue-colored nuclei and green-colored actin filament in cells cultured on the pure collagen gel with
an elastic modulus of 14 Pa (i, ii) and collagen-PEG gel with an elastic modulus of 256 Pa (iii). White dot
circles mark hollow lumen formed by self-organization of hepatocytes. The images in (d) show blue-colored
nuclei and green-colored B1-integrin in cells cultured on the pure collagen gel with an elastic modulus of 14
Pa (i, ii) and collagen-PEG gel with an elastic modulus of 256 Pa (iii). In each image, white scale bars
represent 50 um.

The physiological activity of hepatocytes cultured on the gels was analyzed by examining the
ornithine-urea cycle, which is the primary pathway to detoxify ammonia and amino acids in the liver. Cells
were analyzed at 27°C and 37°C, which represents the zebrafish and human body temperature, respectively
(Figure 5.3). Cellular hepatic cycle activity increased with the cell culture period. After 2 weeks, cells cultured
on the collagen-PEG gel with an elastic modulus of 14 Pa displayed higher hepatic urea activity than those
on the pure collagen gel with an elastic modulus of 256 Pa (Figure 5.3a). The inverse dependency of hepatic

urea activity on the elastic modulus was more significant at 37°C (Figure 5.3b).
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Figure 5.3. Analysis of urea cycle activity for zebrafish hepatocytes cultured on the gels with different elastic
moduli. (&) The urea concentration was measured after 2, 4, and 14 days of culture. (b) Comparison of the
urea cycle activity was made between 27°C and 37°C to evaluate the effects of environmental temperature.
The values and error bars represent the mean and standard deviation of three samples per condition,
respectively. The asterisk indicates statistical significance of the values between conditions (*P < 0.05).

We further assessed the extent to which the elastic modulus of the gel modulates hepatic urea cycle
activities at varied concentrations of E2. E2 binds with estrogen receptors to produce Vtg in the female
zebrafish and its concentration is regulated in the liver through metabolic degradation [29]. E2 stimulated the
hepatic urea cycle activity as displayed, with an increase of the urea concentration with increasing E2
concentration (Figure 5.4). Interestingly, the dependency of the urea cycle activity on the E2 concentration
was more substantial with cells cultured on the collagen-PEG gel with an elastic modulus of 14 Pa than those
cultured on the pure collagen gel with an elastic modulus of 256 Pa. Such an inverse dependency of the urea
concentration on the elastic modulus of the gel is attributed to the cellular B1-integrin expression increased
with the softer gel.
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Figure 5.4. Analysis of hepatic urea cycle activity of zebrafish hepatocytes. Cells were cultured on the
collagen gel with an elastic modulus of 14 Pa and the collagen-PEG hydrogel with an elastic modulus of 256
Pa for two weeks before exposure to 17B-estradiol (E2). Then, cells were exposed to 0, 1, and 10 nM of E2
for 24 hours. The values and error bars represent the mean and standard deviation of three samples per
condition, respectively. The asterisk indicates statistical significance of the values between conditions (*P <
0.05).

In addition, as shown in Figure 5.5, BPA and E2 were found to have effective Vtg responses in the
zebrafish hepatocyte clusters formed on collagen and collagen-PEG hydrogels. The hepatocytes cultured in
a 2D monolayer on a polystyrene substrate did not markedly induce Vtg production in the presence of E2 or
BPA (Figure 5.5a). In contrast, zebrafish hepatocyte clusters formed on collagen-PEG hydrogels with an
elastic modulus of 14 Pa resulted in a significant increases of Vtg activity at a concentration of 10 nM of E2
or 10 uM of BPA. Hepatocyte clusters formed on the collagen gel with an elastic modulus of 256 Pa showed
minimal Vg activities after exposure to E2 or BPA, similar to cells cultured on a polystyrene substrate (Figure
5.5h). Vtg is the serum phospholipoglycoprotein precursor to egg yolk. It is potentially an ideal biomarker
for environmental estrogens because estrogen receptors in the fish liver regulate vitellogenesis [30]. Vtg is
typically found in the blood of female fish, whereas in male fish, the level is very low. However, Vtg synthesis
can be induced in male fish if they are exposed to exogenous estrogens [31]. Therefore the presence of Vtg
in a male fish can be considered a sensitive biomarker of estrogenic chemical exposure [32]. Therefore, E2
is considered as represent EDCs in environmental system and the synthesis of Vtg in aquatic organisms is

very important marker for assessing endocrine disturbances by natural hormones and EDCs.
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Figure 5.5. Analysis of the vitellogenin (Vtg) in zebrafish hepatocytes after 14 days of culture on a 2D
polystyrene substrate, collagen-PEG (elastic modulus ~ 14 Pa), and collagen (elastic modulus ~ 256 Pa)
hydrogels. (a) Immunofluorescent staining with DAPI (blue) and Vtg (green) of zebrafish hepatocytes
exposed to 10 nM of E2 or 10uM of BPA for 24 hours. (b) The Vtg concentrations as measured with ELISA.
The white scale bars indicate 100 pm. The asterisk indicates statistical significance of the values between
conditions (*P < 0.01).
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A previous study by the US Environmental Protection Agency (EPA) and US National Toxicology
Program (NTP) set 75 uM (17.2 mg/L) as the maximum BPA concentration detected in an environmental
sample [33]. In addition, Frangois Brio et al showed that 10 uM of BPA revealed maximum estrogenic activity
of the estrogen receptor and aromatase in zebrafish hepatocytes and larvae [34]. Therefore, zebrafish
hepatocytes were exposed to either E2 or BPA. BPA stimulates estrogenic activity of hepatocyte clusters
similar to E2. This result suggests that zebrafish hepatoids similarly metabolize both chemicals into Vtg.
However, the effect is significantly different depending on the substrate on which the zebrafish hepatocytes
are cultured. The hepatoids cultured on the pure collagen hydrogel with an elastic modulus of 256 Pa did not
respond to the EDCs as the hepatoids on the collagen-PEG hydrogels. From the earlier result, hepatoids on
the stiffer hydrogel had disorganized tissue structure as compared to the hepatoids cultured on the softer
hydrogels (Figure 5.2c). Therefore, the difference in Vtg synthesis levels could be because physiologically
similar tissue organization promotes high levels of hepatoid functionality. Thus, the disorganized cells on the
2D plastic substrate and the disorganized hepatoid formed on the pure collagen hydrogel had low response to
EDC exposure. It is likely that the rate of estrogenic activity is altered by the substrate stiffness. This
possibility will be examined systematically in future studies.

The combined effects of estrogen concentration and gel softness on the cellular urea production are
further related to the change in the ROS-mediated intracellular oxidative stress level. As the liver induces Vtg
synthesis using the excess E2, cells produce ROS which impacts cells negatively. In particular, we evaluated
the general oxidative stress of the cells by monitoring the intracellular ROS level through the oxidation of the
CellROX probe via live cell imaging for 16 hours. This study discloses that hepatoid-like clusters formed on
the softer collagen-PEG hydrogels are able to return the ROS level to a baseline at the elevated E2
concentration. In contrast, cell clusters formed on the stiffer collagen hydrogel exhibited a higher ROS level

for both elevated E2 conditions. In addition, cell clusters showed a drop of ROS level below baseline when
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exposed to 10 nM EZ2, indicating that some of the cells likely lost viability and metabolic activities after
exposure to excessive E2.

Because E2 is localized in the liver for biotransformation into Vtg, excessive accumulation from
naturally produced and ingested E2 will increase the generation of reactive oxygen species (ROS) through
mitochondrial and genomic pathways. Live cell imaging was taken to visualize the ROS response of the
zebrafish hepatocytes to E2 using the positive signal from the CellROX reagent (Figure 5.6). The fluorescent
intensity from the CellROX increases with increasing internal reactive oxygen species. The hepatocytes
cultured on the gel with an elastic modulus of 14 Pa displayed consistent clustered cell morphology during
the 16 hours (Figure 5.6a). The fluorescent signal from the control conditions demonstrates the homeostatic
level of ROS as a byproduct of metabolism and as a signaling molecule. As seen in all three concentrations
of E2, the hepatocytes maintained their original morphology. The ROS signal marked by oxidation of the
fluorescent probe of the CellROX® reagent was also consistent from 0 to 16 hours. However, the morphology
of the hepatocytes cultured on the stiffer gel with an elastic modulus of 256 Pa was changed rapidly during
the 16 hours after exposure to E2 (Figure 5.6b). In particular, the change in morphology from spread to
spheroidal was visible after 12 hours of exposure to 1 nM E2 (Figure 5.6b-v) and 6 hours of exposure to 10
nM E2 (Figure 5.6b-vi). Also, the hepatocytes exposed to 10 nM of E2 lost most of the ROS intensity at 16

hours.
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Figure 5.6. Live cell imaging of reactive oxygen species generation and morphology of zebrafish hepatocyte
when exposed to 0 (i, iv), 1 (ii, v), and 10 (iii, vi) nM of 17p-estradiol (E2). Images were taken every 30
minutes over 24 hours after the addition of E2 and CellROX® reagent (green). The grey scale images are
Gradient Light Interference Microscopy (GLIM) images showing the cellular morphology. (a) Zebrafish
hepatocytes cultured on the collagen-PEG hydrogel with an elastic modulus of 14 Pa. (b) Zebrafish
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hepatocytes cultured in a pure collagen hydrogel with an elastic modulus of 256 Pa. The white scalebars
indicate 40 pm. (c—d) The normalized signal intensity of CellROX® for each hydrogel stiffness, 14 and 256
Pa, comparing their reactive oxygen species generation for increasing concentrations of E2. (c) The reactive
oxygen species generation is increased for both 1 and 10 nM concentrations of E2 in the 14 Pa hydrogel and
the baseline ROS concentration is recovered after 5 hours for the 1nM concentration. (d) For the 256 Pa
hydrogel, the ROS levels are increased in both concentrations of E2, but the ROS level drops below the
control group after 12 hours for the 10 nM concentration.

The live images of ROS signal from the cells were then analyzed with the fluorescence signal
intensity (Figure 5.6¢-d). According to the quantitative analysis, even with 0 nM concentration of E2, the
zebrafish hepatocytes cultured on the hydrogel with an elastic modulus of 14 kPa exhibited lower ROS
production than the cells cultured in the 256 Pa hydrogel (Figure 5.6¢-d). When the concentration of E2 was
increased to 1 nM, the hepatocytes on the gel with an elastic modulus of 14Pa showed an increase of the ROS
signal up to 4 to 6 hrs, followed by the decrease of the intensity. In contrast, cells on the gel with an elastic
modulus of 256 Pa displayed a steeper and continuous increase of the ROS signal up to 16 hrs.

Further increase of the E2 concentration to 10 nM resulted in transient increases of ROS signal up
to 2 hrs regardless of an elastic modulus of the gel. However, the hepatocytes cultured on the gel with an
elastic modulus of 14 Pa showed a relatively slower increase in the ROS level than those on the gel with an
elastic modulus of 256 Pa. In the stiffer hydrogel, ROS generation was decreased after 12 hrs, indicating that
the cells were no longer functioning in metabolic degradation. Taken together, the cells cultured in the
collagen-PEG hydrogel with a 14 Pa modulus were better able to metabolize the increased levels of E2
without a significant impact on their morphology. In contrast, the hepatocytes cultured on the 256 Pa hydrogel
demonstrated an early loss of functionality from elevated E2 concentrations. These experiments demonstrate
an in vitro platform for the physiological impacts of endocrine-disrupting factors on zebrafish hepatoids that
exhibited similar morphology and functionality as the live zebrafish. These hepatic tissues were engineered
by culturing cells on the collagen-PEG gel with controlled stiffness while maintaining the pore area and fiber
diameter of the hydrogels. The hepatocytes cultured on the collagen-PEG hydrogel with an elastic modulus
of 14 Pa formed large sheets with intercellular canaliculi. In contrast, hepatocytes cultured on the pure
collagen hydrogel with an elastic modulus of 256 Pa grew slowly without the formation of a cell sheet. Also,
the hepatocytes cultured on the softer collagen-PEG hydrogel displayed elevated urea cycle activity and
higher sensitivity to external E2 than those cultured on the stiffer pure collagen gel. Overall, the cellular

response to the gel is attributed to the difference of the gel softness.

5.5 Summary and Conclusion

Taken together, the results of this study report that softness of cell culture substrate plays a significant role in
the assembly and physiological function of zebrafish hepatoids. The hepatoids engineered to present a
canaliculi-like structure was active to restore intracellular ROS level to normal by up-regulating

detoxification activities upon exposure to E2. Since the zebrafish shares similar embryotic characteristics and
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homology to humans, the continued study of the zebrafish hepatoid would be beneficial to understanding
human liver response to endocrine-disrupting chemicals such as E2. In addition, the results of this study will
significantly impact current studies that are often plagued by the loss of morphology and functionality of live
embryo or primary adult liver cells in vitro. Therefore, this study would be broadly useful to developing an

in vitro cell or organoid culture platform used for rapid and precise screening of potentially toxic chemicals.
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5.8 Supporting Information

Singularize Add PEG Plate cell-PEG mixture, 14 Pa
cells and wait 10 min culture for 14 days

DAPI / Actin

Supplementary Figure 5.1. Scheme of pre-coating zebrafish hepatocytes (ZF-L) with PEG and
immunofluorescence imaging of hepatoids cultured on collagen-PEG hydrogels after 14 days. Zebrafish
hepatocytes interacted with PEG monomers for 10 minutes prior to plating on collagen-PEG hydrogels with
an elastic modulus of 14 Pa. The hepatoids had similar structure as those that were not mixed with PEG prior
to plating when visualizing the nucleus (DAPI, blue) and actin filaments (green). Cell-matrix adhesions as
visualized by B1 integrin (green) showed that the cells were adhering to the collagen fibers similarly.

Materials and Methods

Pre-treatment of zebrafish hepatocytes with polyethylene glycol (PEG)

Zebrafish hepatocytes were singularized in culture medium and mixed with 1:1 ratio of PEG (Sigma,
MW 7500) for 10 minutes. After pre-treating the cells with PEG, the suspension was plated at a cell density
of 1.0 x 106 cells/ mL onto pre-formed collagen-PEG hydrogels in glass bottom dishes (Cellvis). Then, they
were cultured for 14 days at 28 °C and atmospheric carbon dioxide. The hepatoids were then stained using
the immunofluorescence imaging method for the nucleus, actin filaments (phalloidin-Alexa 555, Invitrogen),
and B1-integrin. Images were taken using a scanning confocal microscope (Zeiss LSM 710) using the 20x/0.8
air objective. Image acquisition and review were performed through the Zeiss Zen (Black and Blue,

respectively) programs.
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Relation to the thesis

This study describes the attempt to produce a unique 3D culture platform that features bioinspired strands of
electrospun nanofibers (BSeNs) and aquatic cell lines to compensate for shortcomings in the current cell
spheroid generation techniques. The integrating 3D spheroids with BSeNs mitigated against the problems
associated with hypoxia, and that the produced system is suitable for the testing of endocrine disrupting
chemicals without the need for vertebrate platforms. | believe that this study makes a significant contribution
to the literature because the use of animals for environmental testing is increasingly subjected to control,
meaning that new means of testing the toxicity of environmental chemicals is required. 3D spheroids
generally have issues involving hypoxia, and 2D platforms cannot provide results of sufficient accuracy. The
results indicate that the novel BSeN-treated spheroid can provide answers to such problems. Furthermore,
bioinspired materials that closely mimic ECM environments can yield efficient zebrafish cells with intrinsic
functions and xenobiotic metabolism similar to those of zebrafish embryos. These findings have profound

implications for designing in vitro cell culture-based monitoring platforms for alternative testing.
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6.1 Abstract

Numerous methods have been introduced to produce three-dimensional (3D) cell cultures that can reduce the
need for animal experimentation. This study presents a unique 3D culture platform that features bioinspired
strands of electrospun nanofibers (BSeNs) and aquatic cell lines to compensate for shortcomings in the current
cell spheroid generation techniques. The use of BSeNs in 3D zebrafish liver cell cultures is found to improve
liver and reproductive functions through spheroid-based in vitro assays such as whole transcriptome
sequencing and reproductive toxicity testing, with optimized properties exhibiting results similar to those
obtained for fish embryo acute toxicity (FET, OECD TG 236) following exposure to environmental
endocrine-disrupting chemicals (17p-Estradiol (E2), 4-hydroxytamoxifen (4-HT), and bisphenol compounds
(bisphenol A (BPA) and 9,9-Bis(4-hydroxyphenyl)fluorene (BPFL)). These findings have beneficial effects
of bioinspired materials that closely mimic ECM environments can yield efficient zebrafish cells with
intrinsic functions and xenobiotic metabolism similar to those of zebrafish embryos. As a closer analog for
the in vivo conditions that are associated with exposure to potentially hazardous chemicals, the
straightforward culture model introduced in this study shows promise as an alternative tool that can be used

to further eco-environmental assessment.

Keywords: biomimetics; fibrous strands; spheroids; environmental hazard assessment

6.2 Introduction

The misuse of chemicals can partially explain the increasing incidences of environmental and human health
problems [1-3]. The multidisciplinary field termed ecotoxicology investigates how environmental pollutants
affect the aquatic and terrestrial environment [4], and is aimed primarily at understanding undesirable events
in the natural environment by performing ecotoxicological testing and risk evaluations of new chemicals that
are used, discarded, or reach the environment. Ecotoxicologists also conduct detailed monitoring studies
elucidating the physiological and biochemical responses of organisms following pollutant exposure, which
often reflect toxic effects [5]. Over the past few decades, government agencies have mandated testing toxicity
on live animals to determine the environmental risk of new chemicals or products on the market [6]. However,
the use of animals in scientific and medical tests is generally subject to animal welfare protection [7], and the
European Commission (EC) has produced a directive to ban animal testing for cosmetics or household
products [8]. The need for alternative approaches to the use of vertebrate animals for hazard assessments of
chemicals and pollutants has thus become increasingly important [9], with the use of vertebrates for
environmental risk assessment banned for several regulatory purposes. Therefore, the first consideration
when starting a vertebrate ecotoxicity test is to minimize the unnecessary use of vertebrate organisms as far
as possible.

Fish are ideal sentinels for evaluating aquatic toxicity in vertebrates and have become a popular

alternative model system in aquatic ecotoxicology [10,11]. The zebrafish is a particularly convenient model
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because of its easy maintenance and high numbers of offspring. In particular, fish embryo toxicity (FET) tests
using zebrafish have attracted attention as an alternative method for animal experiments [12,13]. Many
studies have indicated that fish embryos provide excellent versatility for environmental and biological
assessment applications, ranging from acute system toxicity, sub-chronic toxicity, and teratogenicity to
endocrine disruption [13-16]. Lee et al. comprehensively analyzed acute toxic and thyroid hormone
disturbances effect of endocrine-disrupting chemicals (EDCs) in zebrafish embryos [17]. In particular,
zebrafish embryos are considered to suffer from no sentinel, minor pain, or discomfort when exposed to
chemicals prior to 120 h post-fertilization (hpf) [18]. According to EU Directive 2010/63/E.U. on the
protection of animals used for scientific purposes, animals in the early life stages are not defined objects for
protection [19]. Therefore, zebrafish embryos do not fall within the regulatory framework for animal
experiments when still within 120 hpf.

An excellent alternative in vitro ecotoxicity monitoring platform using cells can evaluate acute and
subchronic toxicity or mechanistic pathways without any restrictions [20]. Cellular studies are essential in
ecotoxicity studies because the primary interaction between hazardous chemicals and environmental species
begins at the cellular level [21]. Cytotoxicology, for instance, provides an essential concept for understanding
ecotoxicological processes because it plays a crucial role in explaining the mode by which toxins act.
Therefore, the relationship between the cytotoxic response and toxicity can be a valuable starting point for
ecotoxicological studies. Furthermore, cell culture systems can provide valuable information that can be used
better to control cellular functions and processes for in vivo experiments. Even today, most studies are based
on experiments using 2D cell cultures as in vitro tests. However, several heterogeneous disparities are
associated with 2D cultures in the in vivo environment, such as perturbations in the interaction between cells
and the extracellular environment and changes in the cell morphology, polarity, and methods of division [22].
These shortcomings have instigated high demand for new approach methodologies (NAMSs) that can more
closely mimic in vivo conditions [23]. Thus, over the past few decades, 3D cell cultures have gained increased
recognition as a highlighted evaluation tool in biological research. Spheroids are the simplest 3D culture
models that are used in studies in which the physiological representation of underlying tissue is compared
with other commonly used models such as cells grown in monolayers (2D) [24]. Numerous studies have
demonstrated the suitability of the 3D spheroid culture system as an in vitro alternative to evaluate chemical
toxicity and environmental samples in biological and ecotoxicity studies. Several studies have shown that 3D
spheroid models exhibit several in vivo environmental features, such as cell—cell interactions, drug penetration,
and resistance [25,26]. For example, Mandon et al. reported that 3D hepaRG spheroids are possible models
for genotoxicity assessment to detect carcinogens in vitro [27]. Sirenko et al. reported that human 3D culture
models derived from iPSC-differentiated cells could provide valuable systems for analyzing drug-induced
toxicity [33]. However, spheroids that are produced by the universal method are subjected to challenges
associated with viability, hypoxia, and long-term culture because of the strong cell-to-cell interactions within
the spheroids [28]. One significant disadvantage in using conventional spheroid cultures is that nutrients and
oxygen are not supplied at sufficient abundance to the core of the spheroids because the diffusion gradient
increases alongside the size of a spheroid [29]. In addition, 3D spheroid platforms have been established for
in vitro mammalian toxicity studies but have not been actively considered for investigating model aquatic

species in environmental applications. Therefore, the overall interspecies response difference between highly
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simplified 3D rotating ellipsoids and potentially dangerous chemicals in fish models is one of the challenges
that researchers must overcome.

Previous studies have revealed that bioinspired materials overcome the limitations posed by the
conventional spheroid system and offer advantages such as improved viability, proliferation, and oxygen
transport. For example, we previously reported on the use of bioinspired strands of electrospun nanofibers
(BSeNs) that were assembled using human cell lines such as fibroblasts, chondrocytes, HUVECs, and stem
cells [30-34]. BSeNs are fibrous strands of several micrometers in length with nanoscale diameters that are
obtained by electrospinning and mimic the structures of collagen fibrils [33]. BSeN-incorporated spheroids
have demonstrated improved viability and reduced hypoxia and apoptosis [30]. Here, we further hypothesized
that BSeN would improve the toxicity evaluation of potentially hazardous chemicals and could serve as an in
vitro platform for environmental hazard assessment. The objectives of this study were: 1) investigate the
effect of using BSeN in 3D spheroids composed of zebrafish liver cells, 2) examine the effect of BSeN in
regulating the viability, hypoxia, and functioning of cells in spheroids through spheroid-based in vitro assays,
and 3) verify the similarity in using BSeN-incorporated 3D spheroids and fish embryo acute toxicity tests to
investigate the correlation between potentially hazardous chemicals and reproductive toxicity (FET, OECD
TG 236). We suggest that combining bioinspired materials with cell lines in the aquatic environment may
serve as a starting point for an in vitro test method that can be used as a monitoring platform for environmental

risk assessment.

6.3 Materials and Methods

6.3.1 Materials

Poly(l-lactic acid) (PLLA) was obtained from Samyang (Seoul, Korea), and isopropyl alcohol, Tris-HCI,
dopamine, dimethyl sulfoxide (DMSO), 17p-estradiol (E2), 4- Hydroxytamoxifen (4-HT), Bisphenol A
(BPA), and 9,9-Bis(4-hydroxyphenyl)fluorene (BPFL) were purchased with high purity from Sigma—Aldrich
(Steinheim, Germany). For ZFL cell culture, Leibowitz-15 medium and 0.25% trypsin~-EDTA were obtained
from ATCC® (Wesel, Germany). Ham’s F12 and Dulbecco’s modified Eagle’s mediums (DMEM), mouse
epidermal growth factor, fetal bovine serum (FBS), and phosphate-buffered saline (PBS; pH 7.4) were
purchased from Thermo Scientific (Karlsruhe, Germany). Other supplements, including HEPES, sodium
bicarbonate, penicillin-streptomycin, and bovine insulin, were purchased from Sigma—Aldrich. Trout serum

was obtained from Caisson Laboratories (Smithfield, UT, USA).

6.3.2 Fabrication and preparation of BSeN

PLLA electrospun nanofiber sheets were fabricated and prepared as previously described. Briefly, a 4%
PLLA solution was prepared in a DCM and trifluoroethanol (TFE) mixture (8:2, v/v), and 10 mL of the
solution was ejected by a syringe pump at a rate of 5 mL/h (KDS200; K.D. Scientific, New Hope, PA, USA)

through a 23-gauge needle under 12.8 kV. The solution was then deposited on a rotating mandrel collector
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(SPG, Incheon, Korea) and the electrospun collected sheet was dried overnight. To fabricate BSeN, PLLA
electrospun nanofiber sheets were immersed in 10% (v/v) ethylenediamine solution in isopropyl alcohol (IPA)
and incubated for 30 min at 37°C under vigorous shaking at 200 rpm. The BSeNs were then collected by
centrifugation at 4000 rpm for 5 min and washed with IPA (3 times), 70% EtOH (once), and distilled water
(DW, 3 times) before they were lyophilized for 24 h. For the polydopamine coating, 50 mg of BSeN was
suspended in 70% EtOH and washed with DW. Subsequently, the BSeN was dispersed in dopamine
hydrochloride solution dissolved in 10 mM Tris-HCI buffer (2 mg/mL, pH 8.5) and stirred at 100 rpm for 10
min. Thereafter, the resulting polydopamine-coated BSeN (PD-BSeN) was washed twice with DW and
lyophilized overnight.

6.3.3 Characterization of strand electrospun fibers

The surface morphology of strand electrospun fibers was observed using scanning electron microscopy (SEM,;
Quanta 250 FEG, FEI Company, Eindhoven, Netherlands) at a low vacuum mode (200 Pa) with a LFD sensor.
The accelerating voltages were 5.0 and 7.0 kV, respectively. The samples were prepared on a silica wafer, and
air-dried at room temperature. The diameter of BSeNs was analyzed by ImageJ software. A total of 50 single
fibers captured from SEM images were analyzed for the diameter measurement (n = 50). Surface roughness
was observed by atomic force microscopy (AFM; XE-100, Park system, Suwon, Korea). Samples were
scanned at the repetition rate of 0.4 Hz in the non-contact mode on a 5 x 5 um? surface area. The bundle form
samples were dispersed in ethanol and dried on the stub for the detailed analysis of single form fiber. The
roughness of the surface before and after polydopamine coating was evaluated on a 1pum x 1pm magnified
surface. The images were then processed via a software package (XEI, Park system, Korea). The surface
chemical composition of the fibers was also analyzed by highresolution X-ray photoelectron spectra (XPS)
(Theta Probe Base System, Thermo Scientific).

6.3.4 Cell Culture and incorporation of ZFL spheroids with BSeN and PD-BSeN

The zebrafish liver (ZFL) cell line was obtained from ATCC (CRL2643) and cultured in a complete growth
medium in T-75 flasks at 28°C in a cell incubator (Thermo Scientific). The complete growth medium was
composed of 50% Leibowitz-15, 35% DMEM, and 15% Ham’s F12 supplemented with 15 mM HEPES, 0.15
g/L sodium bicarbonate, 1% penicillin-streptomycin, 0.01 mg/mL of bovine insulin, 50 ng/mL mouse
epidermal growth factor, 5% heat-inactivated FBS, and 0.5% trout serum. For comparative experiments, cells
from the same batch were used, and the density was fixed at 50,000 cells per well. ZFL cells in T-75 flasks
were washed with PBS and treated with 0.25% trypsin—EDTA. The cells were then suspended in a complete
growth medium and centrifuged at 125 x g for 5 min. The pelleted cells were resuspended in the medium and
counted using a cell counter (TC20 automated cell counter (Bio-Rad Laboratories, Feldkirchen, Germany).
After counting, the cells were seeded in a six-well flat-bottom plate (Thermo Scientific) to produce the

monolayer culture. The cells were seeded in BIOFLOAT 96-well U-bottom plates (faCellitate, Mannheim,
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Germany) and centrifuged at 125 x g for 5 min for the spheroid culture. To fabricate hybrid spheroids, BSeN
and PD-BSeN were sterilized using 70% ethanol under UV exposure for 30 min and then washed twice with
distilled water. Then, = 50,000 cells were combined with 1 pug of BSeN or PD-BSeN and seeded into each
well of BIOFLOATTM 96-well U-bottom plates. The mixture was centrifuged at 125 x g for 5 min and

cultured in an incubator at 28 °C. The complete growth medium was replaced at a half-ratio every 2-3 days.

6.3.5 Zebrafish and fish embryo acute toxicity (FET)

Adult wild-type zebrafish were obtained from the European Zebrafish Resource Center (EZRC; Karlsruhe,
Germany). Fish maintenance, breeding conditions, and egg production were performed under internationally
accepted standards (temperature 26.0 + 1.0°C and 10/14 h dark/light cycle). The zebrafish were fed twice
daily with freshly hatched brine shrimp. The embryo acute toxicity test was conducted according to OECD
TG 236 with slight modifications. Briefly, freshly laid eggs were transferred to sterilized dishes filled with
clean fish water (E3 medium). After controlling fertilization, eleuthero embryos were transferred to multiple
wells (6 well, Corning) at 72 hpf with 6 mL of test solution added per well. The exposure concentrations of
E2, 4-HT, BPA, and BPFL used in the toxicity assessment were selected through a preliminary range-finding
test (Supplementary Figure 6.11). For the FET, stock solutions of E2, 4-HT, BPA, and BPFL were prepared
by dissolving each chemical in dimethyl sulfoxide (DMSO). Diluted solutions were prepared by diluting these
stocks at least 100-fold using culture media. The chemicals were exposed to eleutheroembryos for 48 h, and

the embryos were employed for Vtg measurement.

6.3.6 Construction of transfected cell line and luciferase reporter assay

The human embryonic kidney 293 cell line (HEK293, CRL-1573; ATCC, Wesel, Germany) was used as a
transfection host for the zebrafish estrogen receptor alpha (zESR1) construct. The HEK293 cells were
cultured in DMEM with 10% fetal bovine serum and 1% penicillin-streptomycin (Thermo Scientific), at 37°C
and 5% CO2. The HEK?293 cells were transduced using the pGreenFire Lenti-reporter plasmid (0GF2-ERE-
rFLuc-T2A-GFP-mPGK-Puro, TR455VA-P; System Biosciences, Palo Alto, USA) that encodes GFP
reporter and red-shifted luciferase, under the control of ERE response elements with the puromycin resistance,
according to a previously described methodology [51]. The transduced cells were selected with the addition
of puromycin (10 pg/mL) in the culture medium. Then, the cells (HEK293-ERE) were transfected with the
piggyBac transposon gene expression system. The zESRa expression vector was custom-cloned by
vectorbuilder (pPB-Neo-CAG>zESRa, VB210426-1022cns; Vectorbuilder Inc. Chicago, USA) and the pRP-
mCherry-CAG>hyPBase plasmid (VB160216-10057; Vectorbuilder Inc) encodes the hyperactive version of
piggyBac transposase. After transfection, the transfected cells (HEK293-ERE-zESRa) were selected with the
culture medium containing puromycin (10 pg/mL) and neomycin (2 pg/mL). The constructed cells were
utilized to evaluate (anti)estrogenic activities. E2 and 4-HT were used as reference chemicals for estrogenic
and antiestrogenic activities, respectively. The test chemicals were purchased with high purity (> 98%) from

Sigma—Aldrich and were dissolved in dimethyl sulfoxide (DMSQ). Cells were exposed to half-logarithmic
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(3.16-fold) dilutions of test chemicals and the concentrations of which did not exceed 0.5% (v/v). The
transfected cells were seeded at a rate of 2.0 x 10* cells per well on a 96-well plate. After overnight, the
chemical solutions were treated with a ratio of 1:1 in each well containing the medium, and cultured for 24
h. The cells were lysed with passive lysis buffer (Promega, Mannheim, Germany), and the lysates were
applied to evaluate luciferase activity using the Luciferase Reporter Assay (Promega). Luminescence was
measured as relative luminescence units. The luminescence units for each condition were replicated for eight
wells, and a mean value was calculated. The experiment was repeated three times from independent cultures
(n=3).

6.3.7 ATP (cell viability) measurement

To measure the cell viability of 3D, Hybrid-1, and Hybrid-2 groups, each condition was prepared in the same
manner as described in the method section and was evaluated at 1, 28, and 56 days, respectively. The complete
medium with a spheroid (100 pL) was transferred from the ultra-low attachment plates to 96-well white
opaque culture plates (Thermo Scientific). Then, each well of the different cell concentrations was treated
with 100 pL of CellTiter-Glo® 3D reagent (Promega, Mannheim, Germany), and the luminescent signal was
recorded after 30 min using a microplate reader (Tecan, Mannedorf, Switzerland). Each group was replicated
to eight spheroids and calculated as the mean value. The experiment was repeated three times from

independent cultures (n = 3).

6.3.8 DNA measurement

For the measurement of DNA content, a Quant-iT PicoGreen dsDNA Assay Kit was purchased from
Invitrogen (Carlsbad, CA, USA). The assay was conducted for the spheroid and spheroids with nanofibers
cultured for 1, 28, and 56 days, respectively. First, each spheroid was pooled in a tube and washed with PBS.
Next, the pooled spheroids were lysed in 100 pL of RIPA lysis buffer and centrifuged at 10,000 x g for 10
min after vortexing for 2 min. Then, each supernatant was transferred into a new tube and used for the DNA
assay. Each supernatant (10 uL) was reacted with working reagents provided from the Quant-iT Picogreen
dsDNA assay kit. The fluorescent intensity was measured using a fluorescent microplate reader (Tecan,
Mannedorf, Switzerland) with excitation and emission wavelengths of 480 and 520 nm, respectively. In the
experiment of polydopamine coating condition, each fiber group was replicated to four spheroids and
calculated as the mean value. The experiment was repeated eight times from independent cultures (n = 8). In
the experiment of spheroid long-term culture, each group was replicated to eight spheroids and calculated as

a mean value. The experiment was repeated three times from independent cultures (n = 3).

6.3.9 Fluorescence observation
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Cell cytoskeleton (F-actin), nuclei, hypoxia factor, viability, and Vtg were observed by using fluorescence
microscopies. The cytoskeleton of cells was analyzed at 1 and 3 days using Alexa Fluor 568-Phalloidin (Cat.
#A12380; Thermo Scientific). Each sample of different cultures was washed with PBS and fixed in 3.7%
paraformaldehyde at room temperature (RT) for 15 min. Thereafter, the samples were permeabilized with
0.1% Triton X-100 at RT for 5 min. After permeabilization, the samples were washed three times with PBS
and blocked with 3% bovine serum albumin (BSA; Sigma—Aldrich) at RT for 30 min. Next, samples were
incubated with the phalloidin staining solution for 2 h at RT After washing three times with 1% of BSA, and
the samples were stained with 4',6- diamidino-2-phenylindole (DAPI; Vector Laboratories, Burlingame, CA,
USA). For the observation of FITC-coated BSeN, the lyophilized BSeN was dispersed in 1 mL of PBS. FITC
was dissolved in DMSO at a concentration of 30 mM, and 10 pL of the FITC solution was added to the
suspension. The reaction was proceeded in the dark at RT under constant stirring for 4 h. The coated BSeNs
were collected by centrifugation at 4,000 rpm for 10 min after washing with PBS (3 times). Then, 50,000
cells were combined with 1 pg of the FITC-coated BSeN and seeded in each well of BIOFLOATTM 96-well
U-bottom plates. The spheroids with FITC-coated BSeN were cultured for 3 days. Then, the samples were
prepared in the same manner with the cytoskeleton staining. The hypoxia of cells was stained at 7 and 14
days by BioTracker 520 green hypoxia dye (Cat. #SCT033; EMD Millipore, CA, USA). The culture medium
of cells was removed and rinsed twice with PBS. The staining solution that was composed of the hypoxia dye
and the culture medium was treated for 24 hours. After incubation, each sample was prepared in the same
manner with the cytoskeleton staining. The cell viability was measured by live and dead staining. Samples
were cultivated for 14 days, and then the culture medium was removed. Fluorescein diacetate (FDA; Sigma—
Aldrich) and propidium iodide (PI; Sigma—Aldrich) were dissolved in a culture medium without FBS and
trout serum. Next, the staining solution was added to each well. After incubation in the dark for 20 min, the
staining solution was removed, and the samples were washed with PBS. The Vtg was detected on day 14
culture using an immunofluorescence assay. Samples were prepared with fixation, permeabilization, and
blocking processes. Then, each sample was incubated with the primary antibody (Cat. #LS-C76845; LSBio,
WA, USA) overnight at 4°C, and then washed three times with 1% of BSA. Each sample was incubated with
the secondary antibody (Cat. #31232; Thermo Scientific) for 2 hours and rewashed three times with 1% of
BSA. The samples were embedded in a mounting medium containing DAPI.

The monolayer cells were imaged under an inverted fluorescence optical microscope (DMi8, Leica-
Microsystems, Wetzlar, Germany) equipped with a digital camera (DCF295, Leica-Microsystems), a
fluorescence excitation light source CoolLED pE300-lite (CoolLED Ltd. Andover, U.K.), and a software
(LAS AF version 3.1.0, Leica-Microsystems, Mannheim, Germany). The spheroid cultures were imaged
using a Lightsheet Z.1 microscope (Carl Zeiss Microscopy GmbH, Jena, Germany) with two-sided 10x/0.2
illumination optics and a 20x/1.0 detection optic equipped with a pco.edge 4.2 camera (PCO AG, Kelheim,

Germany). The captured images were analyzed using ZEN imaging software (Carl Zeiss, Jena, Germany).

6.3.10 Observation of spheroid-incorporating BSeNs by SEM

The spheroid were cultured for 3 days to investigate the distribution of BSeN in the spheroids. Then, the

spheroids were fixed in 3.7% paraformaldehyde, then attached to carbon conductive adhesive tape, and
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lyophilized overnight. The samples were observed using SEM (Quanta 250 FEG) at a low vacuum mode (200

Pa) with an LFD sensor. The accelerating voltage was 5.0.

6.3.11 Fluorescence-activated single-cell sorting (FACS)

Cell viability, hypoxia, and proliferation analyses were performed using flow cytometry. The cell viability
was analyzed at day 3 culture using Live/dead fixable staining kits (Cat. #PK-CA707-32006; PromocCell,
Heidelberg, Germany). Hypoxia and proliferation were analyzed at day 7 culture using BioTracker 520 green
hypoxia dye (Cat. #SCT033; Sigma-Aldrich) and Click-iT EdU flow cytometry assay Kits (Cat. #C10418;
Invitrogen, Carlsbad, CA, USA), respectively. All experiments were conducted according to the
manufacturer’s instructions. For the analysis of the 2D group, 50,000 cells were seeded into each well of a 6-
well flat-bottom plate. The cells from the three wells were detached as single cells by trypsinization and
pooled in a tube. In spheroid groups, eight spheroids were collected into a tube and separated as single cells
by trypsinization. Each tube of pooled 2D, 3D, Hybrid-1, and Hybrid-2 groups was considered a sample. Five
replicate samples of each group were prepared from independent culture (n =5). Then, each sample was fixed
3.7% paraformaldehyde at RT for 15 min. Thereafter, the fixed cells were permeabilized with 0.1% Triton
X-100 at RT for 5 min. Next, the cells were rinsed twice with PBS containing 1% BSA, and the cells were
immediately analyzed by ZE5 Cell Analyzer (Bio-Rad Laboratories, Munchen, Germany). Qualitative and
quantitative analysis was performed using FCS Express software (De NovoTM software, Glendale, CA,
USA).

6.3.12 Whole transcriptome sequencing (RNA-Seq) analysis

Total RNA samples of 2D, 3D, and Hybrid-2 groups were extracted for RNA-Seq analysis. To extract the
total RNA sample from monolayer cell culture, 1 mL of ZFL cells (50,000 cells/mL) were seeded in each
well of a 6-well flat-bottom plate and cultured for 7 days. The cells of three wells were collected in a tube
and lysed with RLT buffer (Qiagen, Hilden, Germany) after washing with cold PBS. For the total RNA
samples from the spheroid and with nanofibers cultures, 100 uL of 50,000 cells were seeded in each well of
BIOFLOAT™ 96-well U-bottom plates and cultured for 7 days, respectively. We collected 48 spheroids in a
tube and centrifuged them at 125 x g for 5 min. After washing with cold PBS and centrifugation again, the
samples were lysed in the same manner as monolayer cells. Each tube of pooled conditions was considered a
sample, and twelve total RNA samples (each condition in quadruplicates; n = 4) were sent to a Novogene for
RNA-Seq (Novogene, Cambridge, UK). Total RNA samples were purified using poly-T oligo-attached
magnetic beads after quality control checks. Paired-end sequencing (150 bp) was conducted using an lllumina
NovaSeq 6000 system. Samples were sequenced at a sequencing depth of at least 48 million clean reads, and
15 G raw bases were generated per sample. Raw sequences were filtered for contaminant adapter sequences
and reads with > 10% uncertain nucleotides or > 50% low-quality nucleotides (Qphred < 5). Filtered reads

were considered clean reads, and the reads of each sample were used for data analysis. Data analysis was
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conducted by Novogene. Paired-end clean reads were aligned to the reference genome (genome assembly:
GRCz11 gca 000002035_4, Taxon ID: 7955) using HISAT2 to count the read numbers mapped to each gene.
The FPKMs in each sample was determined based on the gene length and read count mapped to the gene.
Differential expression analyses of two conditions/groups (in quadruplicates for each condition) were
conducted using the DESeq2 R package, which identifies differential expression among genes using a model
based on the negative binomial distribution. P values were adjusted (Pagj) using the Benjamini and Hochberg
method to control the false discovery rate. Differentially expressed genes (DEGs) were evaluated at a level
of Pagj < 0.05.

6.3.13 qRT-PCR analysis

Total RNA samples of 2D, 3D, Hybrid-1, and Hybrid-2 groups were extracted in the same manner as RNA-
Seq analysis except for the culture time (14 days). Each tube of pooled conditions was considered a sample,
and eight replicate samples were prepared for each condition (n = 8). Total RNA of each sample was extracted
using an RNeasy Plus Mini kit (Cat. #74136; Qiagen, Hilden, Germany). The concentration and purity of
samples were determined spectrophotometrically using a NanoDrop™ 2000 spectrophotometer (Thermo
Scientific). The reverse transcription was performed when the purity of samples was higher than 2.0
(OD260/280 and OD260/230). According to the manufacturer's instructions, the reverse transcription was
conducted using a High-Capacity RNA-to-cDNATM kit (Applied Biosystems, Waltham, MA, USA). The
total RNA (1 pg) was used for the reverse transcription. Reverse transcription was performed for samples
with purity > 2.0 (OD260/0D280 and OD260/0D230). Thereafter, real-time PCR (7500 FAST Real-Time
PCR System, Applied Biosystems) was conducted using the TagMan Gene Expression Master Mix (Thermo
Scientific) and PowerUp™ SYBR™ Green Master Mix (Applied Biosystems). The probe assay
identifications and reaction cycles are described in Supplementary Table 6.1 and Supplementary Table 6.2.

The relative mRNA expressions were determined using the 2-22CT method [52].

6.3.14 Enzyme-linked immunosorbent assay (ELISA)

In the monolayer culture, 1 mL of 50,000 cells were seeded in each well of a 6-well flat-bottom plate and
cultured for 5 and 14 days, respectively. The 1.0 x 108 cells were collected from three wells into a tube by
centrifugation at 125 x g for 5 min after trypsinization and cell counting. Then, the cells were washed with
PBS and centrifuged again. The pooled cells were homogenized with cold RIPA buffer (Thermo Scientific)
by vortex for 2 min. For spheroids and with nanofibers cultures, 100 uL. of 50,000 cells were seeded in each
well of BIOFLOAT™ 96-well U-bottom plates and cultured for 5 and 14 days, respectively. About 48
spheroids of the 96-well plate were collected into a tube and centrifuged at 125 x g for 5 min. After washing
with PBS and centrifugation again, cold RIPA buffer was added to a tube and homogenized by vortex for 2
min. The homogenates in each tube were centrifuged at 14,000 x g, 4°C for 10 min. The supernatants were

transferred to new tubes and were stored at —80°C until the Vtg quantification. Each tube of pooled cells or
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spheroids was considered as a sample, and five replicate samples of each condition were prepared (n = 5).

In the experiment of Vtg levels upon EDCs exposure, 30 embryos of each group were pooled into
a tube. Then, the tubes were centrifuged at 125 x g and 4°C for 5 min. The centrifuged embryos were washed
with deionized water and centrifuged again. Next, 500 pL of cold RIPA buffer was added to each pooled tube
and homogenized with beads using a homogenizer for 2 min. After centrifugation at 14,000 x g and 4°C for
10 min, the supernatants were transferred to new tubes. The tubes were stored at —80°C until being used for
the quantification. Each pooled tube was considered as a sample, and six replicate samples of each condition
were prepared for the quantification (n = 6). According to the manufacturer's instructions, the quantification
was measured using an ELISA kit (Cat. #10004995; Cayman Chemical, MI, USA).

6.3.15 Analysis of correlation coefficient

Before calculating each correlation coefficient, the data set conducted the Shapiro-Wilk test using the basic
function in R-open source software. All of the test groups followed the Gaussian distribution (P-values >
0.05). The Pearson’s correlation coefficients were calculated/visualized using the “psych” package in R to

investigate the relationship among the test groups (https://cran.rproject.org/web/packages/psych/psych.pdf).

6.3.16 Statistical analysis

All the graphs, calculations, and statistical analyses were performed using GraphPad Prism software version
8.0 (GraphPad Software, San Diego, CA, USA). All data are expressed as means + standard deviation (SD).
Data were tested for normality and homogeneity of variance to determine whether to perform parametric or
non-parametric statistical tests. Statistical differences among test groups were determined using one-way
analysis of variance (ANOVA) followed by post hoc Dunnett’s T3 test (non-homogeneous variance) or
Scheffe’s test (homogeneous variances). All statistical analyses for RNA-Seq were performed using the
DESeq2 R package; heatmaps were generated based on FPKM cluster analysis according to the
log2(FPKM+1) value, and a volcano plot was created from DEG gene expression levels according to
—10g10(Pagj).

6.4 Results and Discussion

Over the past few decades, the most common method of evaluating the toxicity of a chemical mixture has
been through animal testing. However, the use of animals for toxicity testing can raise concerns about animal
ethics, and the need for alternative animal testing methods is growing worldwide. In addition, there is growing
confidence in the substitution of animal testing as many studies have already demonstrated that the results of

alternative animal testing are reproducible and predictable. In this context, different approaches to cell-based
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platforms should be studied to investigate the effectiveness of alternative tests, even in environmental toxicity
assessment. This study uses a combination of aquatic cell lines and bioinspired materials to present high
potential as a screening platform for in vitro environmental hazard assessment. A 3D spheroid-based
evaluation platform using bioinspired materials can provide results similar to in vivo experiments and has the

advantages of microarrays such as high throughput and simplicity.
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Figure 6.1. Schematic illustration of this study. Zebrafish liver (ZFL) cells were cultured as monolayers,
spheroids, and hybrid-spheroids. BSeN and PD-BSeN were fabricated for use in the hybrid-spheroid cultures.
Comparative analyses of the generated groups were conducted using cellular characterization, genomic
profiling, and ecotoxicity monitoring techniques depending on culture time.

6.4.1 Characterization of BSeNs

Several methods have been used to generate 3D spheroid cultures and extensive reviews of these efforts have
been produced elsewhere. One of the most critical issues associated with the most commonly used spheroid
cultures is problems with the distribution of oxygen. Increasing the size of a spheroid can lead to oxygen
depletion (hypoxia) and causes cell necrosis in the core, and the presence of necrotic cells within a spheroid
may render it useless for toxicity screening. Zebrafish liver cells are known to be useful in forming spheroids
on non-adhesive plates; however, we previously demonstrated the problem of hypoxia and the changes in the
inner structure of the spheroid upon increasing the cell number or prolonging the culture period [35].
Therefore, a multidisciplinary approach is required to overcome the limitations in the existing methods that
are used for spheroid generation. Moreover, it is a priority to develop an innovative toxicity assessment

platform that can improve the function of a cell while improving the viability of cells inside the spheroid, as
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this is the main reason for generating spheroids for environmental toxicity assessment using bioinspired
materials. In this study, we present a multidisciplinary approach for the production of in vitro toxicological
screening platforms using a combination of aquatic cell lines (zebrafish liver cells) and bioinspired materials
(Figure 6.1). Our core technique involves the assembly of 3D spheroid cultures of zebrafish cells using BSeNs.
We hypothesize that this form of BSeN serves as a physical bridge for the transportation of oxygen and
nutrients into the core of spheroids, thereby overcoming the limitations posed by conventional spheroids and
providing advantages such as improving viability and increasing proliferation, and supporting the transport
of oxygen.

The extracellular matrix (ECM) is a non-cellular 3D macromolecular fibrillar network that can
provide a physical platform for cells and stimulate interactive biochemical and biomechanical signals [36].
We previously reported the preparation of ECM-mimicking fibrous strands through the aminolysis-based
partial degradation of electrospun nanofibers to produce individual short fibers by cleaving the ester linkage
of poly L-lactic acid (PLLA) with ethylenediamine and generating an amide bond with amine functionality
(Figure 6.2a and Supplementary Figure 6.1) [30,32]. However, substrates that are prepared using PLLA, a
synthetic biodegradable material, may not have cell-interactive properties, leading to poor cell interaction.
Therefore, we used a mussel-inspired coating method to increase the cell affinity of the BSeN surface. The
SEM images showed changes in form from a mesh of aligned nanofibers to well-distributed relatively minor
individual short fibers following the fragmentation process (Figure 6.2b). It was confirmed that aminolysis
of partially degraded electrospun nanofibers resulted in the production of individualized fibers with lengths
of 50-80 pm, regardless of the presence or absence of polydopamine coating on the BSeN. Since BSeN
described above has similar dimensions to fibrillar proteins, the major fibrous proteins of the ECM, it will
mimic the nanoscale structural aspects of ECM and positively affect the activity of cell-ECM interactions
[37,38]. Figure 6.2c depicts BSeN group surfaces that have been subjected to polydopamine coating, as
confirmed by AFM (atomic force microscopy). The AFM images revealed that PD-BSeN increased the
roughness. For example, the roughness value (Ra) of the original BSeN surface was 5.35 £ 2.29 nm, while
the roughness of the surface of PD-BSeN increased to 79.42 + 12.44 nm (Figure 6.2e). The chemical
composition of BSeN was evaluated using XPS, and clear nitrogen peaks (N1s) were observed (Figure 6.2f
and Supplementary Figure 6.2). In addition, we provided clear evidence for the presence of catecholamines
in the PD-BSeN group using micro-BCA analysis (Figure 6.2g). Dopamine is considered a small-molecule
mimetic of Mytilus edulis foot protein-5 (Mefp-5) in that it contains both catechol and the primary amine
functional groups that are present in the side chains of 3,4-dihydroxyphenylalanine (DOPA) and Lys residues
[39,40]. Incubation of the target substances in an alkaline dopamine solution (pH 8.0-8.5) leads to the
oxidative polymerization of dopamine and the formation of a polymeric coating [41]. It has been proven that
various functional coatings can be created on biomaterials via various immobilization reactions using
polydopamine coating as a base. Several studies have reported that polydopamine (PD)-coated surfaces
become negatively charged because of the deprotonation of one catechol (OH) group, resulting in improved

hydrophilicity and biological performance (i.e., cell attachment and proliferation) [42,43].
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Figure 6.2. Fabrication and characterizations of nanofibers. (a) Schematic representation of BSeN and PD-
BSeN generation. (b) SEM micrography images and (c) 3D AFM images of BSeN and PD-BSeN. (d)
Diameter of single BSeN and PD-BSeN fibers. The diameter was analyzed by ImageJ software. A total of 50
single fibers were analyzed from SEM images obtained using FEI Quanta 250 FEG Scanning Electron
Microscope. Data are expressed as mean + SD (n = 50). (e) Surface roughness measurement of BSeN and
PD-BSeN. A total of ten single fibers from AFM images were analyzed by ImageJ software. Comparison of
the means between two groups was performed using one-way analysis of variance (ANOVA; *P < 0.05, n =
10). (f) XPS spectrum of nanofibers with and without polydopamine coating. (g) Quantification of
catecholamine in nanofibers. The quantification was analyzed using Micro-BCA assay (n = 6).

6.4.2 Effect of BSeN on 3D spheroid formation

We previously investigated and determined the optimal conditions for spheroid formation based on screening
under various BSeN conditions (Supplementary Figure 6.3a). As a result, the DNA content did not affect the
spheroids regardless of the amount of BSeN present. In contrast, the DNA content was significantly reduced
in BSeN that was coated with PD for >20 min and showed limitation in spheroid formation (Supplementary
Figure 6.3b—d and Supplementary Figure 6.4). These trends are contrary to the previous results obtained from
incorporating BSeN into human cell-based spheroids [30—32]. Human cell lines and fish cell lines were

significantly different in size, which is presumed to be one of the reasons why different results can be obtained
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under the same conditions. Our results suggest that relatively small fish cells are more sensitive to external
environmental factors than human cell lines. We plan to focus on studying the fate regulation of fish cells
according to the physical parameters of the ECM environment in the future (i.e., topography, stiffness, and
roughness). As illustrated in Figure 6.3a, spheroids comprising cells that incorporated BSeN or PD-BSeN
were designated Hybrid-1 and Hybrid-2, respectively. 2D and 3D refer to monolayer cells and spheroids,
respectively, which were cultured using the generic methods (as a control group).

Figure 6.3b shows the morphology of the zebrafish liver cell spheroids after incubation for 24 h.
The superposed fluorescence images of the actin filament and FITC-coated BSeN showed that the fibrous
strands were well distributed throughout the spheroid (Supplementary Figure 6.5). SEM images confirmed
the distribution of homogenous cells and fibrous strands within the spheroids. High-magnification SEM
analysis showed that the cells were firmly attached to the surface of the fibrous strands, resulting in the

formation of stable spheroids (Figure 6.3b; Supplementary Figure 6.6).
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Figure 6.3. Formation of hybrid-spheroids with BSeN and PD-BSeN and their effects on cell proliferation
and hypoxia. (a) Schematic illumination of method used to fabricate spheroids (3D), spheroids with BSeN
(Hybrid-1), and spheroids with PD-BSeN (Hybrid-2). (b) Representative cytoskeletal structure and SEM
micrography images of spheroids at day 3. The cytoskeletal structure images were acquired by fluorescence
staining for DAPI (nuclei; blue) and F-actin (red), and BSeN and PD-BSeN were also stained by FITC
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labeling (green). (c) FACS results of cell proliferation after 7 days of culture in 2D, 3D, Hybrid-1, and Hybrid-
2 groups (2D from left, Hybrid-2 to the right). (d) Representative hypoxia images at day 7. Images were
acquired by fluorescence staining for DAPI (nuclei; blue) and hypoxia (green). (e) FACS results of hypoxia
after culturing for 7 days in 2D, 3D, Hybrid-1, and Hybrid-2 groups (2D from left, Hybrid-2 to the right).

BSeN was found to improve the proliferation of zebrafish liver cells, which can be attributed to the
facilitation of mass transport resulting from the formation of spheroids with a loosely arranged structure
(Figure 6.3c—e, Supplementary Figure 6.7, and Supplementary Figure 6.8). This speculation was partially
demonstrated by hypoxic staining. As shown in Figure 6.3d,e, Hybrid-2 showed reduced hypoxia, while
strong hypoxic signals were distributed throughout the spheroids in the 3D group. Although intense cell—cell
and cell-material contact within spheroids may be analogous to the physiological environment of natural
tissue, the drawbacks of coexisting with materials with low cell affinity limit the proliferation of normal cells
in spheroids during long-term culture with a lack of nutrient supply. This phenomenon was clearly observed
in Hybrid-1. After culturing for seven days, Hybrid-1 showed a significantly higher proliferation rate than
the 3D group (Supplementary Figure 6.7). However, under long-term culture conditions, the proliferation
capacity of Hybrid-1 was not different from that of the 3D group. (Supplementary Figure 6.8). In contrast,
the cells in the Hybrid-2 group continued to metabolize, even when cultured for 8 weeks. The antioxidant
role of polydopamine [44] may partly explain the differences observed in the Hybrid-1 and Hybrid-2 groups;
allowing the cells to improve the cell-material interactions is likely to have improved the problems of
apoptosis and necrosis by preventing oxidative stress.

Although spheroids have been widely studied as in vitro analytical assessment tools, concerns about
the long-term viability of cells within spheroids have constrained studies evaluating the health effects of long-
term exposure to low-level chemicals in the field of environmental toxicity. Nevertheless, the results suggest
that applying BSeN to aquatic cells can enable meaningful discovery and provide significant advances in the

development of engineering platforms for toxicity assessment and monitoring in ecotoxicology.

6.4.3 Evaluation of functions using spheroid-based in vitro assays

The differential gene expression in spheroids that were cultured for 7 days was also analyzed using whole-
transcriptome sequencing analysis (Figure 6.4). A hierarchical clustering heatmap revealed distinct
expression profiles between the 2D and 3D spheroids. The 3D spheroids exhibited significant upregulation
of 2,507 genes and downregulation of 2,969 genes compared to the 2D group. This result is consistent with
the findings of previous studies, and the trend was consistently observed in the relationship between the 2D
and the Hybrid-2 groups. Contrary to our expectations, no distinct differences were observed in the Hybrid-
2 group as compared to the 3D group. Both the 3D and Hybrid-2 groups had higher abundances of genes that
are related to metabolic pathways than the 2D groups, as shown in Figure 6.4c. Depending on the cell type
and microenvironment, various metabolic adaptations are associated with cell proliferation [45]. It is known
that mitochondria produce most of the cellular adenosine triphosphate (ATP) via substrate-level-
phosphorylation, primarily through the oxidative phosphorylation system [46]. Studies have suggested that

oxidative phosphorylation provides the majority of ATP during cell proliferation. As shown in Figure 6.4c,
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the oxidative phosphorylation in the Hybrid-2 group differed significantly from that of the 2D group.
Although a clear explanation for our results may not be within the scope of this study, we speculate that this
is part of an adaptation strategy to hypoxic environments. In other words, these results suggest that cells
coexisting with PD-BSeN can maintain their proliferative capacity through oxidative phosphorylation, even

under inadequate oxygen levels.
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Figure 6.4. RNA sequencing (RNA-Seq) analysis of 2D, 3D, and Hybrid-2 groups cultured for 7 days (n =
4). (a) Heatmap hierarchical clustering according to log2(FPKM+1) indicates differentially expressed genes
(DEGsS) in the groups. Red and blue indicate genes with high and low expression levels, respectively. (b)
Volcano plot analysis results. Plots indicate overall DEG distribution. (c) KEGG enrichment histogram of
transcripts (*Pagj < 0.05).

To complement the whole-transcriptome sequencing analysis, we investigated the effect of BSeN
on the gene expression levels of spheroids that were cultured for 14 days (Figure 6.5a—d). Zebrafish cell lines
that are established from the livers of zebrafish show promise for fundamental studies into estrogen, liver,
and reproductive functions. We found that improved estrogen receptors were achieved in all spheroid groups

(3D, Hybrid-1, and Hybrid-2) as compared to the 2D group. For example, the relative gene expression of
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ESR-1 was 1.27 £ 0.11, 1.15 + 0.50, and 1.77 £ 0.60 times higher in the 3D, Hybrid-1, and Hybrid-2 groups,
respectively, compared with the control (2D). In addition, analysis of the liver-related gene expression
showed interesting results. HNFs are a group of transcription factor families whose expression is enriched in
the liver compared to other organs [47]. Cells in the 2D group showed similar HNF4A gene expression to the
3D group. However, both Hybrid groups showed more pronounced HNF4A gene expression than the 2D
group. Since zebrafish liver cells can perform metabolic functions associated with the liver, they are an
excellent cellular tool with which it is possible to determine the effect of exogenous metabolites [35]. We
demonstrated that Hybrid-2 incorporated with PD-BSeN had similar or higher expression of drug-
metabolizing genes (GSTA1L, PXR, and CYP3C1) than the other three groups (1.88 + 0.16 fold for PXR, 4.02
+ 0.42 fold for GSTAL, and 1.36 £ 0.13 fold CYP3C1) as compared to 2D.

Vtg is generally produced in the liver of female vertebrate ovaries in response to circulating
endogenous estrogen [48,49] and is a precursor to the turbulence protein. Once produced in the liver, it
follows the blood flow to the ovary, where it is absorbed. Many studies have reported that Vtg induction can
be measured both in vivo and in vitro in fish liver cells (hepatocytes) [35,49]. In addition, in vitro VVtg assays
that use cells have been widely recognized as advantageous for detecting the effects of estrogen metabolites
because hepatocytes maintain their metabolic state and can detect both estrogenic and anti-estrogenic effects.
As shown in Figure 6.5d, the relative gene expression of Vtg was higher in the Hybrid-2 group than in the
2D, 3D, and Hybrid-1 groups. Consistent with the trend observed in the gene expression results, the protein
detection of Vtg in cells cultured for 5 d indicated its overexpression in the spheroid-based groups (3D,
Hybrid-1, and Hybrid-2) compared to the 2D groups (Figure 6.5e and Supplementary Figure 6.8). For
example, the Vtg expression (ng mg-1 of proteins) detected after 5 days had dramatically increased from 7.92
+ 0.61 in the 2D group to 19.91 £ 0.09, 16.80 £ 2.77, and 19.63 £ 2.07 in the 3D, Hybrid-1, and Hybrid-2
groups, respectively. We also hypothesized that if the spheroids contain too few cells, the benefit of the
enhanced 3D cell-cell adhesion was reduced compared to the 2D culture. In a previous study, we
demonstrated that almost negligible levels of Vtg were detected in a 2D group with 5,000 cells [35]. However,
low levels of VVtg were also detected in the 2D group with 50,000 cells. We also measured the amount of Vtg
on day 5 in spheroids with low cell numbers under the same conditions (Supplementary Figure 6.10). An
average Vtg level of 5.69 + 0.42 ng/mg of proteins was detected in the spheroid-based groups with or without
BSeN. These results indicate that the advantages gained for 3D spheroids containing too few cells may be

comparable or even inferior to those using monolayer culture conditions (2D group).
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Figure 5. Fold-change in mRNA expression of (a) estrogen receptor genes, (b) liver-relative genes, (c)
CYP3C1 gene, (d) VTG-5 gene. Each group was cultured for 14 days. Samples were prepared in the same
manner as the RNA sequencing analysis. Data are presented as mean + SD (n = 8). (e) ELISA quantification
of vitellogenin (Vtg). The Vtg was normalized to total protein concentration, and data are presented as mean
+ SD (n =5). (a—e) Comparisons of the means between each group were performed using one-way analysis
of variance (ANOVA; *p < 0.05), followed by Dunnett’s T3 test (non-homogeneous variance) or Scheffe’s
test (homogeneous variance).

Interestingly, different VVtg expression levels were observed after the cells were cultured for 14 days.
The results confirmed that the Vtg expression was significantly reduced in groups 3D and Hybrid-1 on day
14 as compared to day 5. In contrast, the Hybrid-2 group showed Vtg protein expression stability, even when
cultured for 14 days. We speculate that these findings may be due to the long-term central hypoxia and
necrotic hypoxia in spheroids that occurs under long-term culture. We, therefore, examined the viability of
and hypoxia in spheroids at 14 days (Supplementary Figure 6.9). The live and dead staining images revealed
that the cells in the 3D group were densely distributed throughout the spheroid, and a large number of dead
cells were detected on day 14. The overall trend of dead cells was similar to that observed with hypoxia
staining. Although some dead cells were observed, the cells observed in the 2D, Hybrid-1, and Hybrid-2
groups were generally living. In addition, hypoxic staining revealed that the hybrid group with incorporated

BSeN showed low fluorescence intensity. These results suggest that the 3D culture method can improve cell

119



CHAPTER 6. HYBRID-SPHEROID CULTURE WITH NANOFIBERS

functioning but is not valuable as a long-term in vitro evaluation model unless it provides an environment
where the cells can live for a long time. The 3D spherical culture methods were found to improve the liver
function of the cells, suggesting that the use of BSeN with cell-friendly chemical/structural characteristics

positively regulates cell-to-cell interactions with excellent efficacy.

6.4.4 Comparison of reproductive toxicity in in vitro cell-based platforms and zebrafish embryos as a

result of EDC exposure

Zebrafish embryos have been successfully used for highthroughput toxicity screening [9]. Eleutheroembryos
(of <120 hpf) are preferred in vitro testing models because it is thought that embryos in the earliest stages
feel less pain than adult fish [13]. Therefore, the eleuthero embryo (developmental stage of 96—120 hpf) has
been proposed as a promising toxicity monitoring tool, and international standardized test guidelines have
been developed and validated for embryos at his stage (i.e., fish embryo acute toxicity (FET, OECD TG 236)
[12,13]. Vtg assessments are considered one of the primary reproductive indicators for EDCs. This study
aimed to compare the acute short-term reproductive toxicity observed in zebrafish embryos with that obtained
via cell-based assessment platforms. First, representative EDCs (E2, 4HT, BPA, and BPFL) were selected
(Supplementary Figure 6.11). The expression of Vtg showed little change in the zebrafish embryo with low-
dose E2 treatment, but this increased markedly under high-dose E2 concentrations, reaching 1.35 + 0.10 times
the control level. In contrast, exposing zebrafish embryos to 4HT led to a significant reduction of 0.50 £ 0.03
and 0.42 + 0.05 times that observed in the control at 10 x 10° and 1 x 1075 M, respectively. Compared with
the control group, the Vtg level increased by 1.36 + 0.04 times when exposed to BPA and decreased by 0.61
+ 0.02 times when exposed to BPFL.

There is an ongoing debate concerning the extent to which in vitro cell systems are viable for
toxicity testing and risk assessment. In general, cell-based assays exhibit lower sensitivity than in vivo
experiments when comparing toxic effects. Prior attempts to compare the toxic efficacy of aquatic cell lines
with whole fish test systems showed weak correlations [50]. Similarly, we confirmed no difference in the Vtg
expression as the result of exposure to any substance in the 2D group using zebrafish liver cell lines. In
contrast, in the 3D group, high-dose E2 and BPFL produced a similar tendency to that observed using
zebrafish embryos, with very low sensitivity to 4HT and BPA substances. These results indicate that the
monolayer cell culture platform (2D) exhibits negligible xenobiotic metabolism capacity and that the cell-
only 3D culture platform has lower sensitivity to exogenous substances than zebrafish embryos. However,
remarkable results were obtained in the Hybrid-2 group. As shown in Figure 6.6, the Vtg levels in cells
exposed to E2 and BPA increased, while those in cells exposed to 4HT and BPFL decreased compared to the
control group. To verify the reliability of the reproductive toxicity data describing the cell-based culture
platforms (2D, 3D, Hybrid-1, and Hybrid-2) and the zebrafish embryos, we analyzed the correlation between
the expression levels of the groups in a given set of Vtg libraries (Figure 6.6b—e). Consistent with previous
results, negligible correlations were obtained between reproductive toxicity and EDC substances in 2D
cultured monolayered fish cells and embryos. In the 3D group, although reproductive toxicity endpoints

showed a potential correlation with zebrafish embryos, the two groups differed in sensitivity and
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predictability, with Pearson correlation coefficients of 0.54 and 0.65 as a result of E2 and 4-HT exposure,
respectively. Based on the group correlation, it was found that the Hybrid-2 group had a similar response to
E2 as the zebrafish embryo (Pearson correlation coefficient of 0.83 (Figure 6.6b,c). These results indicate
that the toxicity data obtained with the 3D spheroid platform with integrated biomimetic material adequately
correlated with the FET results. Therefore, we can conclude that the incorporation of biomimetic materials
into 3D spheroid platforms produces an appropriate and preferable in vitro assessment tool for alternative
testing. An ideal in vitro toxicological assessment platform should be a 3D co-culture model composed of
one or more fish cell lines and should have a system similar to the physiological and morphological properties
of the fish model. This study (proof-of-concept stage) proposes that bioinspired materials with aquatic cell
lines can be the starting point for in vitro test platforms that can be used as alternative testing. We suggest
that a culture platform using bioinspired materials will become more useful in vitro evaluation system, and
therefore conducted a follow-up study to investigate the toxic reactivity in vivo fish at the cellular level by

studying the fate regulation of fish cells according to parameters (physical/chemical) that can further imitate
the cell-matrix environment.
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Figure 6.6. Comparison of vitellogenin (\Vtg) levels upon endocrine-disrupting chemicals (EDCs) exposure.
(a) Relative Vtg levels in zebrafish larvae, 2D, 3D, and Hybrid-2 groups. All groups were cultured for 3 days
and exposed to each chemical for 48 h. Six replicate samples of each condition were prepared for comparison.
Data are presented as mean + SD (n = 6). Comparisons of the means between each group were performed
using one-way analysis of variance (ANOVA), followed by Scheffe’s test (homogeneous variance). Asterisk
means a significant difference compared to the control condition (p < 0.05). (b—e) Correlation analysis of Vtg
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levels in groups. (b-c) Correlation matrix plot for 17f3-estradiol (E2) exposure. Pearson correlation coefficient
(r) was calculated between groups. (d-e) Correlation matrix plot for 4-hydroxytamoxifen (HT) exposure.
Pearson correlation coefficient (r) was calculated between groups.

6.5 Summary and Conclusion

Because environmental pollutants adversely affect various molecular mechanisms, cellular models for
monitoring and functional studies are needed as an alternative to in vivo exposure studies in ecotoxicology.
The present study introduces 3D culture screening platforms that feature BSeNs and aquatic cell lines and
investigated the possibility of an alternative animal test method in environmental toxicity evaluation. Our
results suggest that the use of BSeN overcomes the limitations posed by conventional spheroid systems and
offers advantages such as improved viability, proliferation, and oxygen transport. Furthermore, analysis of
the spheroid-based in vitro assays demonstrated that combining BSeN with 3D zebrafish liver cell cultures
improved the liver and reproductive functions. Results from the Hybrid-2 group indicated substantial effects
on the expression of reproductive proteins such as Vtg and showed a high correlation with the reproductive
toxicity data of zebrafish embryos that are exposed to EDCs. Our results indicate that the beneficial effects
of biomaterials that closely mimic ECM environments can yield efficient zebrafish cells with intrinsic
functions and xenobiotic metabolism similar to those of zebrafish embryos. These findings have profound

implications for designing in vitro cell culture-based monitoring platforms for alternative testing.
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6.8 Supporting Information

Supplementary Table 6.1. The information of assay identification and probes

Gene Ref Seq Assay
Gene Name o o Source
symbol Identification Identification
Estrogen receptor 1 ESR-1 NM_152959.1 Dr03093579 Thermo
Estrogen receptor 2a ESR-B2 NM_180966.2 Dr03074408 Thermo
Estrogen receptor 2b ESR-B1 NM_174862.3 Dr03150586 Thermo
Hepatocyte nuclear factor 4 alpha HNF4A NM_194368.1 Dr03433679 Thermo
Pregnane X receptor PXR NM_001098617.2 Dr03105193 Thermo
Glutathione S-transferase alpha 1 GSTA1 NM_213394 PPZ05128A Qiagen
Cytochrome  P450, family 3, )
) ) CYP3C1 NM_212673 PPZ01717A Qiagen
subfamily c, polypeptide 1
Vitellogenin 5 VTG-5 NM_001025189.2 PPZ00676A Qiagen
Glucose-6-phosphate dehydrogenase gé6pd XM_694076 PPZ12949A Qiagen
Eukaryotic translation elongation
eeflalll NM_131263.1 Dr03432748 Thermo

factor 1 alpha 1, like 1

Supplementary Table 6.2. Condition of reaction cycles

Mode Cycles Temperature (°C) Duration (sec) Step

AmpliTaq Fast DNA polymerase

Hold 9 20 and Up activation
SYBR green assay 95 3 Denature
40
60 30 Anneal/Extend
50 120 UNG incubation
Hold
95 120 Polymerase activation
TagMan assay
95 3 Denature
40
60 30 Anneal/Extend
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Supplementary Figure 6.1. SEM images of the morphology of fibrous sheet by electrospinning.
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Supplementary Figure 6.2. XPS surface chemical composition of BSeN and PD-BSeN.
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Supplementary Figure 6.3. Optimization of polydopamine coating condition. DNA contents in hybrid-
spheroid with PD-BSeN (day 1) were measured depending on different coating times and amounts of PD-
BSeN. Spheroids with (a) BSeN, (b) BSeN coated with PD for 10 min, (c) BSeN coated with PD for 20 min,
and (d) BSeN coated with PD for 60 min. Each fiber group was replicated to four spheroids and calculated
as the mean value. The experiment was repeated eight times from independent cultures. All data are expressed
as mean £ SD (n = 8).
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Supplementary Figure 6.4. Fabrication of hybrid-spheroids depending on cell density and PD-BSeN amount.
Spheroids and hybrid-spheroids were cultured for 3 days, and their cytoskeletal structure images were
obtained by fluorescence staining for DAPI (nuclei; blue) and F-actin (red). In hybrid-spheroids with BSeN,
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different cell densities were incorporated with 10 pg of BSeN. In hybrid-spheroids with PD-BSeN, different
cell densities were incorporated with 1, 2.5, and 5 pg of PD-BSeN, respectively. PD-BSeN was prepared in
a condition of BSeN coated with PD for 60 min.

Supplementary Figure 6.5. Representative 3D rendering images of FITC-coated BSeN distributed inside a
spheroid. FITC-coated BSeN (green) and DAPI (blue) fluorescence in a spheroid were observed using light-
sheet microscopy. The ZFL cells (50,000 cells) were combined with 1 pg of the FITC-coated BSeN and
seeded into each well of the BIOFLOATTM 96-well U-bottom plate. The spheroid was cultured for 3 days.
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Magnification

Control (3D)

Hybrid-1

Hybrid-2

Supplementary Figure 6.6. Representative SEM images of BSeN distributed inside a spheroid. The ZFL cells
(50,000 cells) were combined with 1 pg of the BSeN or PD-BSeN were seeded into each well of
BIOFLOATTM 96-well U-bottom plates. SEM images were taken at day 3 with Quanta 250 FEG scanning

electron microscope. Scale bars are shown on all images. Images of each group were obtained at 500X, 1000X,
and 4000X magnifications, respectively.
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Supplementary Figure 6.7. Morphological observation and viability of monolayer cells and spheroids cultured
for 3 days. The cytoskeletal structure images were acquired by fluorescence staining for DAPI (nuclei; blue)
and F-actin (red). Area and roundness of spheroids were analyzed by ImageJ software. Data are expressed as
mean + SD (n = 10). FACS results of cell viability after 3 days of culture in 2D, 3D, Hybrid-1, and Hybrid-2
groups (2D from left, Hybrid-2 to the right). The detail of sample preparations is described in the experimental
section of Supporting Information. Five replicate samples were prepared for each condition from independent
culture, and data are expressed as mean = SD (n = 5). In the graphs, comparisons of the means between each
group were performed using one-way analysis of variance (ANOVA), followed by Scheffe’s test (*, P <0.05).
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Supplementary Figure 6.8. Measurements of ATP and DNA contents in spheroids cultured for long terms.
Each group was replicated to eight spheroids and calculated as a mean value. The experiment was repeated
three times, and data are expressed as mean + SD (n = 3). Comparisons of the means between each group
were performed using one-way analysis of variance (ANOVA), followed by Scheffe’s test (¥, P < 0.05).
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Supplementary Figure 6.9. Relative quantification of hypoxia from the FACS results in Figure 3e. Five
replicate samples were prepared for each condition from independent culture, and all groups were normalized
with the 2D group, and data are expressed as mean £ SD (n = 5). Comparison of the means between each
group was performed using one-way analysis of variance (ANOVA), followed by Scheffe’s test (*, P < 0.05).
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Supplementary Figure 6.10. Relative quantification of cell proliferation from the FACS results in Figure 3c.
Five replicate samples were prepared for each condition from independent culture, and data are expressed as
mean = SD (n = 5). Comparison of the means between each group was performed using one-way analysis of
variance (ANOVA), followed by Scheffe’s test (*, P < 0.05).
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Supplementary Figure 6.11. Immunofluorescence staining for vitellogenin expression of each group at day 5.
Each group was stained with DAPI (blue) and Vtg (green).
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Supplementary Figure 6.12. Viability and hypoxia images of each group at day 14. The viability images were
measured by live and dead staining. The hypoxia images were acquired by fluorescence staining for DAPI
(nuclei; blue) and hypoxia (green).
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Supplementary Figure 6.13. ELISA quantification of vitellogenin. The 3D and Hybrid-2 groups (5,000
cells/well) were cultured for 5 days. Vitellogenin was normalized to total protein concentration. One hundred
spheroids (5,000 cells/well) for each condition were collected into a tube. Each tube was considered a sample,
and six replicate samples were prepared for the quantification. Data are presented as mean £ SD (n = 6).
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Supplementary Figure 6.14. (a) Estrogenic and (b) anti-estrogenic activities in zebrafish estrogen receptor
alpha. The induction value at the maximum concentration of 17B-estradiol (E2; 1 nM for estrogenic assay
and 0.32 nM for anti-estrogenic assay) was set to 100%. In anti-estrogenic activity, 0.32 nM E2 was co-treated
with EDCs chemicals. The graphs present the means of three replicates of eight wells for each condition. Data
are expressed as mean + SD (n = 3). (c) Cytotoxicity of zebrafish liver cells upon chemical exposure. The
graph presents the means of three replicates of five wells. Data are expressed as mean = SD (n = 3).
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Chapter 7. Conclusion

This thesis aims to 3D in vitro-based alternative approaches to ecotoxicity assessment. Precise and reliable
alternative tests to animal testing are necessary as increasing the presence of EDCs in the ecosystem. Thereby,
various in silico and in vitro approaches have been introduced and tested as alternatives to animal testing.

In the first chapter, the 3D structure of zEsr1-LBD was generated using homology modeling, and
the model was docked and simulated with EDCs. The results showed moderate or high correlations with the
results of in vitro reporter gene assays. The model can be useful for predicting and evaluating the estrogenic
activities of EDCs. The combined approaches are useful to evaluate modes of action as a molecular initiating
event upon estrogenic chemical exposure. Following the chapter, the ZFL cell line was applied to various
three-dimensional (3D) cell culture techniques to develop novel in vitro platforms. The 3D spheroid culture
of ZFL cells showed higher transcriptional regulation of genes related to reproductive toxicological response
and liver functions compared to monolayer cells. Significantly, 3D ZFL spheroids treated with estrogenic
chemicals were activated to synthesize a higher level of Vtg than monolayer cells. These findings indicate
that 3D cell culture is crucial to ZFL cell sensitization and activation for transcription, and ultimately to
physiological function. The results suggest that the engineering of novel 3D in vitro platforms for screening
harmful chemicals and improving understanding of the underlying liver toxicity mechanisms at the molecular
and cellular levels.

However, the 3D spheroid culture revealed limitations such as simplified architecture,
agglomeration, and limited diffusion. Thus, hydrogels and nanofibers that could mimic ECM environments
were applied to the ZFL cell culture to implement those limitations. In the ZFL cluster culture on hydrogels,
the softer gel drove cells to form a cell sheet with a canaliculi-like structure compared to its stiffer gel
counterpart. The hepatoids cultured on the softer gel exhibited the more active urea production and Vtg levels
upon exposure to estrogenic compounds. In addition, the use of nanofibers in 3D ZFL cell cultures is found
to improve liver and reproductive functions through assays such as whole transcriptome sequencing and
reproductive toxicity testing, with optimized properties exhibiting results similar to those obtained for fish
embryo acute toxicity (FET, OECD TG 236) following exposure to environmental EDCs. These findings
have beneficial effects of bioinspired materials that closely mimic ECM environments can yield efficient ZFL
with intrinsic functions and xenobiotic metabolism similar to those of zebrafish embryos.

Collectively, the 3D in vitro systems show improved cell functionality and physiology by forming
tissue-like environments. Besides, the systems show promise as tools that are useful for further eco-
environmental assessment and can narrow the gap between in vitro and in vivo systems. | believe that the
integrated approaches can be applied to evaluate potential EDCs with screening from a mode of action as a
MIE to AOs induced by KEs and can construct methods that cover relevant mechanisms as alternative
platforms to animal and primary cells. Therefore, this thesis can contribute to reducing the animal testing
under the 3Rs principles.
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8.1 Original Paper - Combined in silico and in vitro approaches for
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Abstract: Adverse impacts associated with the interactions of numerous endocrine-disruptor chemicals (EDCs) with estrogen
receptor 1 play a pivotal role in reproductive dysfunction. The predictive studies on these interactions thus are crucial in the
risk assessment of EDCs but rely heavily on the accuracy of specific protein structure in three dimensions. As the three-
dimensional (3D) structure of zebrafish estrogen receptor 1 (zEsr1) is not available, the 3D structure of zEsr1 ligand-binding
domain (zEsr1-LBD) was generated using MODELLER and its quality was assessed by the PROCHECK, ERRAT, ProSA, and
Verify-3D tools. After the generated model was verified as reliable, bisphenol A and its analogs were docked on the zEsr1-
LBD and human estrogen receptor 1 ligand-binding domain (hESR1-LBD) using the Discovery Studio and Autodock Vina
programs. The molecular dynamics followed by molecular docking were simulated using the Nanoscale Molecular Dynamics
program and compared to those of the in vitro reporter gene assays. Some chemicals were bound with an orientation similar
to that of 17B-estradiol in both models and in silico binding energies showed moderate or high correlations with in vitro
results (0.33 <* <0.71). Notably, hydrogen bond occupancy during molecular dynamics simulations exhibited a high cor-
relation with in vitro results (#>0.81) in both complexes. These results show that the combined in silico and in vitro
approaches is a valuable tool for identifying EDCs in different species, facilitating the assessment of EDC-induced
reproductive toxicity. Environ Toxicol Chem 2022;00:1-13. © 2022 SETAC

Keywords: In silico methods; Homology modeling; Estrogen receptor 1; Zebrafish; Bisphenol A and its analogs; In vitro assay

INTRODUCTION divided into two subtypes: estrogen receptor 1 (ESR1) and
estrogen receptor 2 (ESR2). Both receptors have been ob-

served in nonmammalian vertebrates and mammals (Hawkins
et al., 2000). Estrogen receptor 1 is predominantly expressed in

Estrogen-induced actions promote various physiological
processes, such as growth, homeostasis, and reproduction
(Barkhem et al., 2004; Hewitt et al., 2016; Khalid & Krum, 2016;
Kovats, 2015; Shen & Shi, 2015). In addition, estrogens regu-
late the pubertal development and function of the female re-
productive system (Hewitt et al., 2016), bone density (Khalid &
Krum, 2016), immune system (Kovats, 2015), and lipid and
glucose metabolism (Shen & Shi, 2015). Most of these proc-
esses are mediated by estrogen receptors (ESRs), which can be

various tissues and organs, such as the liver, bones, glands,
uterus, ovaries, testes, and prostate (Dahlman-Wright
et al., 2006; Heldring et al., 2007), and plays more important
roles than ESR2 in the mammary glands and uterus, main-
tenance of skeletal homeostasis, and regulation of lipid and
glucose metabolism (Barros & Gustafsson, 2011; Paterni
et al., 2014). Estrogen receptors are structurally composed of
N-terminal, DNA-binding, and ligand-binding domains (LBDs;

This article includes online-only Supporting Information. Kumar et al., 2011). Ligand—binding domains include the
* Address correspondence to youngjunkim@kist-europe.de ligand-binding pocket, which can activate ESRs by interacting
Published online 25 July 2022 in Wiley Online Library ith i d h diol . his i

(wileyonlinelibrary.com). with ligands, such as 17p-estradiol (E2). Owing to this inter-
DOI: 10.1002/etc.5433 action, many exogenous chemicals, which mimic estrogens,
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can alter the functions of the endocrine system and cause
various adverse effects (Bardet et al., 2002). Therefore, concern
regarding the possible threats posed by endocrine-disrupting
chemicals (EDCs) in wildlife and humans is increasing (Mills &
Chichester, 2005; Zhang & Zhou, 2005).

Bisphenol A (BPA) has been reported to adversely affect the
reproductive and developmental systems of humans, fish,
and amphibians (Kang et al., 2007; Mathieu-Denoncourt
et al., 2015; Rochester, 2013), and is a precursor to plastics,
epoxy resins, and thermal paper (Geens et al., 2012). Although
substitutes have recently been manufactured to replace BPA,
some exert endocrine effects similar to those of BPA (Chen
et al., 2016; Keminer et al., 2020; Rosenmai et al., 2014; Usman
& Ahmad, 2016). As a large number of comprehensive studies
are required to evaluate potential endocrine disruption caused
by BPA substitutes, molecular docking is a promising tool for
predicting and screening potential EDCs, and has been con-
ducted to predict the types of interactions, binding affinity, and
orientations of the docked ligands at the binding site of the
target receptor (Babu et al., 2012; Cavaliere et al,, 2020;
Montes-Grajales & Olivero-Verbel, 2013; Sliwoski et al., 2013).
However, because most static docking protocols lack receptor
flexibility, the reliability of the complexes might be uncertain
(Kalé et al., 1999). Hence, molecular dynamic simulation
has been applied to understand the dynamic behavior of
complexation and to complement the limitations of molecular
docking. Molecular dynamic simulation can offer fundamental
molecular mechanisms and conformational changes (Kalé et al.,
1999; Phillips et al., 2005). Although most docking studies have
been conducted on BPA and its analogs for human ESRs,
docking and molecular dynamic simulations for aquatic or-
ganisms remain limited because there are currently no avail-
able crystal structures (Babu et al., 2012; Zhang et al., 2018).

The present study aimed to generate the structure of an
zEsr1 ligand-binding domain (zEsr1-LBD) using homology
modeling. Zebrafish (Danio rerio) have been utilized as a
model organism for toxicity testing by the Organization for
Economic Co-operation and Development (OECD) guide-
lines. Furthermore, zebrafish exhibit rapid development and
growth, and signaling pathways highly similar to those in
humans (Kari et al., 2007; MacRae & Peterson, 2015). The
zEsr1-LBD was generated using the MODELLER program and
the structural quality was then verified using PROCHECK,
ERRAT, ProSA, and Verify-3D tools. Consequently, the gen-
erated zEsr1-LBD model was used to investigate its inter-
actions with E2, BPA, 4,4'-(9-fluorenyliden)-diphenol (BPFL),
tetramethyl bisphenol A (TMBPA), and 4-phenylphenol. Tet-
ramethyl bisphenol A, BPFL, and 4-phenylphenol are classi-
fied as alternative substances of BPA, and these analogs are
introduced mainly for usage in thermal paper, polymers,
polycarbonates, and fire retardants (Keminer et al., 2020).
Because these applications cause exposure of chemicals in
the environment, the analogs have been detected in water
and sediment samples from lakes or rivers (Banaderakhshan
et al.,, 2022; Chafi et al., 2022; Jin & Zhu, 2016). These
chemicals have been reported to have endocrine disruptor
potential by exhibiting anti- or estrogenic activities in humans

(Keminer et al., 2020). In addition, BPFL showed an anti-
estrogenic effect in mice and zebrafish, and hormetic effects
on regulating the hypothalamic—pituitary-thyroid axis in ze-
brafish (Jin et al., 2021; Mi et al., 2019; Zhang et al., 2017).
However, there is still a lack of studies on their estrogenic
disruptive activities and their modes of action in aquatic
species. Thus, the complex geometry and putative chemical-
receptor binding energies of BPA and its analogs were
calculated and validated by conducting in vitro assays. The
correlations between the in silico and in vitro analyses con-
firmed that the newly generated zEsr1-LBD is useful for pre-
dicting and evaluating the estrogenic activities of EDCs.

MATERIALS AND METHODS

Sequence alignment, template selection, and
homology modeling

Sequence alignment was conducted to observe sequence
identity between human ESRs (hESRs) and zebrafish Esrs (zEsrs).
Multiple sequence alignment and principal components anal-
ysis (PCA) were conducted, and a phylogenetic tree was
generated using JalView (Procter et al., 2021). The PCA and
phylogenetic tree were constructed using amino acid se-
quences of ESRs available from Uniprot. The sequence sources
and UniProt IDs were as follows: human ESR1 (hESR1, P03372),
zebrafish estrogen receptor 1 (zEsr1, P57717), human ESR 2
(hESR2, Q92731), zebrafish ESR2a (zEsr2a, Q77ZU32), and
zebrafish ESR2b (zEsr2b, Q90WS9).

The crystal structure of hESR1 (protein data bank [PDB] ID:
2YJA) was selected as hESR1-LBD, which is bound to stapled
peptides and E2 (Phillips et al., 2011). The LBD structure of
zEsr1 was created using homology modeling. First, the LBD
sequence of zEsr1 (P57717) was retrieved from the UniProt
database to build the model. The query sequence was then
used to search for an optimal template with the protein-basic
local alignment search tool (BLASTp; Altschul et al., 1990). The
hESR1-LBD (2YJA) was selected as the optimal template after
utilizing BLASTp. The software MODELLER 9.25 was used to
create the homology model for zEsr1-LBD. The program is a
homology or comparative modeling tool that conducts com-
parative protein structure modeling based on satisfaction of
spatial restraints. Comparative modeling predicts the three-
dimensional (3D) structure of a given protein target sequence
based primarily on its alignment with one or more proteins with
known template structures to generate a zebrafish Esr1 model
(Webb & Sali, 2016). The LBD sequence of zEsr1 and template
structure (2YJA) were used as the inputs in MODELLER v9.25
(https://salilab.org/modeller/9.25/release.html). When target-
template alignment is conducted, the program automatically
calculates a 3D model of the target using its automodel class
(Webb & Sali, 2016). Finally, MODELLER generates a 3D model
containing all the main chain and sidechain nonhydrogen
atoms as the output of the given target sequence. Ten models
were generated, and one structure with the lowest discrete
optimized protein energy (DOPE) score was selected as the
zEsr1-LBD model for molecular docking (Shen & Sali, 2006).

© 2022 SETAC
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Homology model validation

The structural qualities of zEsr1-LBD and hESR1-LBD were
validated using the ERRAT program (Colovos & Yeates, 1993),
PROCHECK (Morris et al.,, 1992), ProSA (Wiederstein &
Sippl, 2007), and Verify 3D tools (Lithy et al., 1992). The ERRAT
program analyzes the relative frequencies of noncovalent
interactions between various types of atoms (Colovos &
Yeates, 1993), whereas PROCHECK uses the Ramachandran plot
for structural verification, which assesses the quality and accu-
racy of the stereochemical properties of a model (Morris
et al.,, 1992). The Protein Structure Analysis (ProSA) program is
an established tool with a large user base that is frequently used
to refine and validate experimental protein structures and for
structural prediction and modeling (Wiederstein & Sippl, 2007).
The program Verify 3D measures the compatibility of a protein
model with its own amino acid sequence (Liithy et al., 1992).

Molecular docking

The hESR1-LBD and generated zEsr1-LBD structures were
used for molecular docking with BPA analogues including E2,
BPA, BPFL, TMBPA, and 4-phenylphenol as the test ligands from
the PubChem database (E2: 5757, BPA: 6623, BPFL: 76716,
TMBPA: 79717, and 4-phenylphenol: 7103). All the chemicals
were saved as a structure data file format, and their geometries
were optimized following the MM2 energy minimization
method. The files were converted into protein data bank format
using Discovery Studio Visualizer 2016 (Accelrys Software).

Molecular docking simulations were conducted using the
CDOCKER module of Discovery Studio (Wu et al., 2003) and
AutoDock Vina (Trott & Olson, 2010), which uses the CHARMM-
based molecular dynamics method. The CDOCKER module
generates the conformation using high-temperature molecular
dynamics and then forwards the conformations to the binding
site for binding pose analysis. The CDOCKER interaction energy
is taken as an estimate of the molecular binding affinity, with
lower values suggesting more favorable binding between the
protein and ligand (Wu et al., 2003). Autodock Vina utilizes
protein and ligand information, along with the grid box proper-
ties, in the docking configuration file and assumes that the re-
ceptor is rigid and ligands are flexible during docking (Trott &
Olson, 2010). Root mean squared deviation (RMSD) values below
1.0A were clustered and the results with the most favorable
binding free energy were considered. The grid size was set to
40 points each in the x, y, and z directions, with a grid spacing of
1.0A. The energetic map was determined using the distance-
dependent function of the dielectric constant, and the default
settings were applied to all the other parameters. All docked
poses were determined using rankings based on binding en-
ergies. The pose with the lowest binding energy was extracted
and aligned with the receptor structure for further analysis.

Molecular dynamics simulations

All simulations were performed using nanoscale molecular
dynamics (NAMD) 2.14 software with a CHARMM27 force field

(Phillips et al., 2005). System preparations for molecular dy-
namic simulations and analysis of the computed trajectories
were performed using visual dynamics studio (VMD) Ver 1.9
(Humphrey et al., 1996). The CHARMM GUI web server was
utilized to prepare the system for the molecular dynamic sim-
ulations, including ligand parameter files. Coordinates for the
missing hydrogen atoms and amino acid side chains were
added with AutoPSF plugin from VMD and based on the
CHARMM27 force field (Kalé et al., 1999). The system was
solvated with TIP3P water using the solvate plugin from VMD
with a spacing of 10A in all directions (Jorgensen et al., 1983).
Charges of the system were neutralized by Na™ and CI™ ions
using the autoionize plugin from VMD. After the minimization
of the solvated system, the system was equilibrated at a tem-
perature of 310K. The simulations were conducted in an
isothermal-isobaric ensemble with periodic boundary con-
ditions. Electrostatic interactions were computed using the
particle mesh Ewald method (Cheatham et al., 1995). The van
der Waals interactions were calculated at cutoff and switching
distances of 12 and 10A, respectively. The temperature and
pressure were maintained constant using a Langevin thermo-
stat and a Langevin barostat, respectively. All simulations were
conducted for at least 20ns using 2fs time steps (Feller
et al., 1995).

The RMSD of protein Ca atoms was calculated in each
simulation. Moreover, the hydrogen bonding (H-bonding) oc-
cupancy was analyzed using the H-bond plugin. The cutoff
distance and angle of occupancy were set to 3.5A and 120°,
respectively. The simulation of binding free energy (AGy,ng) was
calculated by molecular mechanics/Poisson-Boltzmann surface
area (MM/PBSA) in the CaFE plugin. Each simulation extracted
at least 5000 snapshots from the last 5ns of the trajectories.
The calculation of MM/PBSA was performed according to a
methodology described previously (Hou et al., 2011).

Recombinant yeast assay

All the chemicals were purchased from Sigma-Aldrich and
dissolved in dimethyl sulfoxide (DMSO), the concentration of
which did not exceed 1% (v/v) of the test chemicals. Saccha-
romyces cerevisiae recombinant yeast was purchased from
Xenometrix AG (XenoScreen YES) and was genetically in-
tegrated to express hESR1 (YES). The expression plasmid of the
reporter gene lac-Z was also inserted into the yeast, which in-
duces the B-galactosidase enzyme. Therefore, when an agonist
bound to the hESR1 in the yeast, yeast was activated and ex-
pressed B-galactosidase, which converts chlorophenol red--o-
galactopyranoside (CPRG) into chlorophenol red (Xenome-
trix, 2018). Based on this principle, the yeast could be used to
evaluate the estrogenic activity of chemicals; for this, we used
E2 as a reference chemical. The test yeast was exposed to half-
logarithmic (3.16-fold) dilutions of E2 and other chemicals.
The exposure ranges were 107''-1078 M for E2, 107/-107*M
for BPA and TMBPA, and 108-10>M for BPFL and
4-phenylphenol. The medium containing yeast and CPRG
(200 pl) was exposed to the test chemicals (2pl) in 96-well
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plates and incubated at 31 °C with shaking (100 rpm) for 48 h.
17B-Estradiol treatment resulted in the cleavage of CPRG into
chlorophenol red by the induction of B-galactosidase. We an-
alyzed optical density at 690 nm (ODgg0) and 570 nm (ODs7¢)
using a spectrophotometer (Tecan). Data analysis was con-
ducted according to the yeast assay manufacturer's protocol
(Xenometrix, 2018).

Cell culture, transfection, and luciferase reporter
assay

The human embryonic kidney 293 cell line (HEK293, CRL-
1573; ATCC) was utilized as a transfection host for the zEsr1
construct. The HEK293 cells were cultured in Dulbecco's modi-
fied Eagle's medium without phenol red (Thermo Scientific), with
10% fetal bovine serum (Thermo Scientific) and 1%
penicillin-streptomycin (Thermo Scientific) at 37 °C and 5% CO,.

The HEK293 cells were transduced with the pGreenFire
Lenti-reporter plasmid (pGF2-ERE-rFLuc-T2A-GFP-mPGK-Puro,
TR455VA-P; System Biosciences) that encodes green fluo-
rescent protein (GFP) reporter and red-shifted luciferase, under
the control of estrogen response element (ERE) with the pur-
omycin resistance, according to a previously described meth-
odology (Elegheert et al., 2018). Briefly, the cells were plated
with 3x 10° cells per well in a six-well plate (Thermo Scientific)
before transduction. After overnight culture, the old medium
was aspirated and the virus-containing medium was treated
with 5pg/ml of polybrene for 8h. Subsequently, the virus-
containing medium was removed and the transduced cells
were allowed to recover overnight before the addition of pur-
omycin (10 pg/ml) for selection in the medium. In the second
step, the transduced cells (HEK293-ERE) were transfected with
the piggyBac transposon gene expression system. The zEsr1
expression vector was custom-cloned by vectorbuilder (pPB-
Neo-CAG > zEsr1, VB210426-1022cns; Vectorbuilder) and
the pRP-mCherry-CAG > hyPBase plasmid (VB160216-10057;
Vectorbuilder) encodes the hyperactive version of piggyBac
transposase. The cells were plated with 1 x 10° cells per well in
a six-well plate. After overnight culture, 1 ug of the vector and
0.75 pl of the lipofectamine 3000 reagent were mixed in 250 pl
of Opti-MEM medium and incubated for 15 min for DNA-lipid
complex formation. The mixture of the DNA-lipid complex
formation was treated to each well and incubated for 6 h. Af-
terwards, the medium was removed, and the cells were allowed
to recover overnight before the addition of puromycin and
neomycin (10 and 2 pg/ml, respectively). Finally, the transfected
cells (HEK293-ERE-zEsr1) were collected.

The HEK293-ERE-zEsr1 cells were used to assess the es-
trogenic activity of chemicals. 178-Estradiol was used as a ref-
erence chemical and the cells were exposed to half-logarithmic
(3.16-fold) dilutions of E2 and other chemicals. The exposure
ranges were 107"2-107" M for E2 and 107'°-107> M for other
chemicals. The test chemicals were obtained with high purity
(>98%) from Sigma-Aldrich and were dissolved in DMSO, with
a concentration not exceeding 0.5% (v/v). The cells were
seeded at a rate of 1.0 x 10* cells per well on a 96-well plate.
After overnight culture, the chemical solutions were treated

with a ratio of 1:1 in each well containing the medium and
cultured for 24 h. The cells were lysed with passive lysis buffer
(Promega), and the lysates were applied to evaluate Firefly
luciferase activity using the Luciferase Reporter Assay System
(Promega). Luminescence was measured as relative lumines-
cence units with an integration time of 10s and a settling time
of 1s using a microplate reader.

Statistical analysis

All data of the in vitro studies are presented as the mean of
triplicate per concentration and are presented as the mean +
standard deviation. Graphs are prepared using SigmaPlot (Ver
12.0; Systat Software). The correlation analysis was performed
using Pearson correlation test in R Ver 3.5.1 through RStudio
Ver 1.2.5042.

RESULTS AND DISCUSSION

Sequence alignment, template selection, and
homology modeling

Sequence alignments of hESRs and zEsrs were obtained and
are compared in Figure 1. The sequence identity between
hESR1 and zEsr1 is 47% (Figure 1A). Notably, the sequence
identity of LBD between hESR1 and zEsr1 increased to 62%,
which indicates better conservation compared to other do-
mains. The sequence similarity of the LBD regions between
both sequences is 78%. The PCA results indicated clear sepa-
rations between ESR1 and ESR2, regardless of the species
(Figure 1B). The hESR1 and zEsr1 isoforms are closer to each
other than the hESR2 and zEsr2 isoforms. The phylogenetic
tree reveals the close inter-relationship of 1 and 2 isoforms of
hESR and zEsr in terms of evolutionary distance metric
(Figure 1C).

Sequence alignment is a pivotal step in generating a
homology model, because sequence misalignment can result
in homology model errors and the generation of different
models (Chang & Swaan, 2006; Venclovas, 2003). Phylogenetic
analysis confirmed that zEsr1 is derived from the ESR1 ancestral
subtype and that zEsr2 isoforms belong to the ESTR2 sub-
group. Moreover, the LBD is highly conserved following the
DNA binding domain (Menuet et al., 2002). Consequently, the
LBD sequences of hESR1 and zEsr1 were considered well
conserved within the same subtype.

A homology model of zEsr1-LBD was generated using
MODELLER based on sequence alignment (Figure 2). Human
ESR1-LBD (PDB ID: 2YJA, Figure 2A) was selected as a tem-
plate, with query coverage, sequence identity, e-value, and bit
score of 44%, 62.1%, 6e—109, and 327, respectively. Ten ho-
mology models were generated, and the optimal zEsr1-LBD
model was selected according to the lowest discrete optimized
protein energy (DOPE score —32,888; Figure 2B). The X-ray
crystal structure of hESR1-LBD and the homology model of
zEsr1-LBD are superimposed in Figure 2C. The backbone po-
sitional RMSD between the two structures was 0.162 A, in-
dicating that the zEsr1-LBD model has high similarity and
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FIGURE 1: Sequence alignment comparison. (A) Sequence alignment between human estrogen receptor 1 (hESR1) and zebrafish estrogen receptor
1 (zEsr1). The conserved amino acids are marked with asterisks and similar properties between different amino acids are marked as dots. The helices
surrounding the ligand-binding cavity are colored black in the E/F domain. Gaps are denoted with a hyphen. (B) Principal component analysis of
human and zebrafish estrogen receptors. (C) Phylogenetic analysis showing the relationships between human and zebrafish estrogen receptors.

structural comparability with the hESR1-LBD structure
(Marti-Renom et al., 2000; Shehadi et al., 2020). The ligand-
binding cavities when both receptors were bound to E2 are
superimposed in Figure 2D. Three residues at corresponding
positions of the ligand-binding cavities of hESR1 and zEsr1
were involved in hydrogen bonding and each residue of the

two receptors formed hydrogen bonding interactions with the
identical atoms of E2. Moreover, the distances of each corre-
sponding hydrogen bond are comparable between the two
species. Taken together, these results confirmed the reliability
of the generated zEsr1-LBD and binding similarity between the
hESR1- and zEsr1-LBDs.

(D)

GLU 353

¢ ) 3%
LU 9£

238A

; ’
HIS 524

HIS 492

FIGURE 2: Three-dimensional ligand-binding domain structures of the human estrogen receptor 1 (hRESR1) and modeled zebrafish estrogen receptor 1
(zEsr1). (A) Ligand-binding domain of hESR1 (hESR1-LBD; PDB:2YJA). (B) Ligand-binding domain of zEsr1 (zEsr1-LBD) generated by homology modeling
using MODELLER. (C) Superimposed images of hESR1-LBD (red) and zEsr1-LBD (green). (D) Hydrogen bond interactions of 17B-estradiol with both
structures. Red and green residues indicate hESR1-LBD and zEsr1-LBD, respectively. GLU = glutamic acid; HIS = histidine; ARG = arginine.
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Model validation

The generated model, including the conformation-dependent
backbone geometry, was validated using PROCHECK, ERRAT,
ProSA, and Verify-3D (Supporting Information, Table S1 and
Figure S1). The PROCHECK software was used to obtain a
Ramachandran plot (Morris et al., 1992) for evaluating the
stereochemical properties of hESR1-LBD and zEsr1-LBD, which
presents the phi (p) and psi () distributions of backbone
conformation angles for each residue in a protein structure
consistent with a right-handed a-helix (Supporting Information,
Figure S1A). A good-quality model is expected to occupy
greater than 90% of the most favorable region in the
Ramachandran plot (Morris et al., 1992; Otero et al., 2010). For
the plots of hESR1-LBD and zEsr1-LBD, amino acids occupied
96.6% and 97.5% of the most favorable region, respectively.
None of the residues were present in the disallowed region in
the plot generated for zEsr1-LBD, while 0.4% of the residues
were present in the disallowed region of the plot for hESR1-
LBD, indicating that both structures were good stereochemical
models. To assess the relative distributions of different atom
types in the test structure and determine the overall quality
factor for noncovalent bonded atomic interactions, ERRAT was
used; with scoring exceeding 90% which resulted in 97.0% and
90.8% for hESR1-LBD and zEsr1-LBD, respectively, indicating
that the backbone conformation and noncovalent bonding in-
teractions of hESR1-LBD and zEsr1-LBD were acceptable
for high-quality structure models (Supporting Information,
Figure S1B; Colovos & Yeates, 1993; Shamsara, 2019).

The structures were also cross-validated using ProSA-web
(z-score), which resulted in —6.80 and —6.76 for hESR1-LBD and
zEsr1-LBD, respectively, and plotted within the range for entire
proteins determined by the nuclear magnetic resonance and
X-ray-derived structures (Supporting Information, Figure S1C).
The results suggest that the prediction accuracy of the 3D
protein structure models is acceptable when compared to
previous studies (Otero et al.,, 2010; Shehadi et al., 2020;
Wiederstein & Sippl, 2007). Finally, the Verify-3D server was
used to predict the hESR1-LBD and zEsr1-LBD structures as
profile-3D scores, which are presented as a table computed
from the atomic coordinates of the structure (Supporting
Information, Figure S1D). A 3D-1D score exceeding 0.2 for
greater than 65% of a structure indicates high quality in a
general manner, according to previous studies (Lithy
et al., 1992; Shamsara, 2019). The verify-3D server predicted
that 79.2% of the residues in hESR1-LBD had an average 3D-1D
score of >0.2, while 78.0% of the residues in zEsr1-LBD had an
average 3D-1D score of >0.2. Both structures effectively met
the criteria with high scores. Overall, the modeled zEsr1-LBD
was comparatively robust and could be applied to the sub-
sequent evaluation of binding activities.

Molecular docking and molecular dynamic
simulations

The docking of chemicals on hESR1-LBD and zEsr1-LBD was
successfully simulated and revealed multiple docking poses for

each ligand binding site. The binding poses of the docked
complexes are illustrated in Figure 3. In particular, the docked
complexes of E2/hESR1-LBD and E2/zEsr1-LBD exhibited an
identical pattern of interactions between ligand and receptor,
consisting of three hydrogen bonds and nine hydrophobic in-
teractions. The hydrogen bonds were glutamic acid (Glu) 353,
arginine (Arg) 394, and histidine (His) 524 for hESR1-LBD, and
Glu321, Arg362, and His492 for zEsr1-LBD. However, the in-
teractions with BPA differed between hESR1-LBD and zEsr1-
LBD. The interactions of BPA with hESR1-LBD consisted of two
hydrogen bonds and nine hydrophobic interactions, while
three hydrogen bonds and 10 hydrophobic interactions were
observed in the BPA/zEsr1-LBD complex. Notably, two hy-
drogen bonds (Glu353 and His524 for hESR1-LBD, and Glu321
and His492 for zEsr1-LBD) were shared between both struc-
tures. The docked complex between BPFL and hESR1-LBD
consisted of one hydrogen bond and five hydrophobic inter-
actions. The hydrogen bond was observed in serine (Ser)
512 residue. The docked complex with BPFL/zEsr1-LBD ex-
hibited one hydrogen bond, two electrostatic interactions, and
five hydrophobic interactions. Tetramethyl BPA exhibited the
same hydrogen bonds as BPA in hESR1-LBD. Two phenolic
hydroxyl groups formed hydrogen bonds with polar residues of
Glu353 and His524, respectively. Tetramethyl BPA formed an
electrostatic interaction with the methionine (Met) 343 residue.
Only one hydrogen bond (His492) was observed in the TMBPA/
zEsr1-LBD complex. In addition, 4-phenylphenol formed the
same hydrogen bonds and hydrophobic interactions in both
receptors. The van der Waals interactions of only three residues
differed, and the hydrogen bonds were Glu353 and Arg394 for
hESR1-LBD, and Glu321 and Arg362 for zEsr1-LBD.

Before analyzing the molecular dynamic simulation results,
each ligand-receptor complex was evaluated for dynamic sta-
bility based on the RMSD values of all atoms (Supporting In-
formation, Figures S2 and S3). The RMSD values were between
0.8 and 2.2A in ligand/hESR1-LBD complexes, and between
1.6 and 4.5A in ligand/zEsr1-LBD complexes. All complexes
reached a stable equilibrated state after 10ns of simulation.
The H-bonding occupancies between 10 and 15ns in the mo-
lecular dynamic trajectory analysis were analyzed with Glu353,
Arg394, and His524 for hESR1-LBD and Glu321, Arg362, and
His492 for zEsr1-LBD (Figure 4). These residues interact with E2
as major hydrogen bonds, as previously described (Asnake
et al., 2019; Kalaiarasi et al., 2019). In contrast, TMBPA, E2,
BPA, BPFL, and 4-phenylphenol exhibited similar patterns in
the docked complexes with hESR1-LBD and zEsr1-LBD. Con-
sidering the sum of three H-bonding occupancies, E2/hESR1-
and E2/zEsr1-LBD ratios exhibited superiority when compared
with those of other chemicals, in the order of E2>BPA>
4-phenylphenol > TMBPA > BPFL. Similar to E2, BPA formed
mainly hydrogen bonds with Glu353 and His524 in hESR1-LBD,
and with Glu321 and His492 in zEsr1-LBD. None of the
H-bonding occupancies with the residues was observed for
BPFL. High occupancy with Glu353 was observed in the
TMBPA/hESR1-LBD complex, whereas high occupancy with
His492 was observed in the TMBPA/zEsr1-LBD complex. Lastly,
4-phenylphenol exhibited similar H-bonding occupancy trends
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FIGURE 3: Interactions of the ligand-receptor complexes. Two-dimensional docking results for receptor-ligand complex indicating hydrogen
bonding (green), hydrophobic interactions (pink), van der Waals interactions (orange), and electrostatic interactions (cyan). hESRa = human estrogen
receptor 1; zESRa=zebrafish estrogen receptor 1; E2=17B-estradiol; BPA =bisphenol A; BPFL=4,4'-(9-fluorenyliden)-diphenol; TMBPA =
tetramethyl bisphenol A; 4-pp = 4-phenylphenol; PHE = phenylalanine; MET = methionine; LEU =leucine; ILE =isoleucine; GLY =glycine; HIS=
histidine; TRP = tryptophan; THR =threonine; ALA = alanine; GLU = glutamic acid; ARG = arginine; GLN = glutamine; SER = serine; PRO = proline;

LYS = lysine; VAL = valine.
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FIGURE 4: Occupancies of hydrogen bonds between ligands and
Glu353, Arg394, and His524 residues for ligand-binding domain of
human estrogen receptor 1 (RESR1-LBD) (A), and between ligands and
Glu321, Arg362, and His492 residues for ligand-binding domain of
zebrafish estrogen receptor 1 (zEsr1-LBD) (B) during molecular dynamic
simulations  (10-15ns).  E2=17B-estradiol; BPA=bisphenol A;
BPFL = 4,4'-(9-fluorenyliden)-diphenol; TMBPA = tetramethyl bisphenol
A; H=hydrogen; Glu = glutamic acid; Arg = arginine; His = histidine.

in both structures. Glu353 and Arg394 were observed
in the hESR1-LBD complex, and Glu321 and Arg362 were
observed in the zEsr1-LBD complex.

Previous studies have attempted to determine the
major amino acid residues involved in ligand recognition by
hESR (Danielian et al., 1993; Ekena et al., 1996; Pakdel &
Katzenellenbogen, 1992). The 515-535 residue region has been
identified as being responsible for ligand recognition through an
alanine-scanning mutagenesis assay (Pakdel & Katzenellenb-
ogen, 1992). Consequently, glycine (Gly) 521, His524, leucine
(Leu) 525, and Met528 in helix 11 were identified as the key
residues for ligand recognition (Ekena et al., 1996). The His524
residue has recently been recognized as a key player with a
critical role in maintaining agonist conformation in hESR1-LBD
(Caoetal., 2017; Zhang et al., 2018). Furthermore, the hydrogen
bonds with Glu353 and Arg394 residues also have been re-
ported to stabilize ligands embedded in the hESR1 cavity,
thereby providing a stable recognition site (Lee & Barron, 2017;
Miller, 2015; Mu et al., 2011). In the present study, hydrogen
bonds with the Glu353, Arg394, and His524 residues were ob-
served in the E2/hESR1-LBD complex, and the interactions cor-
responded with previously reported docking results (Cao
et al., 2017; Kalaiarasi et al., 2019; Park et al., 2021, Wang
et al., 2020). Collectively, the docking results of the present
study indicated that BPA and its analogs were located in hESR1-
LBD, forming diverse interactions. Bisphenol A, TMBPA, and
4-phenylphenol shared some similarity to E2 in hydrogen-
bonding interactions. Bisphenol A and TMBPA formed

hydrogen bonds with Glu353 and His524, which were associated
with the ligand recognition site. Although 4-polyphenol inter-
acted with two other hydrogen bonds, Gly521, His524, Leu525,
and Met528 in H11 formed van der Waals interactions. Two to
four hydrogen bonds were observed in the BPA/hESR1-LBD
complex: Glu353, Arg394, Gly521, and His524. Glu353 and
His524 interactions have been commonly observed in previous
studies (Cao et al., 2017; Cavaliere et al.,, 2020; Delfosse
etal., 2012; Jeong et al., 2019; Li et al., 2015). Such differences
regarding hydrogen bonds appear to be due to the different
calculations and simulation methods used in different docking
programs. Cao et al. (2017) docked TMBPA on hESR1-LBD and
reported that TMBPA interacted as hydrogen bonds with
Glu353 and His524 during molecular dynamic simulations, which
is consistent with our results. Several docking simulations have
been conducted using zEsr1-LBD and have shown that E2 forms
three hydrogen bonds corresponding to those (Glu321, Arg362,
and His492) observed in the present study (Asnake et al., 2019;
Costache et al., 2005). Mu et al. (2018) reported that BPA forms
the same hydrogen bonds as E2, which are similar to those
(Glu321 and His492) observed in our results. When considering
the key residues for ligand recognition in hESR1-LBD, BPA,
TMBPA, and 4-phenylphenol were fitted to zEsr1-LBD and in-
teracted with the residues for ligand recognition. Considering
the similarity of their ligand recognition patterns to E2, these
interactions were assumed to contribute to agonism. Like
hESR1-LBD, the interactions of TMBPA and 4-phenylphenol with
zEsr1-LBD indicated that BPA and its analogs exhibited similar
binding modes, which may explain how they mimic endogenous
hormones that disrupt the zebrafish endocrine system.

Binding energy analysis

To assess the binding affinity of ligand-receptor complexes,
binding energies were calculated with molecular docking and
molecular dynamic simulations. The binding energies of each
chemical are listed in Table 1 and Supporting Information,
Table S2. Docking simulations were conducted using
CHARMm-based (CDOCKER) and AutoDock Vina, and all
chemicals were docked in hESR1-LBD and zEsr1-LBD. In the
hESR1-LBD simulations, the E2/hESR1-LBD complex exhibited
the lowest binding energy among the test chemicals in both
docking programs, whereas the BPFL/hESR1-LBD complex
exhibited the highest energy. The binding energies in
hESR1-LBD were ranked as follows: E2>TMBPA > BPA > 4-
phenylphenol > BPFL. In the zEsr1-LBD simulations, a similar
pattern to hESR1-LBD was observed, with the lowest binding
energy occurring for the E2/zEsr1-LBD complex, and the
highest occurring for the BPFL/hESR1-LBD complex among the
test chemicals. The binding energies were ranked as follows:
E2 > BPA=TMBPA > 4-phenylphenol > BPFL. The steady state
of 10 and 15ns molecular dynamic simulations revealed the
order TMBPA > E2 > BPA > 4-phenylphenol > BPFL, in which
TMBPA revealed a lower binding free energy than E2 in
the hESR1. For the zEsr1 complexes, the binding free
energies were ranked as E2 > BPA> TMBPA >
4-phenylphenol > BPFL.  The differed

follows:

binding energies
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TABLE 1: Binding energies of molecular docking and molecular dynamic (MD) simulations

Molecular docking MD simulation (10-15 ns)
Discovery studio AutoDock Vina MMPBSA
Docking program Cdocker interaction energy (kcal/mol) Binding free energy (kcal/mol) Binding free energy, AGyng (kcal/mol)
Ligands/receptors hESR1-LBD zEsr1-LBD hESR1-LBD zEsr1-LBD hESR1-LBD zEsr1-LBD
Estradiol -53.2+0.00 -49.8+0.00 -11.1+0.00 -10.7 £0.00 -18.8+2.76 -18.6 +2.55
Bisphenol A -38.2+0.00 -38.0+0.00 -8.13+0.10 -8.36 +0.04 -17.8+3.09 -17.3+3.17
Bisphenol FL -14.5+0.00 -12.3+0.00 -7.26 £0.05 -7.02+0.12 -7.23+2.61 -3.48 +£4.67
Tetramethyl bisphenol A -41.8+0.00 -42.3+0.00 -8.10+0.08 -8.13+£0.12 —22.9+3.46 -16.8+3.79
4-Phenylphenol -30.4 +£0.00 —-29.7 +0.00 —7.80+0.00 —7.60+0.00 -13.1+2.64 -12.3+3.53

MMPBSA = molecular mechanics Poisson-Boltzmann surface area; hESR1 = human estrogen receptor; zEsr1 = zebrafish estrogen receptor; LBD = ligand-binding domain.

according to the chemicals used. The docking programs ex-
hibited similar binding energy patterns and corresponded with
the results of previous studies (Cavaliere et al., 2020; Jeong
etal., 2019; Makarova et al., 2016). Bisphenol A and its analogs
were docked, and their binding energies with hESR1-LBD were
compared. Bisphenol A and its substitutes exhibited higher
binding energy than E2/hESR1-LBD. Cavaliere et al. (2020) re-
ported the same binding energy pattern for hESR1-LBD
(E2 > TMBPA > BPA). Makarova et al. (2016) simulated E2 and
BPA docking on simulated hESR1-LBD and zEsr1-LBD using
AutoDock, and E2 exhibited lower binding energy than BPA.
The binding energies were —11.5 and -7.73 kcal/mol for
hESR1-LBD and —11.0 and —7.56 kcal/mol for zEsr1-LBD, re-
spectively. The E2/hESR1-LBD manifested lower binding free
energy than BPA/hESR1-LBD using MM/PBSA and molecular
mechanics generalized Born surface area (MMGBSA) methods
(Li et al., 2015, 2018). Notably, the TMBPA/hESR1-LBD dis-
played a lower binding free energy than the E2 complex during
molecular dynamic simulation, which is not consistent with
docking calculation. This can be explained by van der Waals
and hydrophobic interactions (Supporting Information, Table
S2). The calculated van der Waals (AG,qw) and nonpolar sol-
vation (AGsa) of TMBPA interactions revealed the lowest en-
ergies among the complexes. Previous reports have shown that
the energies of the apolar (AG,qw+ AGsa) and electrostatic
(AGelec) components significantly contribute to the estimate of
binding free energy in MM/PBSA (Tan et al., 2006; Verma
etal., 2016). Therefore, TMBPA resulted in a lower binding free
energy than E2 in hESR1-LBD, whereas, the TMBPA/zEsr1-LBD
complex exhibited a higher binding free energy than E2 due to
the electrostatic interactions. The electrostatic energy was
markedly lower in the zEsr1-LBD than in the hESR1-LBD com-
plex. Collectively, each complex showed different binding en-
ergies and the patterns were confirmed by docking programs
and molecular dynamic simulation.

Comparison of in silico and in vitro experiments

The in silico and in vitro results were compared to evaluate
their correlation, as shown in Figure 5. The human estrogenic
activities of BPA and its analogs were evaluated by conducting
an in vitro reporter gene assay (Figure 5A). The maximum
concentration of each chemical with a nontoxic effect on the

yeast strain was selected based on the results of the cytotox-
icity test. 17B-Estradiol was used as the reference chemical and
exhibited a dose-response depending on the concentration.
Bisphenol A and its analogs also exhibited dose-response
curves, excluding BPFL. The median effect concentration
(EC50) values for E2, BPA, TMBPA, and 4-phenylphenol were
1.25, 14,657, 10,216, and 4,594 nM, respectively. The maximal
induction rates of BPA and its analogs were ranked in the fol-
lowing order: BPA>TMBPA > 4-phenylphenol > BPFL. Even
though the EC50 value of BPA was higher than those of TMBPA
and 4-phenylphenol, BPA exhibited the highest induction rate
(90.7%) at the maximum concentration except E2. Similar re-
sults have been reported in other reporter gene studies
(Bergmann et al., 2020; Cao et al., 2017; Pelch et al., 2019; Sun
et al., 2008). Tetramethyl bisphenol A exhibited lower EC20
and EC50 values than BPA; however, the estrogenic activity at
the maximum concentration of BPA was higher than that of
TMBPA (Cao et al., 2017; Pelch et al., 2019). Two studies re-
ported that the EC50 value of 4-phenylphenol is lower than that
of BPA (Bergmann et al., 2020; Sun et al., 2008). Conversely, Li
et al. (2010) reported a higher EC50 value for 4-phenylphenol
than for BPA. Such differences can be attributed to the dif-
ferent reporter systems, and the different host cells and their
cytotoxicity and ligand-binding affinity. Our in vitro assay
showed that BPFL and 4-phenylphenol appeared to be more
cytotoxic (>10 uM) than BPA and TMBPA (>100 pM). Keminer
et al. (2020) recently conducted a ligand-binding assay using a
commercially available fluorescence polarization-based tech-
nique. Bisphenol A inhibited the fluorescent ligand by 61.2%,
followed by 4-phenylphenol (53.1%), TMBPA (24.2%), and
BPFL (—2.06%). Therefore, it seems that BPA exhibited the
highest estrogenic activity compared to BPA analogs, despite
the lower EC50 values of TMBPA and 4-phenylphenol.

In the present study, zebrafish estrogenic activities of BPA
and its analogs were evaluated using an in vitro reporter gene
assay (Figure 5B). The maximum concentrations of compounds
with a nontoxic effect on the cells were selected based on
the results of the cytotoxicity test. Bisphenol A, E2, and
4-phenylphenol exhibited dose-response curves. The EC50
values for E2, BPA, and 4-phenylphenol were 0.09, 583, and
9,787 nM, respectively. Tetramethyl bisphenol A induced weak
estrogenic activity (16.6% as the maximal induction), which was
different from the estrogenic activity in the human in vitro assay.
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FIGURE 5: Comparisons of in silico and in vitro assays. (A, B) In vitro assays for estrogenic activity in human estrogen receptor 1 (hESR1), (A) and
zebrafish estrogen receptor 1 (zEsr1) (B), respectively. The induction value at the maximum concentration of 17B-estradiol (E2; 10 nM for hESR1 and
1 nM for zEsr1) was set to 100%. (C, D) Correlation matrix plot. Pearson correlation coefficient (r) between in silico and in vitro results in hESR1 (C)
and zEsr1 (D). Values are indicated as r*. The color intensity and the size of rounds are proportional to r*. Asterisks indicate significant correlation
(p<0.05). The applied in vitro data are the maximal induction ratios of each chemical. The binding energies computed by Discovery studio,
Autodock Vina, and MMBPSA, were applied in the analysis. The hydrogen bonding (H-bonding) data are the sum of H-bonding occupancies of each
complex during molecular dynamics simulations. E2=17p-estradiol; BPA=bisphenol A; BPFL=4,4'-(9-fluorenyliden)-diphenol; TMBPA =
tetramethyl bisphenol A; MMPBSA = molecular mechanics Poisson-Boltzmann surface area.

The maximal induction rates of BPA and its analogs were ranked
in the following order: BPA > 4-phenylphenol > TMBPA > BPFL.
Each chemical exhibited different estrogenic activities in this
reporter assay. None of the previous studies showed estrogenic
activity with BPFL, TMBPA, and 4-phenylphenol in zEsr1, while
estrogenic activity has been observed with BPA (Cosnefroy
et al., 2012; Le Fol et al., 2017; Pinto et al., 2019).

Lastly, the in silico and in vitro results were compared to
evaluate their correlation. All the factors computed by in silico
experiments revealed moderate or high correlations with in vitro
results (Figure 5C,D). High correlation was observed between
Cdocker and AutoDock Vina (= 0.84 for hESR1 and ? = 0.77 for
zEsr1). Notably, the hydrogen-bonding occupancy exhibited

high correlations with in vitro results (P=0.81 for hESR1 and
* =0.87 for zEsr1). The results indicate that hydrogen bond in-
teractions with certain residues have pivotal roles for ligand
recognition and its activation. The interaction of modelled zEsr1
with TMBPA resulted in relatively poor correlations, especially
compared to the correlations of hESR1, although the TMBPA
complex in both receptors revealed comparable binding free
energies compared with BPA and 4-phenylphenol interactions.
The in vitro results of weak estrogenic activity of TMBPA can be
explained by the MM/PBSA calculated lowest energies in van der
Waals and nonpolar solvation among the complexes. In addition,
TMBPA formed a hydrogen bond with the His492 residue in the
docking programs and the molecular dynamic simulation. The
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residue is considered to be critical in ligand recognition and
maintenance of the agonist conformation (Babu et al., 2012;
Shehadi et al., 2020). The results are inconsistent with previous
reports and the present in vitro result. However, the incon-
sistency can be elucidated with other residues such as Glu353
and Arg394 in hESR1-LBD. Considering the reported functions of
Glu353 and Arg394 residues, and the results in H-bonding oc-
cupancy, we speculate that even though the His492 residue plays
critical roles, other residues such as Glu321 and Arg362 are
necessary as well for the complex stabilization and its activation.
For these reasons, it seems TMBPA induced different estrogenic
activites on human ESRa and zebrafish ESRa. Overall, the
present study found good agreement between the results from
in silico and in vitro approaches using the hESR1-LBD and zEsr1-
LBD structures. The structures can be useful for screening EDCs
that have potential estrogenic disruptive activities. However, the
current approach also reveals some limitations that must be
considered for better prediction. A relatively smaller scale of the
test and limited sampling conditions in pose prediction and ap-
proximated scoring might cause poor correlation of results with
experimental in vitro data. Moreover, this structure only predicts
estrogenic activity between the LBD and a ligand, therefore it is
impossible to predict estrogenic activities related to other
mechanisms or domains. In light of these limitations, more
studies with diverse ligands are necessary to draw a solid con-
clusion, and detailed analyses of binding energy and interaction
modes are required to predict estrogenic activity. Our future
study will be the assessment of other EDCs and investigations to
reveal other mechanisms inducing (anti)estrogenic activities.

CONCLUSION

Because the 3D structure of zebrafish ESRa is not available,
a homology-based 3D model of zEsr1-LBD was constructed
and validated using PROCHECK, ERRAT, ProSA, and Verify-3D
tools, which have suitable models to represent the 3D struc-
ture. After validation, BPA and its analogs were docked on
zEsr1- and hESR1-LBDs. Molecular dynamic simulation was
conducted to understand the dynamic behavior of each com-
plex and to complement the limitations of molecular docking.
Bisphenol A and some of its analogs were bound with an ori-
entation similar to that of E2 in both models. In addition, the in
vitro results demonstrated that the in silico and in vitro results
were in good agreement with moderate to high correlations.
Therefore, the combined in silico and in vitro approaches
provide useful prediction models for identifying EDCs by taking
into account the difference between the two species.
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ARTICLE INFO ABSTRACT
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In recent decades, extensive efforts have focused on developing in vitro platforms mimicking fish livers to better
understand the acute or chronic effects of toxicants on lower aquatic vertebrates. Fish liver cell lines have
emerged as a promising culture system for these in vitro platforms because they complement the currently
limited in vitro tools that mostly consist of mammalian cell lines and adhere to the 3Rs: replacement, reduction,
and refinement of living animal tests. However, monolayer cell lines have lower transcriptional and physiological
responses upon exposure to toxic chemicals than freshly isolated primary cells. To overcome this challenge, we
utilized a three-dimensional (3D) spheroid-based in vitro platform, in which hepatocyte cells had self-organized
into spheroid forms via E-cadherin bonds. This platform exhibited augmented transcriptomic and phenotypic
regulation of liver cells in comparison to monolayer cells. We examined the organoid platform using the zebrafish
liver (ZFL) cell line as a model system. ZFL cells spontaneously clustered into 3D spheroids with long-term
viability by optimizing cell seeding density on a non-adherent substrate. Interestingly, 3D ZFL spheroids
treated with estrogenic chemicals were activated to synthesize a higher level of vitellogenin (Vtg) than mono-
layer cells. Whole-transcriptome sequencing analysis confirmed that 3D ZFL spheroids had greater transcrip-
tional regulation of genes related to reproductive toxicological response and liver functions, such as the urea
cycle, estrogen receptors, and vitellogenin, compared to monolayer cells. These results may contribute to the
engineering of novel 3D in vitro platforms for screening harmful chemicals and improving understanding of the
underlying liver toxicity mechanisms at the molecular and cellular levels.

1. Introduction

Hepatic and reproductive toxicity in fish has been extensively eval-
uated within the adverse outcome pathway framework during assess-
ments of environmental disturbances caused by various contaminants
(Garcia-Reyero and Murphy, 2018). Many of these contaminants are
endocrine-disrupting chemicals (EDCs), which can mimic the
modes-of-action of sex hormones (Mills and Chichester, 2005). These
EDCs have adverse effects on wildlife population dynamics (Mills and
Chichester, 2005). For example, EDCs inhibit the biosynthesis of en-
zymes including steroidogenic cytochrome p450, steroid hydroxylase,
and hydroxysteroid dehydrogenases. Some EDCs can also interact with

* Corresponding authors.

nuclear receptors such as estrogen receptors (ERs), androgen receptors,
peroxisome proliferator-activated receptors, and other physiologically
critical nuclear receptors, including retinoid X receptors (Sanderson,
2006; Grimaldi et al., 2015). In particular, the binding of estrogenic
EDCs to ERs triggers the transcription of vitellogenin (Vtg), a precursor
of the egg yolk proteins (Cosnefroy et al., 2012). Vtg is present not only
in females but also in males that express Vtg in response to exposure
with xenoestrogens (Hara et al., 2016). Therefore, Vtg is a critical
biomarker of endocrine disturbances in aquatic organisms (Hara et al.,
2016).

Zebrafish (Danio rerio) have been used as a model vertebrate or-
ganism globally and are part of several Organization for Economic Co-
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operation and Development (OECD) test guidelines because of their
rapid growth, development, and high conservation of signaling path-
ways compared to those of humans (MacRae and Peterson, 2015; Kari
et al., 2007). Zebrafish are increasingly used in single-chemical toxicity
testing (OECD, 1992, 1998, 2000). High numbers of zebrafish are also
required for long-term studies on toxin bioaccumulation and reproduc-
tion. Due to growing concerns about the welfare of laboratory animals in
toxicity testing, the reduction, refinement, and replacement principles
(3Rs) have been actively attempted in vertebrate animal studies,
including those using fish. Among alternative approaches, in vitro
cell-based systems represent a promising technology for the predictive
assessment of in vivo toxicity, allowing for more controlled manipula-
tion of cellular functions and biological processes. Both freshly isolated
primary hepatocytes and the zebrafish liver (ZFL) cell line are commonly
cultured on two-dimensional (2D) substrates to study liver response
dynamics to EDCs at the molecular and cellular level (Ghosh et al., 1994;
Chen and Chan, 2011; Park et al., 2020). In particular, the ZFL cell line
offers continued cell proliferation and adheres to the 3Rs (EU, 2010).
However, monolayer-cultured cells exhibit decreased hepatic polarity
and detoxification processes than 3D cell cultures (Godoy et al., 2013). It
is difficult to conduct long-term chronic toxicity assessments using
monolayer-cultured cells due to cellular detachment (Braunbeck and
Segner, 2000). Furthermore, ZFL cells have a limited capacity for syn-
thesizing Vtg upon exposure to estrogen hormones under monolayer
culture conditions (Wallace and Selman, 1985; Eide et al., 2014).
Therefore, there is an urgent need to develop a novel in vitro system to
enhance the physiological activity of ZFL cells for robust reproductive
toxicity assessment. In vivo-like cell aggregates such as a
three-dimensional (3D) cell cultures represent a promising approach to
address this need because they show higher cell-to-cell interactions,
metabolic activity, and the tissue-like environment than monolayer cell
cultures. Therefore, 3D cell culture is increasingly being employed in
various fields including toxicology, pharmacology, and biomedical ap-
plications (Bell et al., 2016; dit Faute et al., 2002; Hirschhaeuser et al.,
2010; Ramaiahgari et al., 2014; Tung et al., 2011).

In this study, we hypothesized that ZFL cells cultured in 3D spheroids
would present genetic profiles and physiological functionality more
similar to liver tissue due to enhanced E-cadherin-mediated intercellular
adhesion. E-cadherin plays pivotal roles in the formation of hepatocyte
spheroids, the maintenance of epithelial cell behavior, and the preven-
tion of cell death (van Roy and Berx, 2008; Capra and Eskelinen, 2017;
Luebke-Wheeler et al., 2009). The resulting ZFL spheroids are expected
to exhibit enhanced liver-specific functions and tissue-like environments
compared with monolayer cell cultures. To achieve this objective, we
optimized the cell-seeding conditions under which ZFL spheroids remain
viable and metabolically active over 28 days, and prepared a monolayer
ZFL cell culture as the control. We conducted comparative analyses of
Vtg synthesis, detoxification, and transcriptional regulation using these
two systems based on immunofluorescence, enzyme-linked immuno-
sorbent assay (ELISA), quantitative reverse-transcription polymerase
chain reaction (RT-qPCR), and whole-transcriptome RNA sequencing
(RNA-Seq) techniques. We anticipate that the results of this study will
contribute to improving understanding of EDC-induced endocrine dis-
orders and the ability to design toxicity tests that empower
fit-for-purpose chemical regulation.

2. Materials and methods
2.1. Formation of 3D ZFL spheroids

The zebrafish liver (ZFL) cell line was purchased from ATCC
(CRL2643, Wesel, Germany) and then cultured and maintained in
complete growth medium within T-75 flasks at 28 °C in a cell incubator
(Thermo Scientific, Karlsruhe, Germany). The complete growth medium
consisted of 50% Leibowitz-15 (ATCC), 35% Dulbecco’s modified Ea-
gle’s medium (DMEM; Thermo Scientific), and 15% Ham’s F12 (Thermo
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Scientific), supplemented with 15 mM of HEPES (Sigma-Aldrich,
Steinheim, Germany), 0.15 g/L sodium bicarbonate (Sigma-Aldrich),
1% penicillin-streptomycin (Sigma-Aldrich), 0.01 mg/mL bovine in-
sulin (Sigma-Aldrich), 50 ng/mL mouse epidermal growth factor
(Thermo Scientific), 5% heat-inactivated fetal bovine serum (FBS), and
0.5% trout serum (Caisson Laboratories, Smithfield, UT, USA). For the
generation of 3D spheroids, cells in the T-75 flask were washed with
phosphate buffered saline (PBS; pH 7.4, Thermo Scientific). Next, the
cells were treated with 0.25% trypsin~-EDTA (ATCC), suspended in
complete growth medium, and spun at 125 x g for 5 min. The pelleted
cells were re-suspended in the medium and counted using a hemocy-
tometer after staining with 0.4% trypan blue (Sigma-Aldrich). Cells from
the same batch were seeded into a 96-well flat-bottomed plate (Thermo
Scientific) for monolayer cell culture, and ultra-low-attachment 96-well
round-bottomed plates (Corning B.V. Life Sciences, Amsterdam,
Netherlands) for 3D spheroid culture, respectively. The initial spheroid
cell densities were 5000, 10,000, 25,000, 50,000, and 100,000 cells/
well. The 3D ZFL spheroids formed in ultra-low-attachment 96-well
round-bottomed plates (Fig. 1A). Seeded cells were cultured in an
incubator at 28 °C, and 50% of the complete growth medium was
replaced every 2-3 days in both monolayer cells and 3D spheroid cul-
tures. To analyze changes in size and shape, bright-field images of the 3D
ZFL spheroids were obtained at 1, 3, 7, 14, 21, and 28 days of culture
using an inverted light microscope (Olympus CKX41, Olympus, Tokyo,
Japan) equipped with a digital camera (C5060-ADUS, Olympus, Tokyo,
Japan).

2.2. ZFL cell viability measurement

To measure cell viability in 3D ZFL spheroids, the cells were seeded
at different densities in ultra-low-attachment 96-well round-bottomed
plates and measured at 1 and 28 days. Complete medium containing a
3D spheroid (100 pL) was transferred from the ultra-low-attachment
plates to 96-well white opaque culture plates (Thermo Scientific).
Next, each well was treated with 100 pL CellTiter-Glo 3D reagent
(Promega, Mannheim, Germany), and luminescent signals were recor-
ded after 30 min using a microplate reader (Tecan, Mannedorf,
Switzerland). Bioluminescence from viable cells among the spheroids on
day 1 was correlated to the cell seeding density (Fig. 2A). Each cell
density group was replicated for eight spheroids and a mean value was
calculated. The experiment was repeated three times from independent
cultures (n= 3). Measured response values revealed a non-linear trend at
higher cell seeding densities (> 25,000 cells/well) and fit a polynomial
regression equation. The expected linear fit was calculated for accurate
cell viability measurement (Zanoni et al., 2016). Based on the linear fit
equation, the fractions of viable cells were measured on days 1 and 28.
Each cell density group was replicated for five spheroids and a mean
value was calculated. The experiment was repeated three times from
independent cultures (n= 3). For live and dead staining, each cell con-
centration was cultivated for 28 days, and then the medium was
removed. Fluorescein diacetate (FDA; Sigma-Aldrich) and propidium
iodide (PI; Sigma-Aldrich) were dissolved in culture medium without
FBS and trout serum, and the solution was added to each well. After
incubation in the dark for 10 min, the staining solution was removed,
and the cells were washed with PBS. The stained cells were observed
under an inverted fluorescence optical microscope (DMi8, Leica
Microsystems, Wetzlar, Germany) equipped with a digital camera
(DCF295, Leica Microsystems), N PLAN 40 x /0.55 CORR objective lens
(11,506,297, Leica Microsystems), a fluorescence excitation light source
CoolLED pE300-lite (CoolLED Ltd. Andover, UK), fluorescence filters
[350/50 4',6-diamidino-2-phenylindole (DAPI) excitation filter and
460/40 emission, 480/40 excitation fluorescein isothiocyanate (FITC)
filter and 527/30 emission, and 546/10 RHOD excitation filter and
emission 585/40], and fluorescence overlay software (LAS AF v3.1.0,
Leica Microsystems).
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Fig. 1. Process of three-dimensional
(3D) spheroid formation and
morphological changes. (A) Sche-
matic of 3D spheroid formation. A

e monolayer culture of zebrafish liver
(ZFL) cells was trypsinized for cell
dissociation and collected by centrifu-
gation at 125 x g The collected cells
were transferred to an ultra-low-
attachment plate and cultured. (B)
Representative bright-field images of 3D
spheroids seeded at different cell den-
sities over 28 days of culture. Cells were
seeded into an ultra-low attachment
plate, and bright-field images were
captured at 1, 3, 7, 14, 21, and 28 days.
White scale bar: 200 pm.

3D spheroid formation

Day 21 Day 28

Time (day)

2.3. Chemical exposure

The test chemicals were dissolved in dimethyl sulfoxide (DMSO) and
the concentration of which did not exceed 0.5% (v/v). We obtained
high-purity (> 98%) 17p-estradiol (E2), 17a-ethynylestradiol (EE2),
bisphenol A (BPA), and bisphenol S (BPS) from Sigma-Aldrich. The
concentrations of the E2, EE2, BPA, and BPS working stocks were
0.0002, 0.002, 2, and 2 mM, respectively. From these stocks, diluted
solutions were prepared through 100 x dilution with complete medium.
Each diluted solution was treated to wells containing spheroid or
monolayer cells and complete medium at a 1:1 ratio. After exposure for
24 or 48 h, the spheroid and monolayer cells were used for assays.

2.4. Immunofluorescence assay

Cells with nuclear non-histone, cytoskeleton, and nuclei were stained
with Ki67, F-actin, and DAPI, respectively. To obtain fluorescence im-
ages, monolayer cells and 3D spheroids were fixed in 3.7% para-
formaldehyde at room temperature (RT) for 15 min, washed with PBS,
and permeabilized in PBS supplemented with 0.1% Triton X-100 at RT

for 5 min. After permeabilization, the samples were washed three times
with PBS and blocked with 3% bovine serum albumin (BSA; Sigma-
—Aldrich) at RT for 30 min. Next, the samples were incubated with
primary antibodies at 4 °C overnight. After being washed three times
with 1% BSA, the samples were incubated with secondary antibodies for
2 h and rewashed three times with 1% BSA. Finally, the samples were
embedded in mounting medium containing DAPI (Vector Laboratories,
Burlingame, CA, USA). Table 1 lists the primary and secondary anti-
bodies used in this experiment. F-actin staining was performed using
phalloidin-iFluor (ab176753, Abcam). Images of the monolayer cells
were obtained by using a fluorescence microscope (DMi8, Leica) and
analyzed using the ImageJ software (NIH and LOCI). The 3D spheroids
were imaged using a Lightsheet Z.1 microscope (Carl Zeiss Microscopy
GmbH, Jena, Germany) with two-sided 10 x /0.2 illumination optics
and a 20 x /1.0 detection optic equipped with a pco.edge 4.2 camera
(PCO AG, Kelheim, Germany). The captured images were analyzed using
the ZEN imaging software (Carl Zeiss). The relative intensity of Vtg was
calculated using the ImageJ software. Fluorescence microscope images
of the samples were measured at the same exposure time and laser
power, and the corrected total cell fluorescence (CTCF) were calculated
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Fig. 2. Cell viability in 3D spheroid cultures over 28 days of culture. (A) Cell viability of 3D spheroids cultured in an ultra-low-attachment plate. Different cell
densities (5000-100,000 cells/well) were seeded into an ultra-low-attachment plate and cultured for 24 h. The CellTiter-Glo 3D cell viability assay was used to
measure luminescence intensity according to cell numbers. The polynomial fit indicates the measured relationship between luminescence and cell number, and the
linear fit (red line) is the expected relationship. The graph presents means of three replicates of eight spheroids for each cell number condition. Data are means +
standard deviation (SD; n= 3). (B) Comparison of cell viability between days 1 and 28. Cell viability rates (%) were calculated based on the linear fit in (A). The graph
presents means of three replicates of five spheroids for each cell number condition. Data are means + SD (n= 3). Student’s t-test was performed to compare means
between days 1 and 28 of cell number groups (*P < 0.05; **P < 0.01; ***P < 0.001). (C) Images of live and dead 3D spheroids cultured for 28 days as a function of
increasing cell number (5000 cells from left, 100,000 cells to the right). White scale bar: 100 pm. Green and red fluorescence indicates live and dead cells,
respectively.

Table 1 CTCF = Whole — cellsignal (Numberofpixelsinthecell
Antibody information. :
Y = Areaoftheselectedsurface x Backgroundsignal) 3)
Antibodies Source Catalog RRID
- - Images obtained from eight replicates of each condition were
Anti-E-cadherin Thermo PA5-19,479 AB_10,988,711 L. . .
Anti-Ki67 GeneTex GTX16667 AB 422,351 analyzed as mean relative intensity values. The experiment was repeated
Anti-Total ERK Cell 4696 AB 390,780 three times with independent cultures (n= 3).
signaling
Anti-Vitiellogenin LifeSpan LS- AB_1,602,614
€76845-100 2.5. Urea assay
Anti-Rabbit IgG Alexa Fluor Thermo A-11,010 AB_2,534,077
546 . .
Anti-Mouse IgG1 FITG Thermo 31,232 AB_429,670 Cellular synthesis of urea was measured to evaluate hepatic func-
Goat Anti-Mouse IgG H&L Abcam Ab6789 AB_955,439 tionality. The urea cycle converts toxic ammonia to urea in the liver for
(HRP) excretion, thereby acting as a detoxification mechanism (Atkinson,
G‘E’{t lg;n-Rabbu IgG H&L Abcam Ab6721 AB_955,447 1992). The urea content of cell pellets was analyzed using a urea assay

kit (MAKO06, Sigma-Aldrich). In the monolayer culture, 1 mL of ZFL
cells (50,000 cellsymL) was seeded into each well of a 6-well
as follows (Banerjee et al., 2013): flat-bottomed plate and cultured for 7 and 28 days. After trypsiniza-
tion and cell counting, 1.0 x 10° cells were collected from three wells
into a tube by centrifugation at 125 x g for 5 min. For the 3D spheroids,
100 pL (i.e., 5000 cells at a density of 50,000 cell/mL) were seeded into
each well of an ultra-low-attachment 96-well round-bottomed plate and
cultured for 7 and 28 days. About 200 spheroids were collected into a
tube and centrifuged at 125 x g for 5 min. Each tube of pooled mono-
layer cells and spheroids was considered a sample, and six replicate
samples of each condition were prepared from independent cultures

Whole — cellsignal = Sumofpixelintensityvaluesforonecell (€D)]

Backgroundsignal = Averageintensityperpixelforaselectedregionadjacent
tothecell 2)
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(n= 6). After washing with PBS and another centrifugation at 125 x g for
5 min, 100 pL of cold urea assay buffer was added to a tube and ho-
mogenized by vortexing for 2 min. The homogenates were centrifuged at
14,000 x g and 4 °C for 10 min. The supernatants were used for urea
quantification according to the manufacturer’s instructions. This assay
determined the urea concentration: a coupled enzyme reaction resulted
in a colored product that was measured by reading the absorbance at
570 nm on a microplate reader (Tecan). The supernatants of each sample
were normalized to total protein content, quantified using a bicincho-
ninic acid (BCA) protein assay.

2.6. ELISA

Vtg synthesis was measured using an ELISA kit (10,004,995, Cayman
Chemical, Ann Arbor, MI, USA). Monolayer cells and 3D spheroids were
cultivated for 7, 14, and 28 days, and collected in the same manner as for
the urea assay. Each tube of pooled monolayer cells and spheroids was
considered a sample, and three replicate samples of each condition were
prepared from independent cultures (n= 3). After washing with PBS and
another centrifugation at 125 x gfor 5 min, 100 pL of passive lysis buffer
(Promega) was added to a tube and homogenized by vortexing for 2 min.
The homogenates were centrifuged at 14,000 x g and 4 °C for 10 min.
The supernatants were used for Vtg quantification according to the
manufacturer’s instructions (Cayman Chemical). The supernatants of
each sample were normalized to total protein content and quantified
using a BCA protein assay.

2.7. mRNA expression analysis

To extract total RNA samples from monolayer cell cultures, 1 mL of
ZFL cells (50,000 cells/mL) were seeded into each well of a 6-well flat-
bottom plate and cultured for 7 days. The cells of three wells were
collected in a tube and lysed with RLT buffer (Qiagen, Hilden, Germany)
after washing with cold PBS. For 3D spheroids, 100 pL of cells (i.e., 5000
cells at a density of 50,000 cell/mL) were seeded into each well of an
ultra-low-attachment 96-well round-bottomed plate and cultured for 7
days. We collected 100 spheroids in a tube and centrifuged them at 125
x g for 5 min. After washing with cold PBS and another centrifugation at
125 x g for 5 min, 3D spheroids were lysed in the same manner as
monolayer cells. Each tube of pooled monolayer cells and spheroids was
considered a sample, and three replicate samples were prepared from
independent cultures for each condition (n= 3). Total RNA of each
sample was extracted using an RNeasy Plus mini kit (74,136, Qiagen).
Sample concentration and purity were determined spectrophotometri-
cally using a NanoDrop 2000 spectrophotometer (Thermo Scientific).
Reverse transcription was performed for samples with purity > 2.0
(OD26p/OD2gp and ODy40/0ODg3) using the High-Capacity RNA-to-
cDNA kit (Applied Biosystems, Waltham, MA, USA) according to the
manufacturer’s instructions. Total RNA (1 pg) was used for reverse
transcription. Next, qRT-PCR (7500 FAST Real-Time PCR System,
Applied Biosystems) was conducted using the TagMan Gene Expression
Master Mix (Thermo Scientific) and PowerUp SYBR Green Master Mix
(Applied Biosystems). Tables 2 and 3 describe the probe assay identifi-
cations and reaction cycles. Relative mRNA expression was determined
using the 2724CT method (Schmittgen and Livak, 2008).

2.8. RNA-Seq analysis

Total RNA samples of monolayer cells and 3D spheroids were
extracted in the same manner as those subjected to mRNA expression
analysis. Six total RNA samples (monolayer cells and 3D spheroids in
triplicate) were sent to a Novogene for RNA-Seq (Novogene, Cambridge,
UK). Total RNA samples were purified using poly-T oligo-attached
magnetic beads after quality control checks. Paired-end sequencing
(150 bp) was conducted using an Illumina NovaSeq 6000 system.
Samples were sequenced at a sequencing depth of at least 48 million
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Table 2
The information of assay identification and probes.
Gene Name Gene RefSeq Assay Source
symbol Identification Identification
Estrogen receptor 1 esrl NM_152,959.1 Dr03093579 Thermo
Estrogen receptor esr2a NM_180,966.2 Dr03074408 Thermo
2a
Estrogen receptor esr2b NM_174,862.3 Dr03150586 Thermo
2b
Vitellogenin 1 vigl NM_001044897.3  PPZ09938A Qiagen
Vitellogenin 2 vtg2 NM_001044913.1 PPZ10052A Qiagen
Vitellogenin 3 vtg3 NM_131,265.1 PPZ00317A Qiagen
Vitellogenin 4 vtg4 NM_001045294.2 Dr03191564 Thermo
Vitellogenin 5 Vg5 NM_001025189.2 PPZ00676A Qiagen
Glucose-6- gépd XM_694,076 PPZ12949A Qiagen
phosphate
dehydrogenase
Eukaryotic eeflalll NM_131,263.1 Dr03432748 Thermo
translation
elongation factor
1 alpha 1, like 1
Table 3
Condition of reaction cycles.
Mode Cycles  Temperature Duration Step
(°0) (sec)
SYBR green Hold 95 20 AmpliTaq Fast DNA
assay polymerase
and Up activation
40 95 3 Denature
60 30 Anneal/Extend
TagMan Hold 50 120 UNG incubation
assay 95 120 Polymerase activation
40 95 3 Denature
60 30 Anneal/Extend

clean reads, and 15 G raw bases were generated per sample. Raw se-
quences were filtered for contaminant adapter sequences and reads with
> 10% uncertain nucleotides or > 50% low-quality nucleotides (Qphred
< 5). Filtered reads were considered clean, and the reads of each sample
were used for data analysis. Data analysis was conducted by Novogene.
Paired-end clean reads were aligned to the reference genome (genome
assembly: GRCz11_gca_000002035_4, Taxon ID: 7955) using HISAT2 to
count the read numbers mapped to each gene, and the expected FPKM
number was determined for each gene based on the gene length and read
count mapped to the gene. Differential expression analyses of two con-
ditions/groups (in triplicate for each condition) were conducted using
the DESeq2 R package, which identifies differential expression among
genes using a model based on the negative binomial distribution. To
control the false discovery rate, P values were adjusted (P,g;) using the
Benjamini and Hochberg method. Differentially expressed genes (DEGs)
were evaluated at a level of P,gj; < 0.05.

2.9. Statistical analyses

Statistical analyses were performed using the SPSS Statistics v21
software (SPSS, Inc, IBM, Chicago, IL, USA). All data are expressed as
means + standard deviation (SD). Data were tested for normality using
the Shapiro-Wilk test and for homogeneity of variance using Levene’s
test to determine whether to perform parametric or non-parametric
statistical tests. Statistical differences among test groups were deter-
mined using Student’s t-test or one-way analysis of variance (ANOVA)
followed by post hoc Dunnett’s T3 test (non-homogeneous variance) or
Scheffe’s test (homogeneous variances). Data for cell viability, urea
synthesis, and Vtg intensity analyses were evaluated using Student’s t-
test. Data for Vtg synthesis and gene transcript abundance analyses were
evaluated using one-way ANOVA. All statistical analyses for RNA-Seq
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were performed using the DESeq2 R package; heatmaps were generated
based on FPKM cluster analysis according to the log2(FPKM+1) value,
and a volcano plot was created from DEG gene expression levels ac-
cording to —log10(P,q). For principal component analysis (PCA), six
samples from two groups were scaled to unit variance and calculated as
PC1 (85.5%) and PC2 (6.05%).

3. Results
3.1. Formation of 3D ZFL spheroids

The ultra-low-attachment plate inhibited cellular attachment, and
cells gradually aggregated to form spheroids during cultivation
(Fig. 1B). Bright-field microscopy images revealed that the initial cell
seeding densities influenced spheroid morphology. Morphological
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changes were evaluated by measuring the 2D surface area, diameter,
solidity, and roundness of the spheroids over a period of 28 days (Sup-
plementary Fig. 1 and Supplementary Table 1). The surface area and
diameter of spheroids decreased over time, whereas their roundness and
solidity increased continuously over 28 days of cell culture (Supple-
mentary Table 1). Initial cell densities > 25,000 cells/well resulted in
more significant changes in spheroidal area and diameter. Notably,
initial seeding densities of 5000 and 10,000 cells/well resulted in high
solidity values (> 0.9) on day 3. In monolayer cell culture, cells had a
typical epithelial appearance (Supplementary Fig. 2A). After cells were
plated at a density of 5000 cells/well, cell numbers increased over time,
finally reaching confluency on day 7 (Supplementary Fig. 2A). Cells
continued to grow, but a delay in cell doubling time coincided with over-
confluency at day 14 (Supplementary Fig. 2B).
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Fig. 3. Evaluation of 3D spheroid properties and urea synthesis. (A, B) Inmunofluorescence observations of monolayer cells and 3D spheroids using fluores-
cence optical and lightsheet microscopies. Cells seeded at a density of 5000 cells/well were cultured for 7, 14, and 28 days. Scale bars: 50 pm. (A) Representative
images of Ki67 (red), F-actin (green), and 4',6-diamidino-2-phenylindole (DAPI; blue) staining to investigate cell proliferation and cell structure. (B) Representative
images of E-cadherin (orange) and DAPI (blue) staining to investigate cell-cell interaction. (C, D) RNA-seq analysis. Heatmaps of gene expression differences between
monolayer and 3D spheroid cells at day 7. For monolayer cells, 50,000 cells/mL were seeded into each well of a 6-well flat-bottom plate; cells were collected from
three wells into a tube. For 3D spheroids, 100 spheroids (5000 cells/well) were collected into a tube. Each tube of pooled monolayer cells or spheroids was considered
a sample, and three replicate samples were prepared for each condition from independent cultures (n= 3). (C) Heatmap of expression differences in genes related to
cell proliferation and replication, (D) Heatmap of expression differences in genes related to cell-cell junctions. (E) Urea synthesis analysis. We collected 1.0 x 10°
monolayer cells or 200 spheroids (5000 cells/well) into a tube. Each tube was considered a sample, and six replicate samples were prepared for each condition from
independent cultures (n= 6). Urea concentrations were normalized to total protein concentration. Error bars indicate means + SD. Student’s t-test was performed to
compare means between groups. Significant differences were observed between monolayer cells (day 0) and 3D spheroids cultured for 28 days (P= 0.004) and
between monolayer cells and 3D spheroids cultured for 28 days (P= 0.019).
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3.2. Long-term viability of 3D ZFL spheroids

Cell viability measurements using bioluminescence differed signifi-
cantly between days 1 and 28 for cell seeding densities > 25,000 cells/
well, indicating cell death during culture (Fig. 2B). In contrast, no sig-
nificant difference was observed in the fraction of viable cells for cell
seeding densities of 5000 and 10,000 cells/well between days 1 and 28.
Cell viability was further assessed using a live/dead cell staining method
(Fig. 2C). Cell seeding densities of > 50,000 cells/well showed red
fluorescence in the spheroid cores, indicating cell death. In contrast,
spheroids formed from cell seeding densities of 5000 and 10,000 cells/
well remained viable for 28 days. Therefore, we selected a seeding
density of 5000 cells/well as the optimal condition for subsequent
experiments.

3.3. Comparative studies of growth, cell-cell adhesion, and hepatic
functionality

Phenotypic properties and physiological functions of 3D ZFL spher-
oids prepared at a seeding density of 5000 cells/well were assessed by
monitoring cell proliferation, cell-to-cell interaction, and urea synthesis
(Fig. 3). Ki-67 is expressed only during active cell cycle phases with its
effects on cell proliferation. Positive Ki67 expression was observed at the
periphery of 3D spheroids on day 7, but became minimal by day 28.
Monolayer cells also had decreased Ki67 expression throughout the 28-
day culture period (Fig. 3A). A separate analysis of cellular adhesion to
neighboring cells revealed that cells in the 3D ZFL spheroids had more
active cell-to-cell interactions induced by E-cadherin bonds responsible
for hepatic junction formation in the liver. Inmunofluorescence images
revealed that E-cadherin expression increased over time in 3D spheroids
compared to cell monolayers (Fig. 3B). Western blot analysis of E-cad-
herin expression confirmed higher expression by cells constituting 3D
spheroids than monolayer cells (Supplementary Fig. 3A). However, ac-
cording to our RNA-Seq results, 3D spheroids cultured for 7 days had
significantly lower expression of genes related to cell proliferation and
replication (e.g., mki67 and pcna) than monolayer cells (Fig. 3C). Genes
related to cell-to-cell junctions such as cdhl, cadm, cldn, and tjp had
enhanced expression within 3D spheroids (Fig. 3D). Section 3.5 provides
more detailed hepatic functional gene expression analysis results.

The hepatic functionality of cells was evaluated by quantifying the
cellular synthesis of urea (Fig. 3E). Interestingly, 3D spheroids had
significantly more urea synthesis activity than monolayer cells over 28
days. Additionally, 3D spheroids displayed a 2-fold increase in urea
synthesis activity over time, whereas monolayer cells exhibited constant
urea synthesis activity. Overall, the difference in the urea synthesis ac-
tivity between 3D spheroids and monolayer cells became more promi-
nent over the cell culture period.

3.4. Comparative analysis of Vtg synthesis

Immunostaining revealed that monolayer cells produced a limited
amount of Vtg even after stimulation with exogenous E2 (Fig. 4A). In
contrast, 3D ZFL spheroids actively synthesized Vtg even without the
addition of exogenous E2 (Fig. 4B). Cellular Vtg synthesis levels
continued to increase over 28 days in both the presence and absence of
exogenous E2 (Fig. 4C). The relative intensity of Vtg demonstrated that
BPA and BPS, both of which are agonists to ERs, resulted in a significant
increase in Vtg synthesis by 3D spheroids (1.6-fold with 10 uM BPA; 3.2-
fold with 10 pM BPS; Fig. 4D and Supplementary Fig. 3C). The 3D
spheroids also exhibited increased Vtg synthesis in response to 17a-
ethynylestradiol (EE2), which is a synthetic hormone for ER activation
(Supplementary Fig. 3C). The transcript abundance of genes involved in
Vtg synthesis was also compared between monolayer cells and 3D
spheroids after 7 days of culture (Fig. 4E). Each condition was treated
with 1 nM E2 for 24 h to activate Vtg transcript abundance. E2 decreased
esr2b expression levels in 3D spheroids and increased esr2a expression
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more significantly than monolayer cells (2.1- and 1.8-fold in the absence
and presence of exogenous E2, respectively). We further examined the
effects of E2 on transcript abundance among Vtg sub-family genes. Vigl
and vtg5 are major precursors for ovulation and egg maturation. The
abundance of vtgl transcripts was 2.9-fold higher in 3D spheroids than
in monolayer cells following E2 exposure. Similarly, 3D spheroids had
5.3-fold higher vtg5 transcript abundance than monolayer cells.

3.5. Analysis of whole transcriptome sequence (RNA-Seq) related to
hepatic function

We further analyzed differential gene expression in 3D spheroids
using whole-transcriptome sequencing analysis (Fig. 5). A heatmap of
hierarchical clustering revealed distinct expression profiles between
monolayer cells and 3D spheroids (Fig. 5A). Principal component
analysis (PCA) also revealed clear separation between monolayer cells
and 3D spheroids sets (Fig. 5B). The 3D spheroids exhibited significant
upregulation of 4324 genes and downregulation of 4363 genes
compared to monolayer cells (Fig. 5C). Interestingly, 3D spheroids
expressed greater transcript abundance of genes related to hepatic
functions than monolayer cells (Fig. 5D-H). Supplementary Tables 2-6
present detailed gene functions associated with the heatmap data. The
3D spheroids had more transcript abundance of genes related to the urea
cycle, such as acyl (a marker of aminoacylase) and oat (a marker of
ornithine aminotransferase), than monolayer cells. However, they
expressed lower levels of some markers such as ass1 (a marker of argi-
ninosuccinate synthase), cad (a pyrimidine biosynthesis marker), and otc
(a marker of ornithine carbamoyltransferase) (Fig. 5D). This trend is
consistent with our urea synthesis results (Fig. 3E). We observed
significantly more vtg3 and vtg5 gene transcript abundance in spheroids
compared to monolayer cells (Fig. 5E). The 3D spheroids had greater
expression of cyp2 family genes such as cyp2aas and cyp2ks (markers of
endogenous and xenobiotics compound metabolism) than monolayer
cells (Fig. 5F). Moreover, the expression of other cyp genes increased,
including cyp1dl (a marker of testosterone 6-beta-hydroxylase func-
tion), cyp7al (a marker of a rate-limiting factor for synthesizing bile
acids), and cyp39al (a bile acid synthesis marker). In contrast, mono-
layer cells expressed more cypl7al and cyp2ads genes, which encode
proteins involved with hydroxylase activity and metabolic functions,
respectively, than 3D spheroids. The 3D ZFL spheroids had more tran-
script abundance of genes related to glucose and glycogen synthesis and
metabolism activity than monolayer cells, as shown by higher levels of
pdks (a glucose homeostasis marker), irs1 (an insulin receptor binding
activity marker), and gcgra (a glucose metabolism marker) (Fig. 5G).

Nuclear receptor genes esr2a and esr2b (estrogen receptor activity
markers) were increased in 3D spheroids (Fig. 5H). The 3D spheroids
also had more transcript abundance of ppar genes than monolayer cells.
These genes regulate energy homeostasis and metabolic function; ppardb
regulates cholesterol storage, and pparaa regulates fatty acid meta-
bolism. Other markers such as arntllb (a photoperiodism regulation
marker), thrb (thyroid hormone-mediated signaling pathway), pgr (ste-
roid binding and steroid hormone receptor activity), and nrli2 (pxr,
responses to diverse xenobiotic and endogenous chemicals) were also
enhanced in 3D spheroids. These markers play critical roles in regulating
numerous biological processes such as cell proliferation, development,
metabolism, and reproduction (Sever and Glass, 2013).

4. Discussion

In this study, we systematically examined the extent to which 3D
culture of the ZFL cell line provides improved and more realistic as-
sessments of cell viability, detoxification activity, and sensitivity to
reproductive toxicants. We successfully assembled 3D ZFL spheroids
that remained viable and metabolically active for 28 days in vitro by
tuning the initial cell seeding density to 5000 cells/non-adherent wells.
At optimized cell densities (5000 cells and 10,000 cells/well), uniform
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spheroidal shapes were achieved during cultivation, without necrotic
cores. The consistent maintenance of 3D spheroid morphology is a key
factor in their viability, functionality, and application (Zanoni et al.,
2016; Hirschhaeuser et al., 2010). In contrast, at cell seeding densities >
25,000 cells/well, excess cells aggregated within the limited space of the
concave well and rolled up the boundary of the cell layer, causing
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irregular cell aggregates > 500 pm in size. The resulting spheroids had
an internal quiescent zone and necrotic core, probably due to limited
diffusion of nutrients and oxygen (Zanoni et al., 2016; Hirschhaeuser
et al., 2010). These findings suggest that the optimized cell densities
have reproducible and consistent viability and function. In contrast,
monolayer cells reached 100% confluency after 7 days of culture,
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Fig. 4. Analysis of Vtg synthesis in 3D spheroids. (A, B) Fluorescence images of monolayer cells and 3D spheroids stained with DAPI (blue) and Vtg (green). Cells
seeded at a density of 5000 cells/well were cultured for 7, 14, and 28 days. On days 7 and 28, cell cultures were treated with 1 nM 17p-estradiol (E2) for 24 h. Scale
bar: 50 pm. (C) Quantification of Vtg synthesis in two-dimensional (2D) monolayer cells and 3D spheroids. Cells were treated with 1 nM E2 for 24 h. We collected 1.0
x 108 cells or 200 spheroids (5000 cells/well) into a tube. Each tube was considered a sample, and three replicate samples were prepared for each condition from
independent cultures (n= 3). Vtg was normalized to total protein concentration. Error bars indicate means + SD. Comparisons of means between culture days in each
group were performed using one-way analysis of variance (ANOVA; P < 0.05), followed by Dunnett’s T3 test (non-homogeneous variance) or Scheffe’s test (ho-
mogeneous variance). Different letters indicate significant differences. (D) Relative intensity of Vtg, normalized by DAPI intensity. The 3D spheroids (5000 cells/well)
were cultured for 7 days with charcoal stripped fetal bovine serum (FBS); subsequently, 10 uM of bisphenol A (BPA), and bisphenol S (BPS) were treated for 48 h.
Eight replicate spheroids of each group were measured and the mean relative intensity was calculated. Measurements were repeated three times from independent
cultures. Error bars indicate means + SD (n= 3). Student’s t-test was performed to compare means between the control and chemical treatment groups (99.9%
confidence interval; *P < 0.05; **P < 0.01; ***P < 0.001). (E) mRNA expression related to vitellogenesis in 2D and 3D measured by a TagMan gene expression assay
and SYBR Green gene expression assay, as described in the Methods section. For monolayer cells, 50,000 cells/mL were seeded into each well of a 6-well flat-
bottomed plate, and cells were collected from three wells into a tube. For 3D spheroids, 100 spheroids (5000 cells/well) were collected into a tube. Each tube
was considered a sample, and three replicate samples were prepared for each condition from independent cultures (n= 3). Data were normalized to the transcript
abundance of eeflalll (TagMan assay) or gépd (SYBR Green assay). After 7 days of culture, both groups were treated with 1 nM E2 for 24 h. Error bars indicate means
+ SD. Comparisons of means between sample groups for each gene were performed using one-way ANOVA (P < 0.05), followed by Dunnett’s T3 test for non-
llomogeneous variance or Scheffe’s test for homogeneous variance.
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Fig. 5. RNA sequencing (RNA-Seq) analysis of monolayer cells and 3D spheroids. (A-H) RNA-Seq analysis. Heatmaps of differences in expression between
monolayer and 3D spheroid cells at day 7 (n= 3). Samples were prepared as described for mRNA expression. (A) Heatmap hierarchical clustering according to log2
(FPKM+1) indicates differentially expressed genes (DEGs) between groups. Red and blue indicate genes with high and low expression levels, respectively. (B) The 2D
principal component analysis (PCA) results for both groups. (C) Volcano plot analysis results. Plots indicate overall DEG distribution. (D-H) Heatmaps of differential
expression between groups. (D) Urea cycle; (E) vitellogenin; (F) cytochrome P450 activity; (G) glycogen and glucose metabolism; (H) nuclear receptor and tran-
scription factor.

followed by over-confluency. A previous study reported that an hepatic functions and properties (Ramaiahgari et al., 2014; Jung et al.,

over-confluent environment altered signaling and led to irreproducible 2017). In human cell lines, E-cadherin inhibition in primary hepatocytes
behavior (Han et al., 2006). Therefore, monolayer cell culture and 3D prevented cell-cell attachment and spheroid formation, subsequently
ZFL spheroids at high cell density (> 25,000 cells/well) are inappro- leading to cell death through a caspase-independent mechanism
priate for long-term culture experiments. (Luebke-Wheeler et al., 2009). E-cadherin also plays a crucial role in

Compared to monolayer cells, 3D ZFL spheroids had increased cell-cell interactions related to contact formation and junction remod-
cell-cell interaction driven by E-cadherin and urea synthesis, and eling (Kim et al., 2011). Several studies have reported that 3D spheroids
decreased cell proliferation and replication. These results are consistent exhibit enhanced cell-cell interactions and hepatic functions, such as
with previous studies reporting that 3D spheroids display more realistic albumin secretion and urea synthesis, compared to monolayer culture
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(Chua et al., 2019; Ramaiahgari et al., 2014; Jung et al., 2017). The
results of whole-transcriptome sequencing analysis revealed distinct
differences in cell—cell interaction and cell proliferation and replication
between monolayer cells and 3D spheroids. One representative finding
is the upregulation of ctnnb in 3D spheroids. The ctnnbl gene encodes
B-catenin; this is a major participant in the Wnt signaling pathway,
which is important in liver metabolism and the development and
maintenance of liver functions (Behari, 2010). However, the roles of
other genes within the same category according to the heatmap have not
yet been fully evaluated. Cldn genes encode claudin, a family of proteins
important in tight junction formation and function. The functions of
claudin proteins remain poorly understood, except for claudin-1
(Roehlen et al., 2020). Additionally, 3D spheroids had increased the
expression of genes relevant to primary hepatic functions including the
urea cycle, hepatic cytochrome P450, glycogen and glucose metabolism,
nuclear receptors, and transcriptional factors compared to 2D cultures.
These expression patterns were previously reported in other 3D human
hepatocyte spheroids (Bell et al., 2016), where they were found to be
similar to those of in vivo liver samples through whole-proteome anal-
ysis. The 3D spheroid model of hepaRG cells was more similar to liver
tissue-specific gene expression profiles than monolayer cell culture
(Kim et al., 2017). The cyp2 family (e.g., cyp2aas and cyp2ks) can be
markers of endogenous and xenobiotics compounds. In addition, cyp7al
and cyp39al are used as bile acid synthesis markers. Nuclear receptors
such as pxr and ppar, which have important regulatory functions in the
liver, were also more abundant in 3D spheroids compared to monolayer
cells, which may indicate enhanced hepatic functionality; however, the
regulation of enzymatic activity and metabolites via these receptors
should be confirmed in further studies, as well as differences in the re-
sponses of related pathways. Future studies should focus on the effects of
receptor ligand upregulation on xenobiotic and lipid metabolism.

The 3D spheroid culture increased vitellogenesis over time, sug-
gesting that the spheroid model can be further developed as a suitable
model system for screening reproductive toxicity. According to OECD
Test Guidelines 229, 230 and 240 for in vivo reproductive screening
assays, Vtg levels are measured as an endpoint to predict the potential
reproductive effects of chemicals on fish (OECD, 2012, 2009, 2015).
Compared to the test guidelines, our model is able to measure Vtg levels
in chemical exposure up to 28 days without the need for live animal
testing. Another important finding is that 3D ZFL spheroids synthesize
Vtg in response to ER signaling, as shown by antibody fluorescence
staining and ELISA. The transcript abundance of vtg5 gene in the 3D
spheroids was further increased through exposure to exogenous E2,
whereas monolayer cells did not respond to this stimulus. Interestingly,
we found a correlation between the improved Vtg synthesis by 3D ZFL
spheroids and ER gene transcriptional activity. Exogenous E2 induces
esr]l and esr2a expression, but downregulates esr2b expression, in the
liver (Chandrasekar et al., 2010). Esr2a and esr2b are essential for fe-
male zebrafish reproduction: esr2a plays a vital role in follicle cell
proliferation and trans-differentiation, follicle growth, and chorion
formation (Lu et al., 2017) and esr2a-knockout female medaka fish
(Oryzias latipes) are completely infertile (Kayo et al., 2019). Our 3D ZFL
spheroids had increased esr2a expression compared with monolayer
cells, consistent with responses observed in vivo during increased
vitellogenesis (Tingaud-Sequeira et al., 2012). The increased Vtg
expression was also correlated with the elevation of esrl expression by
E2 induction (Menuet et al., 2004). A previous zebrafish embryo study
reported that exogenous E2 also induced vtgl, 3, and 5 (Hao et al.,
2013). Similarly, 3D ZFL spheroids expressed vtgl and vtg5 more
actively than monolayer cells. Therefore, we propose that 3D ZFL
spheroids are more receptive than monolayer cells to ER signaling and
vitellogenesis activation. The results of this study also indicate that 3D
ZFL spheroids are sensitive to BPA and BPS, as demonstrated by the
increased Vtg intensity during exposure. BPA and BPS have been shown
to bind with ERs and stimulate Vtg synthesis (Cosnefroy et al., 2012; Le
Fol et al., 2017; Pinto et al., 2019). Interestingly, BPS had greater Vtg
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intensity than BPA in the present study. This tendency can be interpreted
according to relative estrogenic potency (REP). Previous studies have
found that BPA has higher REP in esr1 than esr2s (Cosnefroy et al., 2012;
Pinto et al., 2019), whereas BPS has the highest REP in esr2a among ERs
(Le Fol et al., 2017). These findings confirm that the 3D ZFL spheroid
model responds with Vtg synthesis upon exposure to EDCs with estro-
genic potency.

In summary, the results of this study demonstrate that 3D ZFL
spheroids are advantageous to retaining hepatic functions and vitello-
genesis via phenotypic and whole-RNA-Seq analysis. Compared with
monolayer cells, 3D spheroids exhibited increased intercellular in-
teractions marked by E-cadherin, as well as increased urea and Vtg
synthesis activity. Interestingly, these increases in phenotypic activity
were correlated with increased expression of genetic markers of hepatic
functions and Vtg. Together, these findings indicate that 3D cell culture
is crucial to ZFL cell sensitization and activation for transcription, and
ultimately to physiological function. Therefore, this study has yielded a
robust alternative in vitro platform to animal and primary cells for ac-
curate and rapid in vitro screening of estrogenic or anti-estrogenic
substances.
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ABSTRACT: Endocrine disrupting chemicals (EDC) include
synthetic compounds that mimic the structure or function of
natural hormones. While most studies utilize live embryos or
primary cells from adult fish, these cells rapidly lose functionality
when cultured on plastic or glass substrates coated with
extracellular matrix proteins. This study hypothesizes that the
softness of a matrix with adhered fish cells can regulate the
intercellular organization and physiological function of engineered
hepatoids during EDC exposure. We scrutinized this hypothesis by
culturing zebrafish hepatocytes (ZF-L) on collagen-based hydro-
gels with controlled elastic moduli by examining morphology, urea
production, and intracellular oxidative stress of hepatoids exposed
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to 17f-estradiol. Interestingly, the softer gel drove cells to form a cell sheet with a canaliculi-like structure compared to its stiffer gel
counterpart. The hepatoids cultured on the softer gel exhibited more active urea production upon exposure to 17f-estradiol and

displayed faster recovery of intracellular reactive oxygen species level

confirmed by gradient light interference microscopy (GLIM), a

live-cell imaging technique. These results are broadly useful to improve screening and understanding of potential EDC impacts on

aquatic organisms and human health.

B INTRODUCTION

For the last few decades, endocrine disrupting chemicals
(EDCs) have been extensively used in various industrial and
household products and medicine. It is well documented that
the majority of endocrine disruption effects in fish field
populations are due to exposure to natural and synthetic
steroidal estrogens and their breakdown products such as 174-
estradiol.’ Certain industrial chemicals also have shown an
estrogenic activity. For example, bisphenol A is a precursor of
polycarbonate plastics and resins.” Another chemical, di(2-
ethylhexyl) phthalate, is used as a plasticizer of food packaging
and medical devices.” The subsequent increase in EDC levels in
the river and potential drinking water prompted efforts to
understand their impacts on the human endocrine system.
EDCs may disrupt endocrine pathways through mimicking
naturally occurring hormones or by blocking receptors. As they
are transported into the liver for metabolic degradation, chronic
exposure can result in nonalcoholic fatty liver disease which
severely impacts metabolism, potentially leading to cirrhosis or
cancer.” Thus, a platform must be developed to test chemical
substitutes for their potentially adverse effects on liver
morphology and function.

One common way to examine the potential toxicity of EDCs
is through the examination of the zebrafish (Danio rerio), a
standard testing fish species for biomonitoring due to their small

© 2020 American Chemical Society
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size, easy cultivation, and transparent embryos. As EDCs are
accumulated in the liver, the zebrafish liver would be an ideal
organ to develop into an in vitro platform. Zebrafish sensitivity to
toxins in the water is evaluated by examining damage in the
DNA or chromosomes, P450 detoxification activity, and
endocrine activity at the RNA level.’ Endocrine disruption is
not species-specific; therefore, EDC effects are widespread and
often irreversible.”” Many studies report the zebrafish liver
would make a useful model for accurate prediction of both
endocrine effects and reproductive toxicity.””

With the movement away from animal models due to ethical
reasons and tight regulations on their captivity, an alternative
way to test the potential toxicity of current and newly developed
EDCs without using the “live” zebrafish is necessary, * especially
for the cosmetic industry due to the complete ban of animal
testing in the European Union since 2013."° Consequently,
efforts have been increasingly made to engineer an in vitro 3D
hepatic platform that recapitulates anatomical and physiological
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function of liver to test the potential impacts of chemical
compounds on liver function. In particular, spheroids formed
from primary trout hepatocytes were found to present
canalicular structures and have similar gene expression profiles
as in vivo trout livers, as long as the spheroids matured for 25
days.'® Additionally, there have been efforts to create in vitro
liver models that closely predict human metabolism and match
in vivo clearance rates when exposed to common pharmaceut-
icals like propanolol.'” Despite challenges such as extended
culture periods, these results show promising advances in
replacing fish models in vitro.

Many approaches of 2D cell culture were focused on culturing
primary liver cells or cell lines into clusters using an ultra-low-
adhesion dish or the hanging drop method. Other methods
culture the cells on a flat surface like tissue culture plastic or glass
coated with extracellular matrix proteins. However, cells isolated
from tissues lose their phenotypes quickly through uncontrolled
dedifferentiation.'® It is suggested that liver cells would exhibit a
reasonable reorganizational period by placing cells into a
physiologically similar microenvironment. Ultimately, cells
would form a more cohesive structure and well-defined
functional units during the first couple of days. These insights
have not been widely tested for assembling zebrafish liver
hepatoids used for EDC toxicology studies.

However, studies made with hydrogel coupled with cell-
adherent proteins have shown positive effects of substrate
softness on cell viability and metabolic secretions in primary
cells as compared to the unmodified gel.''~"* In particular, rat
primary hepatocytes cultured on heparin-PEG hydrogels with an
elastic modulus of 2.3 kPa showed higher cell viability, albumin
secretion, and urea secretion than cells cultured on stiffer
heparin-PEG hydrogels."' In addition, mouse primary hep-
atocytes on collagen-polyacrylamide hydrogels with an elastic
modulus of 140 Pa showed significantly higher albumin
production and HNF4a expression, a transcriptional regulatory
factor that is critical in normal liver development and
maintaining normal liver functions, than those cultured on a
stiffer hydrogel."” These studies state that the elastic modulus of
the substrate on which hepatocytes are cultured is an
extracellular factor of modulating hepatocyte function and
structure in an in vitro culture.

In this study, we hypothesized that the softness of a matrix
modulates whether zebrafish hepatocytes can regulate their
intercellular organization. In turn, the response of the resulting
“hepatoid-like cluster” (hepatoid) to EDCs can be tuned
through modulation of cell-matrix interactions. The matrix
softness would mitigate the effects of EDCs on cellular
detoxification activity through the urea cycle. We examined
this hypothesis using 17f-estradiol as a model EDC,"*"” and
studied the morphology and metabolic activity of zebrafish
hepatocytes cultured on collagen-based gels with two different
elastic moduli of 14 and 256 Pa. We assessed cellular oxidative
stress from 17p-estradiol by monitoring the reactive oxidative
species activity in real-time using a fluorescent probe. The extent
to which 17f-estradiol affects the detoxification activity of cells is
monitored by the urea cycle activity of liver cells exposed to
different concentrations of 17f-estradiol. Overall, this study
aims to develop an advanced in vitro zebrafish liver and use it to
understand the impact of EDCs on the physiological activities of
urea and vitellogenin synthesis.

B MATERIALS AND METHODS

ATCC Zebrafish Cell Culture. Zebrafish hepatocytes [ZF-
L] (ATCC CRL-2643) were cultured in 50% Leibovitz’s L-15,
35% Dulbecco’s Modified Eagle Medium high glucose, and 15%
Ham’s F12, all without sodium bicarbonate and supplemented
with 0.15 g/L sodium bicarbonate, 15 mM 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid (HEPES), 0.01 mg/mL bovine
insulin, 5% heat-inactivated fetal bovine serum, and 0.5% trout
serum (Caisson Laboratory). Cells were expanded in T-75 flasks
and incubated at 28 °C and atmospheric carbon dioxide in a
tabletop, low temperature incubator (Fisherbrand). We used
cells with a passage number of 3 to 5 for hepatoid formation on
gels with controlled elastic moduli. Media was formulated in the
University of Illinois Cell Media Facility, except for the trout
serum which was added separately, and the completed medium
was not sterile filtered. Cells were cultured in T-75 flasks until
about 80% confluent and cryopreserved using the culture
medium supplemented with 10% heat-inactivated fetal bovine
serum and 5% DMSO. Cells were cryopreserved in vapor phase
liquid nitrogen.

Collagen-Polyethylene Glycol (PEG) Hydrogel For-
mation. Collagen-polyethylene glycol (collagen-PEG) hydro-
gels were prepared in 96-well plates via in situ cross-linking
between collagen molecules by mixing PEG (Sigma, MW 7500)
at mass ratios of 0 (pure collagen) and 10 to bovine Type I
collagen (Advanced Biomatrix) in an equal volume of the
zebrafish medium. Reconstitution solution containing 0.26 M
sodium hydrogen carbonate, 0.2 M HEPES, and 0.04 M sodium
hydroxide (Sigma) was added to modulate the pH of the gel to
initiate gel formation. Hydrogels were then incubated at 37 °C
and 5% CO, for 30 min. Cells were plated directly onto
hydrogels at a cell density of 1.0 X 10° cells/mL and cultured for
14 days at 28 °C and atmospheric carbon dioxide. The media
was replaced every two to three days.

Mechanical Analysis. The elastic modulus of the hydrogels
was measured using a rheometer (DHR-3, TA Instruments).
Collagen and collagen-PEG gels were prepared as previously
described and loaded onto the parallel plate (diameter = 22
mm). The gap between the two plates was kept constant at 200
um. The hydrogel was left for 20 min at 37 °C to gel. Then, the
hydrogel was oscillated at 0.1% strain while varying frequency
from 0.1 to 10 Hz. The resulting stress was measured to calculate
elastic and loss moduli at individual frequency. The test was
conducted in triplicate.

Scanning Electron Microscopy (SEM). Collagen and
collagen-PEG hydrogels were formed in a 96-well plate as
previously described. Then, they were removed with a spatula
and slowly dehydrated in 30%, 50%, and 70% w/w ethanol—
water solution for at least 1 h each and 100% ethanol overnight.
The dehydrated gels were dried using the critical point dryer
(Tousimis 931). SEM (Hitachi S4700) imaging was performed
directly after drying the samples. First, the samples were
mounted using copper tape and coated with a 6—8 nm layer of
gold (EMITECH 575). Images were taken with an accelerating
voltage of 2 kV, a working distance of 8—9 mm, and the emission
current was adjusted to reduce sample damage.

The pore area and fiber diameter were measured using Image]
software. For the pore area, an automatic threshold was applied
to remove the background and the particle analyzer tool was
used to measure pores that were larger than 1 um”. The average
pore area was calculated by dividing the total pore area by the
area of collagen. Fiber diameter was directly measured, and at
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least 20 measurements were taken from each image. The
statistical significance was calculated using the ANOVA test.

Immunofluorescence Imaging. Cells were cultured for
two weeks on collagen or collagen-PEG hydrogels installed on
glass bottom dishes (Cellvis). Then they were fixed with 1:1 v/v
methanol and acetone at —20 °C for 20 min. Then, the samples
were washed twice with room temperature phosphate buffered
saline (PBS, Corning) for S min each. Cells were blocked with
2% bovine serum albumin for 1 h. Cells fixation using this
method does not need an extra permeabilization step as
permeabilization is obtained by acetone and methanol.

The cells were stained with phalloidin-Alexa 488 (Invitrogen)
overnight at 4 °C (1:250) for the imaging of actin filaments and
washed twice with PBS for 5 min each. 4',6-Diamidino-2-
phenylindole (DAPI) was incubated at room temperature for 1
min (1:500) and washed twice for 1 min each immediately
before imaging.

For ff1-integrin staining, the primary antibody PSD2 (Abcam)
was incubated overnight at 4 °C. The sample was then washed
twice with PBS for 5 min each. Then, the secondary antibody
antimouse conjugated AFSSS (Cell Signaling Technology,
4409S) was incubated for 4 h at room temperature. Then, the
samples were washed with PBS twice for 5 min each. Finally,
nuclei of the cells were imaged with DAPI immediately before
imaging. Although the PSD2 antibody is noted as only reactive
with human cells, according to the National Center for
Biotechnology Information, zebrafish and humans are orthologs
for A1 integrin which would suggest that the antibody will have
cross-species reactivity. 0

The images were taken using a four laser, point scanning
confocal microscope (Zeiss LSM 700). The 10x/0.3 or the 20x/
0.8 air objectives were used. Images of the cells were obtained
using the tile scan feature. The pinhole for all channels was set to
the size of one Airy unit for the DAPI channel. The line
averaging was set to 8 times, and the pixel dwell time was set to
1.58 ps. Image acquisition and review were done through the
Zeiss Zen (Black and Blue, respectively) programs.

Bicinchoninic Acid (BCA) Protein Assay. The Pierce BCA
Protein Assay Kit (Thermo Fisher Scientific 23225) was used to
determine the total protein concentration of the zebrafish
hepatoid samples. The microplate protocol was followed using
the instructions provided with the assay kit. Samples were tested
in triplicate. Samples were collected from the culture on days 1,
7, and 14.

First, diluted albumin standards were made so that there was a
range of standard from 0 to 2000 yg/mL of BSA concentration.
Then, the working reagent was prepared by mixing 50:1 BCA
reagent A to B. The solution was mixed to reduce turbidity to
yield the clear, green color as described. The working reagent
was prepared fresh, immediately before starting the assay.

Following the microplate procedure, 25 uL each of the
standard and unknown were pipetted into a 96-well plate. Then,
200 pL of the working reagent was pipetted into each well and
mixed thoroughly by pipet. The plate was covered, protected
from light, and placed into an incubator at 37 °C for 30 min.
Finally, the plate was cooled to room temperature and read at
562 nm wavelength on a plate reader (BioTek).

17p-Estradiol and Bisphenol A Treatment. Zebrafish
hepatocytes were plated at a density of 1.0 X 10° cells/mL and
cultured in the conditions as described above for 14 days. A
stock solution of 17f-estradiol (E2) or bisphenol A (BPA) was
prepared with a DMSO solution, 0.1 wt % in water. Then, for 24
h, the cells were exposed to 0, 1, or 10 nM of 17f-estradiol (E2)

or bisphenol A (BPA) in cell culture media. The cells were
analyzed after the 24-h exposure period.

Urea Colorimetric Assay. Cell culture media was collected
from each condition and stored at —20 °C for short-term storage
until testing. The low concentration urea assay kit (BioVision
K375) was used to determine the urea cycle activity. The media
samples and kit components were first warmed to room
temperature. Then, in a 96-well plate, the standard curve and
samples were prepared according to the manufacturer’s
instructions. Each condition was tested in triplicate. The
colorimetric output was read at 570 nm using a plate reader
(BioTek). Then, the data was analyzed with an ANOVA test to
determine significance.

The media was collected from each condition and stored at
—5 °C until it was used for experiments. Urea synthesis was
assayed in cell culture medium using the urea assay kit
(MAKO006, Sigma-Aldrich, Steinheim, Germany). A standard
curve was created to generate 0, 1, 2, 3, 4, and 5 nmol urea/well.
Then, 50 uL of the media was applied to the 96 wells for urea
quantification according to the manufacturer’s instruction. The
colorimetric product was measured at wavelengths of 570 nm
using a microplate reader (TECAN, Mannedorf, Switzerland).
Each condition was tested in triplicate, and statistical
significance was measured using an ANOVA test.

Vitellogenin (VTG) Measurements and Immunofluor-
escent Staining. Vitellogenin was measured in cell pellets
using an ELISA kit (10004995; Cayman Chemical, Ann Arbor,
MI, USA). A cell concentration of 1.0 X 10° cells/mL was seeded
on collagen and collagen-PEG coated well plates and cultured
for 14 days. Then, the cells were exposed to 1 nM of 17f-
estradiol (Sigma-Aldrich) and 10 yM of BPA (Sigma-Aldrich)
for 48 h, respectively. The cell pellets were collected in 1.5 mL
tubes and centrifuged for S min at 125 X g, and the supernatants
were discarded and washed with cold PBS. The pellets were
lysed with passive lysis buffer (Promega, Mannheim, Germany)
after recentrifugation. The supernatants were used for the
vitellogenin quantification according to the manufacturer’s
instructions (Cayman Chemical). Each sample was normalized
by total protein content, which was calculated using the BCA
protein assay. The ANOVA test was run to determine
significance of the results for the hepatoids cultured on the
collagen-PEG hydrogel.

For vitellogenin staining, the primary antibody vitellogenin
(LifeSpan, LS-C76845—100) was incubated overnight at 4 °C.
The sample was then washed twice with PBS for 5 min each.
Subsequently, the secondary antibody antimouse conjugated
FITC (Thermo, 31232) was incubated for 2 h at room
temperature. Then, the samples were washed with PBS three
times every S min. Finally, nuclei of the cells were stained with
DAPI immediately before imaging.

Live Cell Imaging with 17p-Estradiol. Glass bottom
dishes (29 mm diameter), the well (14 mm diameter), #0 glass,
and the glass top (D29-14-0-TOP, Cellvis) were first coated
with poly-p-lysine (Sigma) for 20 min and then washed twice
with culture media to remove excess chemical. Zebrafish
hepatocytes (ATCC CRL-2643) were seeded at 5000 cells per
dish and allowed to adhere for 10 min before being coated by
collagen or collagen-PEG hydrogel as described above. Cells
were cultured in this manner because of the short working
distance of the microscope objective. Therefore, cells needed to
be cultured as close to the glass coverslip as possible. After the
hydrogel was formed, 3 mL of culture media was added and the
cells were incubated in the conditions previously described. The
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cells were then cultured for 2 days prior to the live cell imaging
experiment to ensure that the cells were interacting with the
hydrogel and each other without forming large clustered
structures. Thus, individual cell ROS levels could be analyzed.

Before imaging, zebrafish culture medium with 0, 1, and 10
nM of 17f-estradiol (Sigma-Aldrich) replaced the media and 6
uL/3 mL of CellROX Green Reagent (Thermo Fisher
Scientific) was added to each sample. Co-localized fluorescence
and phase imaging was performed on an Axio Observer Z1
(Zeiss) with GLIM Pro add-on module (Phi Optics). Gradient
light interference microscopy is an upgrade to differential
interference contrast microscopy that uses phase-shift shifting to
improve image quality by separating unwanted amplitude
information from high detail phase information.”' Here, we
use a 10x/0.3 objective and sCMOS camera (Prime BSI,
Photometrics). Imaging began 20 min after addition of the
CellRox dye with a total of 18 representative fields of view (1150
X 1150 pm) acquired every 30 min for 16 h.

The images were then analyzed with Image] (Fiji) to measure
signal intensity from the CellROX reagent as well as to overlay
the GLIM and fluorescent images. To measure the intensity,
images from the same sample were loaded into Image] as a
sequence in chronological order. Then, a region of interest
(ROI) was enclosed using an oval, ensuring that the entire cell
cluster or single cell was within the boundaries of the ROI for the
entire set of images. Using the stacks menu, the Z-axis profile was
plotted, and the values were exported to Excel for further
analysis. The Z-axis profile plots the mean gray signal of the ROL
At least 10 ROI were chosen per sample. In Excel, the data was
averaged and normalized to the control sample of 0 nM 17-
estradiol for each hydrogel modulus, respectively.

B RESULTS AND DISCUSSION

Increasing the pH of the pre-gelled collagen solution and the
collagen-polyethylene glycol (PEG) mixture from 2.0 to 7.4
resulted in the collagen gel and collagen-PEG gel, respectively.
Both hydrogels are made with interconnected fibrous networks
as confirmed by scanning electron microscope images (Figure
1). The PEG in the collagen-PEG gel altered the diameter and

Figure 1. Two hydrogels were formulated; pure collagen and collagen
mixed with polyethylene glycol (PEG) and imaged with scanning
electron microscopy. The black scale bars represent 5 pm.

spacing of collagen fibers minimally compared with the pure
collagen gel (Table 1). In contrast, the elastic modulus of the
PEG-collagen gel was 14 Pa while that of the pure collagen gel
was 256 Pa. This result confirms that PEG modulates the
mechanical stiffness of the collagen gel without altering the
microstructure significantly.

Table 1. Collagen Hydrogel Shear Moduli and
Microstructure Properties”

PEG/Collagen Shear modulus Fiber diameter Pore area
(m/m) (Pa) (pm) (pm?)
10:1 14+1 0.10 = 0.02 053 +0.21
0:1 256 + 132 0.09 + 0.02 0.38 +0.19

“The shear modulus was decreased from 256 to 14 Pa with the
addition of PEG at a mass matio of PEG to collagen being 10:1. The
concentration fo collagen was held constant for both hydrogel
formulations at 1.5 ng/ mL. The asterisk indicates statistical
significance of the difference of values between two conditions (*p
<0.02).

This collagen-PEG hydrogel system allows for the control of
the elastic modulus without significantly altering other matrix
parameters like the pore area and fiber diameter. Microscopic
images of the gel confirm that there is no significant difference in
microstructure, indegendent of the change in softness. As
analyzed previously,”” it is likely that PEG depletes the hydrogen
bonds between water molecules and collagen fibers, which are
major components to generate the elastic properties of the gel.
As the free water molecules are depleted, the fibrillogenesis of
the collagen fibers is hindered, resulting in a softer hydrogel.
Such change of the intermolecular association at the molecular
scale may influence the stiffness of individual collagen fibers but
may not impact the pore size of the gel. This strategy to control
gel softness is different from other formulations, in that the PEG
act as spacers between the collagen fibers instead of being used
to chemically cross-link collagen molecules.””**

The zebrafish hepatocytes were seeded onto the gels with
controlled elastic moduli. Then, cell growth was monitored for
two weeks by measuring the total protein concentrations with a
BCA protein assay kit (Figure 2a). The total protein
concentration was increased at a comparable rate regardless of
the elastic modulus of the gel. In contrast, the elastic modulus of
the gel influenced cellular organization. Cells cultured on the
pure collagen gel with an elastic modulus of 256 Pa proliferated
independently or in small clusters (Figure 2c-iv). However, cells
cultured on the softer collagen-PEG gel with an elastic modulus
of 14 Pa aggregated to form a large cell sheet (Figure 2c-i). More
interestingly, the cells self-organized on the collagen-PEG gel to
addition, actin molecules were localized on the cell membrane
more significantly than cells cultured on the stiffer pure collagen
gel. Furthermore, cells cultured on the softer collagen-PEG gel
expressed more f1 integrins than those cultured on the pure
collagen gel (Figure 2b,d).

To further clarify that the zebrafish hepatoid ultrastructure
was a direct result of the elastic modulus of the hydrogel,
singularized hepatocytes were pre-exposed to PEG prior to
plating (Figure S1). After 14 days of culture, the cells were
immunostained for actin filaments as well as f1 integrin
expression. The cells pre-exposed to the PEG, which is the same
PEG used to assemble the collagen-PEG hydrogels, did not
show significant changes in actin or integrin expression from
cells plated on the collagen-PEG hydrogel without pre-exposure
to the soluble PEG. In addition, cells pre-exposed to PEG
formed canaliculi-like structures, like cells that were not pre-
exposed to the soluble PEG. Thus, it is suggested that the PEG
that is present in the collagen-PEG hydrogel acts as a neutral
softener with minimal interactions with the zebrafish hepato-
cytes during hepatoid formation.
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Figure 2. Zebrafish hepatocytes (ATCC CRL-2643) cultured on the collagen and collagen-PEG gels with different elastic moduli. (a) The total protein
concentration assay after 1, 7, and 14 days of culture. The values and error bars represent the mean and standard deviation of three samples per
condition, respectively. (b) Immunofluorescent staining of hepatocytes at days 2 and S for blue-colored nuclei and green-colored /31 integrin. (c and d)
Immunofluorescent staining of hepatocytes after 14 days of culture on the gel. The images in part ¢ show blue-colored nuclei and green-colored actin
filament in cells cultured on the pure collagen gel with an elastic modulus of 14 Pa (j, ii) and collagen-PEG gel with an elastic modulus of 256 Pa (iii).
White dashed circles mark hollow lumen formed by the self-organization of hepatocytes. The images in part d show blue-colored nuclei and green-
colored 1 integrin in cells cultured on the pure collagen gel with an elastic modulus of 14 Pa (i, ii) and collagen-PEG gel with an elastic modulus of 256

Pa (iii). In each image, white scale bars represent SO ym.

When observing the f1 integrin expression, which indicates
cellular adhesion to the matrix, the softer collagen-PEG hydrogel
served to increase the 1 integrin expression of cells than the
stiffer, pure collagen hydrogel. Previous studies report that cell
clusters formed or placed on a bioactive 2D substrate sense and
respond to biophysical properties of the matrix via integrin-
ligand bonds and cell—cell junctions.”>*® As such, we suggest
that hepatocytes bound to collagen molecules of the softer gel
sense the mechanical signal from the substrate, increase cellular
adhesion and growth, and finally form a cell sheet in which cells
are interconnected to form the canaliculi-like structure. Cells
homogeneously mixed into the hydrogel failed to associate with
each other, thus resulting in few clusters with the physiologically
relevant ultrastructure. These results indicate that the cells
cultured on the 14 Pa collagen-PEG hydrogel were the most
physiologically organized even though there was an independ-
ency of cell growth on the gel stiffness.

This study demonstrates that the softness of the collagen-PEG
hydrogel plays a significant role in regulating the intercellular
organization of engineered zebrafish hepatoids. Ex vivo cells
frequently de-differentiate when cultured on a substrate which
has a different modulus from the native tissue. By plating the
hepatocytes onto a soft hydrogel with stiffness relatable to the
yolk of the zebrafish egg, cells will experience biophysical cues
which will result in hepatoids with higher physiological
relevance. In particular, mouse hepatocytes cultured on stiffer

collagen-polyacrylamide hydrogels exhibited larger cell areas
and decreased expression of HNF4q, a transcriptional
regulatory factor."” Because this factor controls many down-
stream factors and functions, the culturing of mouse hepatocytes
on stiff substrates results in reduced hepatocyte function.
Specifically, functional mRNA expression levels of Baat, F7, and
Gys2 are lowered in addition to that of HNF4a, according to the
previous study made with mouse hepatocytes.

Compared with this study, the cells cultured on the softer gel,
with an elastic modulus of 14 Pa, formed cohesive sheet-like
structures with a canaliculi-like intercellular organization as seen
in the actin staining images (Figure 2c). Canaliculi eventually
fuse to form bile ducts in the adult zebrafish.”*” The bile ducts
and blood vessels are jointly responsible for clearing metabolic
waste from the hepatocytes.””® In contrast, the hepatocytes on
the stiffer collagen hydrogel, with an elastic modulus of 256 Pa,
formed separated, small cell clusters. With the introduction of
the hepatocytes into a softer microenvironment, the organotypic
3D organization resembled that of a zebrafish liver.

The physiological activity of hepatocytes cultured on the gels
was analyzed by examining the ornithine-urea cycle, which is the
primary pathway to detoxify ammonia and amino acids in the
liver. Cells were analyzed at 27 °C and 37 °C, which represents
the zebrafish and human body temperature, respectively (Figure
3). Cellular hepatic cycle activity increased with the cell culture
period. After 2 weeks, cells cultured on the collagen-PEG gel
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Figure 3. Analysis of urea cycle activity for zebrafish hepatocytes
cultured on the gels with different elastic moduli. (a) The urea
concentration was measured after 2, 4, and 14 days of culture. (b)
Comparison of the urea cycle activity was made between 27 °C and 37
°C to evaluate the effects of environmental temperature. The values and
error bars represent the mean and standard deviation of three samples
per condition, respectively. The asterisk indicates statistical significance
of the values between conditions (*p < 0.05).

with an elastic modulus of 14 Pa displayed higher hepatic urea
activity than those on the pure collagen gel with an elastic
modulus of 256 Pa (Figure 3a). The inverse dependency of
hepatic urea activity on the elastic modulus was more significant
at 37 °C (Figure 3b).

We further assessed the extent to which the elastic modulus of
the gel modulates hepatic urea cycle activities at varied
concentrations of 17f-estradiol (E2). E2 binds with estrogen
receptors to produce vitellogenin (VTG) in the female zebrafish,
and its concentration is regulated in the liver through
biotransformation.”” E2 stimulated the hepatic urea cycle
activity as displayed, with an increase of the urea concentration
with increasing E2 concentration (Figure 4). Interestingly, the
dependency of the urea cycle activity on the E2 concentration
was more substantial with cells cultured on the collagen-PEG gel
with an elastic modulus of 14 Pa than those cultured on the pure
collagen gel with an elastic modulus of 256 Pa. Such an inverse
dependency of the urea concentration on the elastic modulus of
the gel is attributed to the cellular B1 integrin expression
increased with the softer gel.

In addition, as shown in Figure S, bisphenol A (BPA) and E2
were found to have effective VTG responses in the zebrafish
hepatocyte clusters formed on collagen and collagen-PEG

0.6

0.5

0.4

03 W14 Pa
0.2 W 256 Pa

0.1
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0 1 10
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Figure 4. Analysis of hepatic urea cycle activity of zebrafish hepatocytes.
Cells were cultured on the collagen gel with an elastic modulus of 14 Pa
and the collagen-PEG hydrogel with an elastic modulus of 256 Pa for 2
weeks before exposure to 17f-estradiol (E2). Then, cells were exposed
to 0, 1,and 10 nM of E2 for 24 h. The values and error bars represent the
mean and standard deviation of three samples per condition,
respectively. The asterisk indicates statistical significance of the values
between conditions (*p < 0.05).

hydrogels. The hepatocytes cultured in a 2D monolayer on a
polystyrene substrate did not markedly induce VT G production
in the presence of E2 or BPA (Figure 5a). In contrast, zebrafish
hepatocyte clusters formed on collagen-PEG hydrogels with an
elastic modulus of 14 Pa resulted in significant increases of VI'G
activity at a concentration of 10 nM of E2 or 10 uM of BPA.
Hepatocyte clusters formed on the collagen gel with an elastic
modulus of 256 Pa showed minimal VTG activities after
exposure to E2 or BPA, similar to cells cultured on a polystyrene
substrate (Figure Sb).

VTG is the serum phospholipoglycoprotein precursor to egg
yolk. It is potentially an ideal biomarker for environmental
estrogens because estrogen receptors in the fish liver regulate
vitellogenesis.”” VTG is typically found in the blood of female
fish, whereas in male fish, the level is very low. However, VTG
synthesis can be induced in male fish if they are exposed to
exogenous estrogens.’ Therefore, the presence of VTG in a
male fish can be considered a sensitive biomarker of estrogenic
chemical exposure.”” Therefore, E2 is considered to represent
EDCs in the environmental system, and the synthesis of VTG in
aquatic organisms is a very important marker for assessing
endocrine disturbances by natural hormones and EDCs.

A previous study by the US Environmental Protection Agency
(EPA) and the US National Toxicology Program (N'TP) set 75
uM (17.2 mg/L) as the maximum BPA concentration detected
in an environmental sample.** In addition, Frangois Brio et al.
showed that 10 yuM of BPA revealed maximum estrogenic
activity of the estrogen receptor and aromatase in zebrafish
hepatocytes and larvae.”* Therefore, zebrafish hepatocytes were
exposed to either E2 or BPA. BPA stimulates estrogenic activity
of hepatocyte clusters similar to E2. This result suggests that
zebrafish hepatoids similarly metabolize both chemicals into
VTG. However, the effect is significantly different depending on
the substrate on which the zebrafish hepatocytes are cultured.
The hepatoids cultured on the pure collagen hydrogel with an
elastic modulus of 256 Pa did not respond to the EDCs as the
hepatoids on the collagen-PEG hydrogels. From the earlier
result, hepatoids on the stiffer hydrogel had disorganized tissue
structure in comparison to the hepatoids cultured on the softer
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hydrogels (Figure 2c). Therefore, the difference in VTG
synthesis levels could be because physiologically similar tissue
organization promotes high levels of hepatoid functionality.
Thus, the disorganized cells on the 2D plastic substrate and the
disorganized hepatoid formed on the pure collagen hydrogel had
low responses to EDC exposure. It is likely that the rate of
estrogenic activity is altered by the substrate stiffness. This
possibility will be examined systematically in future studies.

The combined effects of estrogen concentration and gel
softness on the cellular urea production are further related to the
change in the ROS-mediated intracellular oxidative stress level.
As the liver induces VTG synthesis using the excess E2, cells
produce ROS which impacts cells negatively. In particular, we
evaluated the general oxidative stress of the cells by monitoring
the intracellular ROS level through the oxidation of the
CellROX probe via live cell imaging for 16 h. This study
discloses that hepatoid-like clusters formed on the softer
collagen-PEG hydrogels are able to return the ROS level to a
baseline at the elevated 17f-estradiol concentration. In contrast,
cell clusters formed on the stiffer collagen hydrogel exhibited a
higher ROS level for both elevated 17f-estradiol conditions. In
addition, cell clusters showed a drop of ROS level below baseline
when exposed to 10 nM 17f-estradiol, indicating that some of
the cells likely lost viability and metabolic activities after
exposure to excessive 17f-estradiol.

Because 17f-estradiol is localized in the liver for bio-
transformation into VTG, excessive accumulation from naturally
produced and ingested 17f-estradiol will increase the generation
of reactive oxygen species (ROS) through mitochondrial and
genomic pathways. Live cell imaging was performed to visualize
the ROS response of the zebrafish hepatocytes to 17f-estradiol
using the positive signal from the CellROX reagent (Figure 6).
The fluorescent intensity from the CellROX increases with
increasing internal reactive oxygen species. The hepatocytes
cultured on the gel with an elastic modulus of 14 Pa displayed
consistent clustered cell morphology during the 16 h (Figure
6a). The fluorescent signal from the control conditions

13803

demonstrates the homeostatic level of ROS as a byproduct of
metabolism and as a signaling molecule. As seen in all three
concentrations of 17f-estradiol, the hepatocytes maintained
their original morphology. The ROS signal marked by the
oxidation of the fluorescent probe of the CelROX reagent was
also consistent from 0 to 16 h. However, the morphology of the
hepatocytes cultured on the stiffer gel with an elastic modulus of
256 Pa was changed rapidly during the 16 h after exposure to
17f-estradiol (Figure 6b). In particular, the change in
morphology from spread to spheroidal was visible after 12 h
of exposure to 1 nM 17f-estradiol (Figure 6b-v) and 6 h of
exposure to 10 nM 17f-estradiol (Figure 6b-vi). Also, the
hepatocytes exposed to 10 nM of 17f-estradiol lost most of the
ROS intensity at 16 h.

The live images of ROS signal from the cells were then
analyzed with the fluorescence signal intensity (Figure 6¢,d).
According to the quantitative analysis, even with a 0 nM
concentration of 17f-estradiol, the zebrafish hepatocytes
cultured on the hydrogel with an elastic modulus of 14 kPa
exhibited lower ROS production than the cells cultured in the
256 Pa hydrogel (Figure Sc,d). When the concentration of 17/-
estradiol was increased to 1 nM, the hepatocytes on the gel with
an elastic modulus of 14 Pa showed an increase of the ROS
signal up to 4 to 6 h, followed by the decrease of the intensity. In
contrast, cells on the gel with an elastic modulus of 256 Pa
displayed a steeper and continuous increase of the ROS signal up
to 16 h.

Further increase of the 17f-estradiol concentration to 10 nM
resulted in transient increases of ROS signal up to 2 h regardless
of an elastic modulus of the gel. However, the hepatocytes
cultured on the gel with an elastic modulus of 14 Pa showed a
relatively slower increase in the ROS level than those on the gel
with an elastic modulus of 256 Pa. In the stiffer hydrogel, ROS
generation was decreased after 12 h, indicating that the cells
were no longer functioning in metabolic degradation. Taken
together, the cells cultured in the collagen-PEG hydrogel with a
14 Pa modulus were better able to metabolize the increased
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Figure 6. Live cell imaging of reactive oxygen species generation and morphology of zebrafish hepatocyte when exposed to 0 (i, iv), 1 (ii, v), and 10 (ii,
vi) nM of 17f-estradiol. Images were taken every 30 min over 24 h after the addition of 17f-estradiol and CellROX reagent (green). The gray scale
images are Gradient Light Interference Microscopy (GLIM) images showing the cellular morphology. (a) Zebrafish hepatocytes cultured on the
collagen-PEG hydrogel with an elastic modulus of 14 Pa. (b) Zebrafish hepatocytes cultured in a pure collagen hydrogel with an elastic modulus of 256
Pa. The white scalebars indicate 40 ym. (c and d) The normalized signal intensity of CellROX for each hydrogel stiffness, 14 and 256 Pa, comparing
their reactive oxygen species generation for increasing concentrations of 17/-estradiol. (c) The reactive oxygen species generation is increased for both
1 and 10 nM concentrations of 17f-estradiol in the 14 Pa hydrogel and the baseline ROS concentration is recovered after 5 h for the 1 nM
concentration. (d) For the 256 Pa hydrogel, the ROS levels are increased in both concentrations of 17f-estradiol, but the ROS level drops below the

control group after 12 h for the 10 nM concentration.

levels of 17f-estradiol without a significant impact on their
morphology. In contrast, the hepatocytes cultured on the 256 Pa
hydrogel demonstrated an early loss of functionality from
elevated 17f-estradiol concentrations.

These experiments demonstrate an in vitro platform for the
physiological impacts of endocrine-disrupting factors on zebra-
fish hepatoids that exhibited similar morphology and function-
ality as the live zebrafish. These hepatic tissues were engineered
by the culturing of cells on the collagen-PEG gel with controlled
stiffness while maintaining the pore area and fiber diameter of
the hydrogels. The hepatocytes cultured on the collagen-PEG
hydrogel with an elastic modulus of 14 Pa formed large sheets
with intercellular canaliculi. In contrast, hepatocytes cultured on
the pure collagen hydrogel with an elastic modulus of 256 Pa
grew slowly without the formation of a cell sheet. Also, the
hepatocytes cultured on the softer collagen-PEG hydrogel
displayed elevated urea cycle activity and higher sensitivity to
external 17p-estradiol than those cultured on the stiffer pure
collagen gel. Overall, the cellular response to the gel is attributed
to the difference of the gel softness.

Taken together, the results of this study report that the
softness of the cell culture substrate plays a significant role in the
assembly and physiological function of zebrafish hepatoids. The
hepatoids engineered to present a canaliculi-like structure were
active to restore intracellular ROS levels to normal by up-
regulating detoxification activities upon exposure to 17f-
estradiol. Since the zebrafish shares similar embryotic character-
istics and homology as humans, the continued study of the
zebrafish hepatoid would be beneficial to the understanding of
human liver response to endocrine-disrupting chemicals such as
17p-estradiol. In addition, the results of this study will
significantly impact current studies that are often plagued by
the loss of morphology and functionality of live embryo or
primary adult liver cells in vitro. Therefore, this study will be
broadly useful in the development of an in vitro cell or organoid
culture platform used for the rapid and precise screening of

potentially toxic chemicals.
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B ENVIRONMENTAL IMPLICATIONS

There are significant ethical and methodological concerns for
using zebrafish as model organisms for testing EDCs as well as
the aquatic environmental risks from EDC accumulation. The
3Rs, namely, Replacement, Reduction, and Refinement are
essential values in legislation and guidelines governing the
ethical use of animals in experiments. Hence, there is an ethical
obligation to minimize the pain, stress, and suffering of fish,
although there is still debate about whether fish can experience
pain or have consciousness. Methodological challenges include
the de-differentiation of primary zebrafish tissues for ex vivo
cultures on conventional cell culture substrates. Therefore, the
engineered in vitro zebrafish liver model not only mimics the
natural zebrafish liver but also complements alternatives to
animal testing.

Among many challenges faced by researchers in adapting in
vitro tissue models one is that the cells do not form into
physiologically similar units which maintain the structural and
functional characteristics of their target organs. This study
addresses this challenge by creating a hydrogel system which
provides repeatable and consistent hepatoid formation from a
singularized cell line. By creating a stable zebrafish liver model in
vitro, researchers can test EDCs and other water-borne
chemicals in a reliable manner.

The limitation of human health relatability is not covered in
this study. Although some conclusions can be made about the
effects of these EDCs on human health based on the zebrafish
liver model, aspects of zebrafish liver analysis, such as the
measurement of vitellogenin (VTG), are unrelatable to humans.
However, from this study, one can use the hydrogel construct
which can regulate phenotypes of human hepatocytes or other
cell types and engineer human organoids. Therefore, this study
is broadly applicable to toxicology testing where the use of live
animal models is costly or ethically prohibitive.

B ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.est.0c01988.

Real-time imaging of the ROS response to 17f-estradiol
in zebrafish hepatocytes (MP4)

Scheme and figure of zebrafish hepatocytes coated with
PEG, cultured on collagen-PEG hydrogel for 14 days
(PDF)

B AUTHOR INFORMATION

Corresponding Authors

Hyunjoon Kong — Department of Bioengineering, Institute of
Genomic Biology, Department of Chemical and Biomolecular
Engineering, and Beckman Institute, University of Illinois at
Urbana—Champaign, Urbana, Illinois 61801, United States;

orcid.org/0000-0003-4680-2968; Email: hjkong06@

illinois.edu

Young Jun Kim — Environmental Safety Group, Korea Institute of
Science and Technology (KIST) Europe, 66123 Saarbriicken,
Germany; Email: youngjunkim@kist-europe.de

Authors
Kathryn M. Sullivan — Department of Bioengineering and
Institute of Genomic Biology, University of Illinois at
Urbana—Champaign, Urbana, Illinois 61801, United States;
orcid.org/0000-0002-7227-396X

Chang Gyun Park — Environmental Safety Group, Korea Institute
of Science and Technology (KIST) Europe, 66123 Saarbriicken,
Germany

John D. Ito — Department of Chemical and Biomolecular
Engineering, University of Illinois at Urbana—Champaign,
Urbana, Illinois 61801, United States

Mikhail Kandel — Department of Electrical and Computer
Engineering and Beckman Institute, University of Illinois at
Urbana—Champaign, Urbana, Illinois 61801, United States;

orcid.org/0000-0003-2124-7750

Gabriel Popescu — Department of Bioengineering, Department of
Electrical and Computer Engineering, and Beckman Institute,
University of Illinois at Urbana—Champaign, Urbana, Illinois
61801, United States

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.est.0c01988

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This work was supported by a National Research Council of
Science & Technology (NST) grant by the Korean Government
(CAP-17-01-KIST Europe), partly by the National Science
Foundation Research Training Grant (1735252), National
Science of Foundation (STC-EBICS Grant CBET-0939511),
R0O1CA238191, and R43GM133280-01. K. Sullivan and M.
Kandel are supported by the National Science Foundation
Research Training Grant (1735252) Understanding the Brain:
Training the Next Generation of Researchers in Engineering and
Deciphering of Miniature Brain Machinery. Chang Gyun Park
was supported by the KIST Europe signature project (12001).
Images presented in this publication were obtained at the core
facilities in the Materials Research Laboratory and the Institute
of Genomic Biology at the University of Illinois at Urbana-
Champaign.

B REFERENCES

(1) Thorpe, K. L.; Cummings, R. I; Hutchinson, T. H.; Scholze, M;
Brighty, G.; Sumpter, J. P,; Tyler, C. R. Relative Potencies and
Combination Effects of Steroidal Estrogens in Fish. Environ. Sci.
Technol. 2003, 37 (6), 1142—1149.

(2) Pang, Q; Li, Y.; Meng, L.; Li, G.; Luo, Z.; Fan, R. Neurotoxicity of
BPA, BPS, and BPB for the Hippocampal Cell Line (HT-22): An
Implication for the Replacement of BPA in Plastics. Chemosphere 2019,
226, 545—-552.

(3) Nagorka, R.; Koschorreck, J. Trends for Plasticizers in German
Freshwater Environments — Evidence for the Substitution of DEHP
with Emerging Phthalate and Non-Phthalate Alternatives. Environ.
Pollut. 2020, 262, 114237.

(4) Tian, H,; Gao, Z.; Wang, G.; Li, H.; Zheng, J. Estrogen Potentiates
Reactive Oxygen Species (ROS) Tolerance to Initiate Carcinogenesis
and Promote Cancer Malignant Transformation. Tumor Biol. 2016, 37
(1), 141-150.

(5) Shao, Y.; Xiao, H.; Di Paolo, C.; Deutschmann, B.; Brack, W.;
Hollert, H.; Seiler, T. B. Integrated Zebrafish-Based Tests as an
Investigation Strategy for Water Quality Assessment. Water Res. 2019,
150, 252—-260.

(6) Bergman, A.; Heindel, J.; Jobling, S.; Kidd, K.; Zoeller, R. T. State-
of-the-Science of Endocrine Disrupting Chemicals 2012, 211, 2012
DOI: 10.1016/j.toxlet.2012.03.020.

(7) Neale, P. A,; Ait-Aissa, S.; Brack, W.; Creusot, N.; Denison, M. S.;
Deutschmann, B.; Hilscherova, K.; Hollert, H.; Krauss, M.; Novak, J.;
Schulze, T.; Seiler, T.-B.; Serra, H.; Shao, Y.; Escher, B. I. Linking in
Vitro Effects and Detected Organic Micropollutants in Surface Water

https://dx.doi.org/10.1021/acs.est.0c01988
Environ. Sci. Technol. 2020, 54, 1379713806


https://pubs.acs.org/doi/10.1021/acs.est.0c01988?goto=supporting-info
http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c01988/suppl_file/es0c01988_si_001.mp4
http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c01988/suppl_file/es0c01988_si_002.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hyunjoon+Kong"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0003-4680-2968
http://orcid.org/0000-0003-4680-2968
mailto:hjkong06@illinois.edu
mailto:hjkong06@illinois.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Young+Jun+Kim"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:youngjunkim@kist-europe.de
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kathryn+M.+Sullivan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-7227-396X
http://orcid.org/0000-0002-7227-396X
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chang+Gyun+Park"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="John+D.+Ito"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mikhail+Kandel"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0003-2124-7750
http://orcid.org/0000-0003-2124-7750
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gabriel+Popescu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c01988?ref=pdf
https://dx.doi.org/10.1021/es0201348
https://dx.doi.org/10.1021/es0201348
https://dx.doi.org/10.1016/j.chemosphere.2019.03.177
https://dx.doi.org/10.1016/j.chemosphere.2019.03.177
https://dx.doi.org/10.1016/j.chemosphere.2019.03.177
https://dx.doi.org/10.1016/j.envpol.2020.114237
https://dx.doi.org/10.1016/j.envpol.2020.114237
https://dx.doi.org/10.1016/j.envpol.2020.114237
https://dx.doi.org/10.1007/s13277-015-4370-6
https://dx.doi.org/10.1007/s13277-015-4370-6
https://dx.doi.org/10.1007/s13277-015-4370-6
https://dx.doi.org/10.1016/j.watres.2018.11.039
https://dx.doi.org/10.1016/j.watres.2018.11.039
https://dx.doi.org/10.1016/j.toxlet.2012.03.020?ref=pdf
https://dx.doi.org/10.1021/acs.est.5b04083
https://dx.doi.org/10.1021/acs.est.5b04083
pubs.acs.org/est?ref=pdf
https://dx.doi.org/10.1021/acs.est.0c01988?ref=pdf

Environmental Science & Technology

pubs.acs.org/est

Using Mixture-Toxicity Modeling. Environ. Sci. Technol. 2015, 49 (24),
14614—14624.

(8) Wilkins, B. J.; Pack, M. Zebrafish Models of Human Liver
Development and Disease. Compr. Physiol. 2013, 3 (3), 1213—1230.

(9) Menke, A. L.; Spitsbergen, J. M.; Wolterbeek, A. P. M.; Woutersen,
R. A. Normal Anatomy and Histology of the Adult Zebrafish. Toxicol.
Pathol. 2011, 39 (5), 759-775.

(10) Kiamehr, M.; Heiskanen, L.; Laufer, T.; Diisterloh, A.;
Kahraman, M.; Kakela, R.; Laaksonen, R.; Aalto-Setila, K. Dediffer-
entiation of Primary Hepatocytes Is Accompanied with Reorganization
of Lipid Metabolism Indicated by Altered Molecular Lipid and MiRNA
Profiles. Int. J. Mol. Sci. 2019, 20 (12), 2910.

(11) Kim, M; Lee, J. Y.; Jones, C. N.; Revzin, A.; Tae, G. Heparin-
Based Hydrogel as a Matrix for Encapsulation and Cultivation of
Primary Hepatocytes. Biomaterials 2010, 31 (13), 3596—3603.

(12) You, J.; Park, S.-A.; Shin, D.-S.; Patel, D.; Raghunathan, V. K;
Kim, M.; Murphy, C.]J.; Tae, G.; Revzin, A. Characterizing the Effects of
Heparin Gel Stiffness on Function of Primary Hepatocytes. Tissue Eng,,
Part A 2013, 19 (23—24), 2655—2663.

(13) Desai, S. S.; Tung, J. C.; Zhou, V. X,; Grenert, J. P.; Malato, Y.;
Rezvani, M.; Espanol-Sufer, R,; Willenbring, H.; Weaver, V. M,;
Chang, T. T. Physiological Ranges of Matrix Rigidity Modulate Primary
Mouse Hepatocyte Function in Part through Hepatocyte Nuclear
Factor 4 Alpha. Hepatology 2016, 64 (1), 261—275.

(14) Simonetti, R. B.; Santos Marques, L.; Streit, D. P., Jr; Oberst, R.
Zebrafish (Danio Rerio): Ethics in Animal Experimentation. IOSR J.
Agric. Vet. Sci. Ver. 12016, 9 (7), 2319—2372.

(15) Couteau, C.; Coiffard, L. Regulation No 1223/2009 on Cosmetic
Products. Nouv. Dermatologiques 2010, 29 ().

(16) Uchea, C.; Owen, S. F.; Chipman, J. K. Functional Xenobiotic
Metabolism and Efflux Transporters in Trout Hepatocyte Spheroid
Cultures. Toxicol. Res. (Cambridge, U. K.) 2018, 4 (2), 494—507.

(17) Baron, M.; Mintram, K.; Owen, S.; Hetheridge, M.; Moody, A.;
Purcell, W.; Jackson, S.; Jha, A. Pharmaceutical Metabolism in Fish:
Using a 3- D Hepatic In Vitro Model to Assess Clearance. PLoS One
2017, 12, No. e0168837.

(18) vom Saal, F. S.; Nagel, S. C.; Coe, B. L.; Angle, B. M.; Taylor, J. A.
The Estrogenic Endocrine Disrupting Chemical Bisphenol A (BPA)
and Obesity. Mol. Cell. Endocrinol. 2012, 354 (1-2), 74—84.

(19) Nagel, S. C.; Bromfield, J. J. Bisphenol a: A Model Endocrine
Disrupting Chemical with a New Potential Mechanism of Action.
Endocrinology 2013, 154 (6), 1962—1964.

(20) NCBL N. C. for B. L itgb1bp1 integrin beta 1 binding protein 1 [
Danio rerio (zebrafish) ] https://www.ncbi.nlm.nih.gov/gene/641420.

(21) Kandel, M. E; Hu, C; Naseri Kouzehgarani, G.; Min, E;
Sullivan, K. M.; Kong, H.; Li, J. M.; Robson, D. N.; Gillette, M. U.; Best-
Popescu, C.; Popescu, G. Epi-Illumination Gradient Light Interference
Microscopy for Imaging Opaque Structures. Nat. Commun. 2019, 10
(1), 1-9.

(22) Clay, N. E.; Shin, K; Ozcelikkale, A.; Lee, M. K.; Rich, M. H.;
Kim, D. H.; Han, B,; Kong, H. Modulation of Matrix Softness and
Interstitial Flow for 3D Cell Culture Using a Cell-Microenvironment-
on-a-Chip System. ACS Biomater. Sci. Eng. 2016, 2 (11), 1968—1975.

(23) Liang, Y.; Jeong, J.; DeVolder, R. J.; Cha, C.; Wang, F.; Tong, Y.
W.; Kong, H. A Cell-Instructive Hydrogel to Regulate Malignancy of
3D Tumor Spheroids with Matrix Rigidity. Biomaterials 2011, 32 (39),
9308—9315.

(24) Cha, C; Kim, S. Y.; Cao, L.; Kong, H. Decoupled Control of
Stiffness and Permeability with a Cell-Encapsulating Poly(Ethylene
Glycol) Dimethacrylate Hydrogel. Biomaterials 2010, 31 (18), 4864—
4871.

(25) Yano, H.; Mazaki, Y.; Kurokawa, K.; Hanks, S. K.; Matsuda, M.;
Sabe, H. Roles Played by a Subset of Integrin Signaling Molecules in
Cadherin-Based Cell-Cell Adhesion. J. Cell Biol. 2004, 166 (2), 283—
29S.

(26) Shkumatov, A.; Baek, K.; Kong, H. Matrix Rigidity-Modulated
Cardiovascular Organoid Formation from Embryoid Bodies. PLoS One
2014, 9 (4), 1-10.

13806

(27) Yao, Y.; Lin, J; Yang, P.; Chen, Q.; Chu, X.; Gao, C.; Hu, J. Fine
Structure, Enzyme Histochemistry, and Immunohistochemistry of
Liver in Zebrafish. Anat. Rec. 2012, 295 (4), 567—576.

(28) Ip, Y. K; Chew, S. F. Ammonia Production, Excretion, Toxicity,
and Defense in Fish: A Review. Front. Physiol. 2010, 1, 1-20.

(29) Van Der Ven, L. T. M,; Holbech, H.; Fenske, M.; Van Den
Brandhof, E. J; Gielis-Proper, F. K; Wester, P. W. Vitellogenin
Expression in Zebrafish Danio Rerio: Evaluation by Histochemistry,
Immunohistochemistry. Aquat. Toxicol. 2003, 65 (1), 1-11.

(30) Cosnefroy, A.; Brion, F.; Maillot-Maréchal, E.; Porcher, ].-M.;
Pakdel, F.; Balaguer, P.; Ait-Aissa, S. Selective Activation of Zebrafish
Estrogen Receptor Subtypes by Chemicals by Using Stable Reporter
Gene Assay Developed in a Zebrafish Liver Cell Line. Towxicol. Sci. 2012,
125 (2), 439—449.

(31) Mommsen, T. P.; Walsh, P. J. S Vitellogenesis and Oocyte
Assembly. In The Physiology of Developing Fish; Hoar, W. S, Randall, D.
J. B. T.-E. P, Eds.; Academic Press, 1988; Vol. 11, pp 347—406.
DOI: 10.1016/S1546-5098(08)60202-2.

(32) Sumpter, J. P.; Jobling, S. Vitellogenesis as a Biomarker for
Estrogenic Contamination of the Aquatic Environment. Environ. Health
Perspect. 19985, 103, 173—178.

(33) Crain, D. A,; Eriksen, M.; Iguchi, T.; Jobling, S.; Laufer, H,;
LeBlanc, G. A,; Guillette, L. J. An Ecological Assessment of Bisphenol-
A: Evidence from Comparative Biology. Reprod. Toxicol. 2007, 24 (2),
225-239.

(34) Le Fol, V.; Ait-Aissa, S.; Sonavane, M.; Porcher, J.-M.; Balaguer,
P.; Cravedi, J.-P.; Zalko, D.; Brion, F. In Vitro and in Vivo Estrogenic
Activity of BPA, BPF and BPS in Zebrafish-Specific Assays. Ecotoxicol.
Environ. Saf. 2017, 142, 150—156.

https://dx.doi.org/10.1021/acs.est.0c01988
Environ. Sci. Technol. 2020, 54, 1379713806


https://dx.doi.org/10.1021/acs.est.5b04083
https://dx.doi.org/10.1002/cphy.c120021
https://dx.doi.org/10.1002/cphy.c120021
https://dx.doi.org/10.1177/0192623311409597
https://dx.doi.org/10.3390/ijms20122910
https://dx.doi.org/10.3390/ijms20122910
https://dx.doi.org/10.3390/ijms20122910
https://dx.doi.org/10.3390/ijms20122910
https://dx.doi.org/10.1016/j.biomaterials.2010.01.068
https://dx.doi.org/10.1016/j.biomaterials.2010.01.068
https://dx.doi.org/10.1016/j.biomaterials.2010.01.068
https://dx.doi.org/10.1089/ten.tea.2012.0681
https://dx.doi.org/10.1089/ten.tea.2012.0681
https://dx.doi.org/10.1002/hep.28450
https://dx.doi.org/10.1002/hep.28450
https://dx.doi.org/10.1002/hep.28450
https://dx.doi.org/10.9790/2380-090701106110
https://dx.doi.org/10.1039/C4TX00160E
https://dx.doi.org/10.1039/C4TX00160E
https://dx.doi.org/10.1039/C4TX00160E
https://dx.doi.org/10.1371/journal.pone.0168837
https://dx.doi.org/10.1371/journal.pone.0168837
https://dx.doi.org/10.1016/j.mce.2012.01.001
https://dx.doi.org/10.1016/j.mce.2012.01.001
https://dx.doi.org/10.1210/en.2013-1370
https://dx.doi.org/10.1210/en.2013-1370
https://www.ncbi.nlm.nih.gov/gene/641420
https://dx.doi.org/10.1038/s41467-019-12634-3
https://dx.doi.org/10.1038/s41467-019-12634-3
https://dx.doi.org/10.1021/acsbiomaterials.6b00379
https://dx.doi.org/10.1021/acsbiomaterials.6b00379
https://dx.doi.org/10.1021/acsbiomaterials.6b00379
https://dx.doi.org/10.1016/j.biomaterials.2011.08.045
https://dx.doi.org/10.1016/j.biomaterials.2011.08.045
https://dx.doi.org/10.1016/j.biomaterials.2010.02.059
https://dx.doi.org/10.1016/j.biomaterials.2010.02.059
https://dx.doi.org/10.1016/j.biomaterials.2010.02.059
https://dx.doi.org/10.1083/jcb.200312013
https://dx.doi.org/10.1083/jcb.200312013
https://dx.doi.org/10.1371/journal.pone.0094764
https://dx.doi.org/10.1371/journal.pone.0094764
https://dx.doi.org/10.1002/ar.22416
https://dx.doi.org/10.1002/ar.22416
https://dx.doi.org/10.1002/ar.22416
https://dx.doi.org/10.3389/fphys.2010.00134
https://dx.doi.org/10.3389/fphys.2010.00134
https://dx.doi.org/10.1016/S0166-445X(03)00103-6
https://dx.doi.org/10.1016/S0166-445X(03)00103-6
https://dx.doi.org/10.1016/S0166-445X(03)00103-6
https://dx.doi.org/10.1093/toxsci/kfr297
https://dx.doi.org/10.1093/toxsci/kfr297
https://dx.doi.org/10.1093/toxsci/kfr297
https://dx.doi.org/10.1016/S1546-5098(08)60202-2
https://dx.doi.org/10.1016/S1546-5098(08)60202-2
https://dx.doi.org/10.1016/S1546-5098(08)60202-2?ref=pdf
https://dx.doi.org/10.1289/ehp.95103s7173
https://dx.doi.org/10.1289/ehp.95103s7173
https://dx.doi.org/10.1016/j.reprotox.2007.05.008
https://dx.doi.org/10.1016/j.reprotox.2007.05.008
https://dx.doi.org/10.1016/j.ecoenv.2017.04.009
https://dx.doi.org/10.1016/j.ecoenv.2017.04.009
pubs.acs.org/est?ref=pdf
https://dx.doi.org/10.1021/acs.est.0c01988?ref=pdf

8.4 Original Paper - Hybrid-spheroid culture with nanofiber

176



RESEARCH ARTICLE

sl

www.small-journal.com

Integration of Bioinspired Fibrous Strands with 3D
Spheroids for Environmental Hazard Monitoring

Chang Gyun Park, Indong Jun, Sangmin Lee, Chang Seon Ryu, Sang-Ah Lee, Jaeho Park,
Hyung-Seop Han, Honghyun Park, Andreas Manz, Heungsoo Shin,* and Young Jun Kim*

Numerous methods have been introduced to produce 3D cell cultures that
can reduce the need for animal experimentation. This study presents a
unique 3D culture platform that features bioinspired strands of electrospun
nanofibers (BSeNs) and aquatic cell lines to compensate for shortcomings

in the current cell spheroid generation techniques. The use of BSeNs in 3D
zebrafish liver cell cultures is found to improve liver and reproductive func-
tions through spheroid-based in vitro assays such as whole transcriptome
sequencing and reproductive toxicity testing, with optimized properties exhib-
iting results similar to those obtained for fish embryo acute toxicity (FET,
OECD TG 236) following exposure to environmental endocrine-disrupting
chemicals (17B-Estradiol (E2), 4-hydroxytamoxifen (4-HT), and bisphenol com-
pounds (bisphenol A (BPA) and 9,9-Bis(4-hydroxyphenyl)fluorene (BPFL)).
These findings indicate that the beneficial effects of bioinspired materials

that closely mimic ECM environments can yield efficient zebrafish cells with
intrinsic functions and xenobiotic metabolism similar to those of zebrafish
embryos. As a closer analog for the in vivo conditions that are associated

with exposure to potentially hazardous chemicals, the straightforward culture
model introduced in this study shows promise as an alternative tool that can

how environmental pollutants affect the
aquatic and terrestrial environment,l and
is aimed primarily at understanding unde-
sirable events in the natural environment
by performing ecotoxicological testing and
risk evaluations of new chemicals that are
used, discarded, or reach the environment.
Ecotoxicologists also conduct detailed
monitoring studies elucidating the physi-
ological and biochemical responses of
organisms following pollutant exposure,
which often reflect toxic effects.’l Over
the past few decades, government agen-
cies have mandated testing toxicity on live
animals to determine the environmental
risk of new chemicals or products on the
market.l’] However, the use of animals in
scientific and medical tests is generally
subject to animal welfare protection,”) and
the European Commission (EC) has pro-
duced a directive to ban animal testing
for cosmetics or household products.!®!

be used to further eco-environmental assessment.

1. Introduction

The misuse of chemicals can partially explain the increasing
incidences of environmental and human health problems.[!
The multidisciplinary field termed ecotoxicology investigates

The need for alternative approaches to

the use of vertebrate animals for hazard

assessments of chemicals and pollutants

has thus become increasingly important,?
with the use of vertebrates for environmental risk assessment
banned for several regulatory purposes. Therefore, the first
consideration when starting a vertebrate ecotoxicity test is to
minimize the unnecessary use of vertebrate organisms as far
as possible.
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Fish are ideal sentinels for evaluating aquatic toxicity in ver-
tebrates and have become a popular alternative model system
in aquatic ecotoxicology.'®l The zebrafish is a particularly
convenient model because of its easy maintenance and high
numbers of offspring. In particular, fish embryo toxicity (FET)
tests using zebrafish have attracted attention as an alternative
method for animal experiments.'>3] Many studies have indi-
cated that fish embryos provide excellent versatility for environ-
mental and biological assessment applications, ranging from
acute system toxicity, sub-chronic toxicity, teratogenicity to
endocrine disruption.l>71] Lee et al. comprehensively analyzed
acute toxic and thyroid hormone disturbances effect of endo-
crine-disrupting chemicals (EDCs) in zebrafish embryos.] In
particular, zebrafish embryos are considered to suffer from no
sentinel, minor pain, or discomfort when exposed to chemicals
prior to 120 h post-fertilization (hpf).!®! According to EU Direc-
tive 2010/63/E.U. on the protection of animals used for scien-
tific purposes, animals in the early life stages are not defined
objects for protection.'”! Therefore, zebrafish embryos do not
fall within the regulatory framework for animal experiments
when still within 120 hpf.

An excellent alternative in vitro ecotoxicity monitoring plat-
form using cells can evaluate acute and subchronic toxicity
or mechanistic pathways without any restrictions.?% Cellular
studies are essential in ecotoxicity studies because the pri-
mary interaction between hazardous chemicals and environ-
mental species begins at the cellular level.?!! Cytotoxicology,
for instance, provides an essential concept for understanding
ecotoxicological processes because it plays a crucial role in
explaining the mode by which toxins act. Therefore, the rela-
tionship between the cytotoxic response and toxicity can be a
valuable starting point for ecotoxicological studies. Further-
more, cell culture systems can provide valuable information
that can be used better to control cellular functions and pro-
cesses for in vivo experiments. Even today, most studies are
based on experiments using 2D cell cultures as in vitro tests.
However, several heterogeneous disparities are associated
with 2D cultures in the in vivo environment, such as pertur-
bations in the interaction between cells and the extracellular
environment and changes in the cell morphology, polarity, and
methods of division.?2l These shortcomings have instigated
high demand for new approach methodologies (NAMs) that
can more closely mimic in vivo conditions.”l Thus, over the
past few decades, 3D cell cultures have gained increased rec-
ognition as a highlighted evaluation tool in biological research.
Spheroids are the simplest 3D culture models that are used in
studies in which the physiological representation of underlying
tissue is compared with other commonly used models such
as cells grown in monolayers (2D).2¥ Numerous studies have
demonstrated the suitability of the 3D spheroid culture system
as an in vitro alternative to evaluate chemical toxicity and envi-
ronmental samples in biological and ecotoxicity studies. Several
studies have shown that 3D spheroid models exhibit several
in vivo environmental features, such as cell-cell interactions,
drug penetration, and resistance.?>?¢ For example, Mandon
et al. reported that 3D HepaRG spheroids are possible models
for genotoxicity assessment to detect carcinogens in vitro.?’]
Sirenko et al. reported that human 3D culture models derived
from iPSC-differentiated cells could provide valuable systems
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for analyzing drug-induced toxicity.®] However, spheroids that
are produced by the universal method are subjected to chal-
lenges associated with viability, hypoxia, and long-term culture
because of the strong cell-to-cell interactions within the sphe-
r0ids.?®! One significant disadvantage in using conventional
spheroid cultures is that nutrients and oxygen are not supplied
at sufficient abundance to the core of the spheroids because the
diffusion gradient increases alongside the size of a spheroid.l’]
In addition, 3D spheroid platforms have been established for
in vitro mammalian toxicity studies but have not been actively
considered for investigating model aquatic species in envi-
ronmental applications. Therefore, the overall interspecies
response difference between highly simplified 3D rotating ellip-
soids and potentially dangerous chemicals in fish models is one
of the challenges that researchers must overcome.

Previous studies have revealed that bioinspired materials
overcome the limitations posed by the conventional spheroid
system and offer advantages such as improved viability, pro-
liferation, and oxygen transport. For example, we previously
reported on the use of bioinspired strands of electrospun
nanofibers (BSeNs) that were assembled using human cell
lines such as fibroblasts, chondrocytes, HUVECs, and stem
cells.?9-34 BSeNs are fibrous strands of several micrometers
in length with nanoscale diameters that are obtained by elec-
trospinning and mimic the structures of collagen fibrils.3]
BSeN-incorporated spheroids have demonstrated improved via-
bility and reduced hypoxia and apoptosis.>*! Here, we further
hypothesized that BSeN would improve the toxicity evaluation
of potentially hazardous chemicals and could serve as an in
vitro platform for environmental hazard assessment. The objec-
tives of this study were: 1) investigate the effect of using BSeN
in 3D spheroids composed of zebrafish liver cells, 2) examine
the effect of BSeN in regulating the viability, hypoxia, and func-
tioning of cells in spheroids through spheroid-based in vitro
assays, and 3) verify the similarity in using BSeN-incorporated
3D spheroids and fish embryo acute toxicity tests to investigate
the correlation between potentially hazardous chemicals and
reproductive toxicity (FET, OECD TG 236). We suggest that
combining bioinspired materials with cell lines in the aquatic
environment may serve as a starting point for an in vitro test
method that can be used as a monitoring platform for environ-
mental risk assessment.

2. Results and Discussion

Over the past few decades, the most common method of eval-
uating the toxicity of a chemical mixture has been through
animal testing. However, the use of animals for toxicity testing
can raise concerns about animal ethics, and the need for alter-
native animal testing methods is growing worldwide. In addi-
tion, there is growing confidence in the substitution of animal
testing as many studies have already demonstrated that the
results of alternative animal testing are reproducible and pre-
dictable. In this context, different approaches to cell-based
platforms should be studied to investigate the effectiveness
of alternative tests, even in environmental toxicity assess-
ment. This study uses a combination of aquatic cell lines and
bioinspired materials to present high potential as a screening

© 2022 Wiley-VCH GmbH
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Figure 1. Schematic illustration of this study. Zebrafish liver (ZFL) cells were cultured as monolayers, spheroids, and hybrid-spheroids. BSeN and
PD-BSeN were fabricated for use in the hybrid-spheroid cultures. Comparative analyses of the generated groups were conducted using cellular char-
acterization, genomic profiling, and ecotoxicity monitoring techniques depending on culture time.

platform for in vitro environmental hazard assessment. A 3D
spheroid-based evaluation platform using bioinspired mate-
rials can provide results similar to in vivo experiments and has
the advantages of microarrays such as high throughput and
simplicity.

2.1. Characterization of BSeNs

Several methods have been used to generate 3D spheroid cul-
tures and extensive reviews of these efforts have been produced
elsewhere. One of the most critical issues associated with the
most commonly used spheroid cultures is problems with the
distribution of oxygen. Increasing the size of a spheroid can
lead to oxygen depletion (hypoxia) and causes cell necrosis in
the core, and the presence of necrotic cells within a spheroid
may render it useless for toxicity screening. Zebrafish liver cells
are known to be useful in forming spheroids on non-adhesive
plates; however, we previously demonstrated the problem of
hypoxia and the changes in the inner structure of the spheroid
upon increasing the cell number or prolonging the culture
period.13” Therefore, a multidisciplinary approach is required to
overcome the limitations in the existing methods that are used
for spheroid generation. Moreover, it is a priority to develop an
innovative toxicity assessment platform that can improve the
function of a cell while improving the viability of cells inside the
spheroid, as this is the main reason for generating spheroids
for environmental toxicity assessment using bioinspired mate-
rials. In this study, we present a multidisciplinary approach
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for the production of in vitro toxicological screening platforms
using a combination of aquatic cell lines (zebrafish liver cells)
and bioinspired materials (Figure 1). Our core technique
involves the assembly of 3D spheroid cultures of zebrafish cells
using BSeNs. We hypothesize that this form of BSeN serves as
a physical bridge for the transportation of oxygen and nutrients
into the core of spheroids, thereby overcoming the limitations
posed by conventional spheroids and providing advantages
such as improving viability and increasing proliferation, and
supporting the transport of oxygen.

The extracellular matrix (ECM) is a non-cellular 3D macro-
molecular fibrillar network that can provide a physical platform
for cells and stimulate interactive biochemical and biome-
chanical signals.l®l We previously reported the preparation of
ECM-mimicking fibrous strands through the aminolysis-based
partial degradation of electrospun nanofibers to produce indi-
vidual short fibers by cleaving the ester linkage of poly L-lactic
acid (PLLA) with ethylenediamine and generating an amide
bond with amine functionality (Figure 2a; Figure S1, Sup-
porting Information).?®34 However, substrates that are pre-
pared using PLLA, a synthetic biodegradable material, may
not have cell-interactive properties, leading to poor cell interac-
tion. Therefore, we used a mussel-inspired coating method to
increase the cell affinity of the BSeN surface. The SEM images
showed changes in form from a mesh of aligned nanofibers
to well-distributed relatively minor individual short fibers fol-
lowing the fragmentation process (Figure 2b). It was confirmed
that aminolysis of partially degraded electrospun nanofibers
resulted in the production of individualized fibers with lengths
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Figure 2. Fabrication and characterizations of nanofibers. a) Schematic representation of BSeN and PD-BSeN generation. b) SEM micrography images
and c) 3D AFM images of BSeN and PD-BSeN. d) Diameter of single BSeN and PD-BSeN fibers. The diameter was analyzed by Image) software. A total
of 50 single fibers were analyzed from SEM images obtained using FEI Quanta 250 FEG Scanning Electron Microscope. Data are expressed as mean +
SD (n = 50). e) Surface roughness measurement of BSeN and PD-BSeN. A total of ten single fibers from AFM images were analyzed by Image] software.
Comparison of the means between two groups was performed using one-way analysis of variance (ANOVA; *p < 0.05, n=10). f) XPS spectrum of nanofibers
with and without polydopamine coating. g) Quantification of catecholamine in nanofibers. The quantification was analyzed using Micro-BCA assay (n = 6).

of 50-80 um, regardless of the presence or absence of poly-  proteins of the ECM, it will mimic the nanoscale structural
dopamine coating on the BSeN. Since BSeN described above  aspects of ECM and positively affect the activity of cell-ECM
has similar dimensions to fibrillar proteins, the major fibrous  interactions.’”3® Figure 2c depicts BSeN group surfaces that
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have been subjected to polydopamine coating, as confirmed by
AFM (atomic force microscopy). The AFM images revealed that
PD-BSeN increased the roughness. For example, the roughness
value (Ra) of the original BSeN surface was 5.35 + 2.29 nm,
while the roughness of the surface of PD-BSeN increased
to 79.42 + 12.44 nm (Figure 2e). The chemical composition
of BSeN was evaluated using XPS, and clear nitrogen peaks
(N1s) were observed (Figure 2f; Supporting Information S2).
In addition, we provided clear evidence for the presence of cat-
echolamines in the PD-BSeN group using micro-BCA analysis
(Figure 2g). Dopamine is considered a small-molecule mimetic
of Mytilus edulis foot protein-5 (Mefp-5) in that it contains both
catechol and the primary amine functional groups that are pre-
sent in the side chains of 3,4-dihydroxyphenylalanine (DOPA)
and Lys residues.}*#! Incubation of the target substances in an
alkaline dopamine solution (pH 8.0-8.5) leads to the oxidative
polymerization of dopamine and the formation of a polymeric
coating.!l Tt has been proven that various functional coatings
can be created on biomaterials via various immobilization reac-
tions using polydopamine coating as a base. Several studies
have reported that polydopamine (PD)-coated surfaces become
negatively charged because of the deprotonation of one catechol
(OH) group, resulting in improved hydrophilicity and biological
performance (i.e., cell attachment and proliferation).[*2#3]

2.2. Effect of BSeN on 3D Spheroid Formation

We previously investigated and determined the optimal condi-
tions for spheroid formation based on screening under various
BSeN conditions (Supporting Information S3a). As a result,
the DNA content did not affect the spheroids regardless of
the amount of BSeN present. In contrast, the DNA content
was significantly reduced in BSeN that was coated with PD for
>20 min and showed limitation in spheroid formation (Sup-
porting Information S3b—d and S4). These trends are contrary
to the previous results obtained from incorporating BSeN into
human cell-based spheroids.?2 Human cell lines and fish
cell lines were significantly different in size, which is presumed
to be one of the reasons why different results can be obtained
under the same conditions. Our results suggest that relatively
small fish cells are more sensitive to external environmental
factors than human cell lines. We plan to focus on studying the
fate regulation of fish cells according to the physical parameters
of the ECM environment in the future (i.e., topography, stiff-
ness, and roughness). As illustrated in Figure 3a, spheroids
comprising cells that incorporated BSeN or PD-BSeN were des-
ignated Hybrid-1 and Hybrid-2, respectively. 2D and 3D refer
to monolayer cells and spheroids, respectively, which were cul-
tured using the generic methods (as a control group).

Figure 3b shows the morphology of the zebrafish liver
cell spheroids after incubation for 24 h. The superposed
fluorescence images of the actin filament and FITC-coated
BSeN showed that the fibrous strands were well distributed
throughout the spheroid (Supporting Information S5). SEM
images confirmed the distribution of homogenous cells and
fibrous strands within the spheroids. High-magnification SEM
analysis showed that the cells were firmly attached to the sur-
face of the fibrous strands, resulting in the formation of stable
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spheroids (Figure 3b; Supporting Information S6). BSeN was
found to improve the proliferation of zebrafish liver cells, which
can be attributed to the facilitation of mass transport resulting
from the formation of spheroids with a loosely arranged struc-
ture (Figure 3c—e; Supporting Information S7 and S8). This
speculation was partially demonstrated by hypoxic staining.
As shown in Figure 3d,e, Hybrid-2 showed reduced hypoxia,
while strong hypoxic signals were distributed throughout the
spheroids in the 3D group. Although intense cell-cell and
cell-material contact within spheroids may be analogous to the
physiological environment of natural tissue, the drawbacks of
coexisting with materials with low cell affinity limit the prolif-
eration of normal cells in spheroids during long-term culture
with a lack of nutrient supply. This phenomenon was clearly
observed in Hybrid-1. After culturing for seven days, Hybrid-1
showed a significantly higher proliferation rate than the 3D
group (Supporting Information S7). However, under long-term
culture conditions, the proliferation capacity of Hybrid-1 was
not different from that of the 3D group. (Supporting Informa-
tion S8). In contrast, the cells in the Hybrid-2 group continued
to metabolize, even when cultured for 8 weeks. The antioxi-
dant role of polydopamine*! may partly explain the differences
observed in the Hybrid-1 and Hybrid-2 groups; allowing the
cells to improve the cell-material interactions is likely to have
improved the problems of apoptosis and necrosis by preventing
oxidative stress.

Although spheroids have been widely studied as in vitro ana-
lytical assessment tools, concerns about the long-term viability
of cells within spheroids have constrained studies evaluating
the health effects of long-term exposure to low-level chemicals
in the field of environmental toxicity. Nevertheless, the results
suggest that applying BSeN to aquatic cells can enable mean-
ingful discovery and provide significant advances in the devel-
opment of engineering platforms for toxicity assessment and
monitoring in ecotoxicology.

2.3. Evaluation of Functions using Spheroid-Based
In Vitro Assays

The differential gene expression in spheroids that were cul-
tured for 7 d was also analyzed using whole-transcriptome
sequencing analysis (Figure 4). A hierarchical clustering
heatmap revealed distinct expression profiles between the
2D and 3D spheroids. The 3D spheroids exhibited significant
upregulation of 2507 genes and downregulation of 2969 genes
compared to the 2D group. This result is consistent with the
findings of previous studies, and the trend was consistently
observed in the relationship between the 2D and the Hybrid-2
groups. Contrary to our expectations, no distinct differences
were observed in the Hybrid-2 group as compared to the 3D
group. Both the 3D and Hybrid-2 groups had higher abun-
dances of genes that are related to metabolic pathways than
the 2D groups, as shown in Figure 4c. Depending on the cell
type and microenvironment, various metabolic adaptations are
associated with cell proliferation.[*] It is known that mitochon-
dria produce most of the cellular adenosine triphosphate (ATP)
via substrate-level-phosphorylation, primarily through the oxi-
dative phosphorylation system.®l Studies have suggested that
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Figure 3. Formation of hybrid-spheroids with BSeN and PD-BSeN and their effects on cell proliferation and hypoxia. a) Schematic illumination of
method used to fabricate spheroids (3D), spheroids with BSeN (Hybrid-1), and spheroids with PD-BSeN (Hybrid-2). b) Representative cytoskeletal
structure and SEM micrography images of spheroids at day 3. The cytoskeletal structure images were acquired by fluorescence staining for DAPI (nuclei;
blue) and F-actin (red), and BSeN and PD-BSeN were also stained by FITC labeling (green). c) FACS results of cell proliferation after 7 days of culture
in 2D, 3D, Hybrid-1, and Hybrid-2 groups (2D from left, Hybrid-2 to the right). d) Representative hypoxia images at day 7. Images were acquired by
fluorescence staining for DAPI (nuclei; blue) and hypoxia (green). e) FACS results of hypoxia after culturing for 7 days in 2D, 3D, Hybrid-1, and Hybrid-2

groups (2D from left, Hybrid-2 to the right).

oxidative phosphorylation provides the majority of ATP during
cell proliferation. As shown in Figure 4c, the oxidative phos-
phorylation in the Hybrid-2 group differed significantly from
that of the 2D group. Although a clear explanation for our
results may not be within the scope of this study, we speculate
that this is part of an adaptation strategy to hypoxic environ-
ments. In other words, these results suggest that cells coex-
isting with PD-BSeN can maintain their proliferative capacity
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through oxidative phosphorylation, even under inadequate
oxygen levels.

To complement the whole-transcriptome sequencing anal-
ysis, we investigated the effect of BSeN on the gene expression
levels of spheroids that were cultured for 14 d (Figure 5a—d).
Zebrafish cell lines that are established from the livers of
zebrafish show promise for fundamental studies into estrogen,
liver, and reproductive functions. We found that improved
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Figure 4. RNA sequencing (RNA-Seq) analysis of 2D, 3D, and Hybrid-2 groups cultured for 7 days (n=4). a) Heatmap hierarchical clustering according
to log,(FPKM+1) indicates differentially expressed genes (DEGs) in the groups. Red and blue indicate genes with high and low expression levels,
respectively. b) Volcano plot analysis results. Plots indicate overall DEG distribution. ¢) KEGG enrichment histogram of transcripts (*p,qj < 0.05).

estrogen receptors were achieved in all spheroid groups (3D,
Hybrid-1, and Hybrid-2) as compared to the 2D group. For
example, the relative gene expression of ESR-1 was 1.27 + 0.11,
1.15 £ 0.50, and 1.77 £ 0.60 times higher in the 3D, Hybrid-1, and
Hybrid-2 groups, respectively, compared with the control (2D).
In addition, analysis of the liver-related gene expression showed
interesting results. HNFs are a group of transcription factor
families whose expression is enriched in the liver compared to
other organs.™! Cells in the 2D group showed similar HNF4A
gene expression to the 3D group. However, both Hybrid groups
showed more pronounced HNF4A gene expression than the 2D
group. Since zebrafish liver cells can perform metabolic func-
tions associated with the liver, they are an excellent cellular tool
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with which it is possible to determine the effect of exogenous
metabolites.’®) We demonstrated that Hybrid-2 incorporated
with PD-BSeN had similar or higher expression of drug-metab-
olizing genes (GSTA1, PXR, and CYP3Cl) than the other three
groups (1.88 + 0.16 fold for PXR, 4.02 + 0.42 fold for GSTAI,
and 1.36 £ 0.13 fold CYP3C1) as compared to 2D.

Vitellogenin (VTG) is generally produced in the liver of
female vertebrate ovaries in response to circulating endogenous
estrogen!®#1 and is a precursor to the turbulence protein. Once
produced in the liver, it follows the blood flow to the ovary,
where it is absorbed. Many studies have reported that VTG
induction can be measured both in vivo and in vitro in fish liver
cells (hepatocytes).l?>*! In addition, in vitro VTG assays that use
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Figure 5. Fold-change in mRNA expression of a) estrogen receptor genes, b) liver-relative genes, c) CYP3C1 gene, d) VTG-5 gene. Each group was
cultured for 14 days. Samples were prepared in the same manner as the RNA sequencing analysis. Data are presented as mean = SD (n = 8). e) ELISA
quantification of vitellogenin (VTG). The VTG was normalized to total protein concentration, and data are presented as mean £ SD (n=5). a—e) Com-
parisons of the means between each group were performed using one-way analysis of variance (ANOVA; *p < 0.05), followed by Dunnett’s T3 test

(non-homogeneous variance) or Scheffe’s test (homogeneous variance).

cells have been widely recognized as advantageous for detecting
the effects of estrogen metabolites because hepatocytes main-
tain their metabolic state and can detect both estrogenic and
antiestrogenic effects. As shown in Figure 5d, the relative gene
expression of VTG was higher in the Hybrid-2 group than in
the 2D, 3D, and Hybrid-1 groups. Consistent with the trend
observed in the gene expression results, the protein detection
of VTG in cells cultured for 5 d indicated its overexpression in
the spheroid-based groups (3D, Hybrid-1, and Hybrid-2) com-
pared to the 2D groups (Figure 5e; Supporting Information
S8). For example, the VTG expression (ng mg™' of proteins)
detected after 5 days had dramatically increased from 792 *
0.61 in the 2D group to 19.91 + 0.09, 16.80 + 2.77, and 19.63 *
2.07 in the 3D, Hybrid-1, and Hybrid-2 groups, respectively. We
also hypothesized that if the spheroids contain too few cells, the
benefit of the enhanced 3D cell-cell adhesion was reduced com-
pared to the 2D culture. In a previous study, we demonstrated
that almost negligible levels of VTG were detected in a 2D
group with 5000 cells.*! However, low levels of VTG were also
detected in the 2D group with 50000 cells. We also measured
the amount of VIG on day 5 in spheroids with low cell num-
bers under the same conditions (Supporting Information S10).
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An average VTG level of 5.69 £ 0.42 ng mg™! of proteins was
detected in the spheroid-based groups with or without BSeN.
These results indicate that the advantages gained for 3D sphe-
roids containing too few cells may be comparable or even infe-
rior to those using monolayer culture conditions (2D group).
Interestingly, different VTG expression levels were observed
after the cells were cultured for 14 days. The results confirmed
that the VTG expression was significantly reduced in groups
3D and Hybrid-1 on day 14 as compared to day 5. In contrast,
the Hybrid-2 group showed VTG protein expression stability,
even when cultured for 14 days. We speculate that these find-
ings may be due to the long-term central hypoxia and necrotic
hypoxia in spheroids that occurs under long-term culture.
We, therefore, examined the viability of and hypoxia in sphe-
roids at 14 days (Supporting Information S9). The live and
dead staining images revealed that the cells in the 3D group
were densely distributed throughout the spheroid, and a large
number of dead cells were detected on day 14. The overall trend
of dead cells was similar to that observed with hypoxia staining.
Although some dead cells were observed, the cells observed in
the 2D, Hybrid-1, and Hybrid-2 groups were generally living. In
addition, hypoxic staining revealed that the hybrid group with
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incorporated BSeN showed low fluorescence intensity. These
results suggest that the 3D culture method can improve cell
functioning but is not valuable as a long-term in vitro evalua-
tion model unless it provides an environment where the cells
can live for a long time. The 3D spherical culture methods were
found to improve the liver function of the cells, suggesting that
the use of BSeN with cell-friendly chemical/structural charac-
teristics positively regulates cell-to-cell interactions with excel-
lent efficacy.

2.4. Comparison of Reproductive Toxicity in In Vitro Cell-Based
Platforms and Zebrafish Embryos as a Result of EDC Exposure

Zebrafish embryos have been successfully used for high-
throughput toxicity ~screening.’!  Eleutheroembryos (of
<120 hpf) are preferred in vitro testing models because it is
thought that embryos in the earliest stages feel less pain than
adult fish.l¥] Therefore, the eleuthero embryo (developmental
stage of 96-120 hpf) has been proposed as a promising toxicity
monitoring tool, and international standardized test guidelines
have been developed and validated for embryos at his stage
(i-e., fish embryo acute toxicity (FET, OECD TG 236).12331 VTG
assessments are considered one of the primary reproductive
indicators for EDCs. This study aimed to compare the acute
short-term reproductive toxicity observed in zebrafish embryos
with that obtained via cell-based assessment platforms. First,
representative EDCs (E2, 4HT, BPA, and BPFL) were selected
(Supporting Information S11). The expression of VIG showed
little change in the zebrafish embryo with low-dose E2 treat-
ment, but this increased markedly under high-dose E2 con-
centrations, reaching 1.35 + 0.10 times the control level. In
contrast, exposing zebrafish embryos to 4HT led to a significant
reduction of 0.50 % 0.03 and 0.42 £ 0.05 times that observed
in the control at 10 X 10 and 1 x 107 m, respectively. Com-
pared with the control group, the VTG level increased by 1.36 +
0.04 times when exposed to BPA and decreased by 0.61 +
0.02 times when exposed to BPFL.

There is an ongoing debate concerning the extent to which
in vitro cell systems are viable for toxicity testing and risk
assessment. In general, cell-based assays exhibit lower sensi-
tivity than in vivo experiments when comparing toxic effects.
Prior attempts to compare the toxic efficacy of aquatic cell
lines with whole fish test systems showed weak correlations./*"l
Similarly, we confirmed no difference in the VIG expression
as the result of exposure to any substance in the 2D group
using zebrafish liver cell lines. In contrast, in the 3D group,
high-dose E2 and BPFL produced a similar tendency to that
observed using zebrafish embryos, with very low sensitivity
to 4HT and BPA substances. These results indicate that the
monolayer cell culture platform (2D) exhibits negligible xeno-
biotic metabolism capacity and that the cell-only 3D culture
platform has lower sensitivity to exogenous substances than
zebrafish embryos. However, remarkable results were obtained
in the Hybrid-2 group. As shown in Figure 6, the VTG levels
in cells exposed to E2 and BPA increased, while those in cells
exposed to 4HT and BPFL decreased compared to the control
group. To verify the reliability of the reproductive toxicity data
describing the cell-based culture platforms (2D, 3D, Hybrid-1,
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and Hybrid-2) and the zebrafish embryos, we analyzed the cor-
relation between the expression levels of the groups in a given
set of VTG libraries (Figure 6b—e). Consistent with previous
results, negligible correlations were obtained between repro-
ductive toxicity and EDC substances in 2D cultured monolay-
ered fish cells and embryos. In the 3D group, although repro-
ductive toxicity endpoints showed a potential correlation with
zebrafish embryos, the two groups differed in sensitivity and
predictability, with Pearson correlation coefficients of 0.54 and
0.65 as a result of E2 and 4-HT exposure, respectively. Based
on the group correlation, it was found that the Hybrid-2 group
had a similar response to E2 as the zebrafish embryo (Pearson
correlation coefficient of 0.83 (Figure 6b,c)). These results
indicate that the toxicity data obtained with the 3D spheroid
platform with integrated biomimetic material adequately cor-
related with the FET results. Therefore, we can conclude that
the incorporation of biomimetic materials into 3D spheroid
platforms produces an appropriate and preferable in vitro
assessment tool for alternative testing. An ideal in vitro toxico-
logical assessment platform should be a 3D co-culture model
composed of one or more fish cell lines and should have a
system similar to the physiological and morphological prop-
erties of the fish model. This study (proof-of-concept stage)
proposes that bioinspired materials with aquatic cell lines
can be the starting point for in vitro test platforms that can be
used as alternative testing. We suggest that a culture platform
using bioinspired materials will become more useful in vitro
evaluation system, and therefore conducted a follow-up study
to investigate the toxic reactivity in vivo fish at the cellular
level by studying the fate regulation of fish cells according to
parameters (physical/chemical) that can further imitate the
cell-matrix environment.

3. Conclusion

Because environmental pollutants adversely affect various
molecular mechanisms, cellular models for monitoring and
functional studies are needed as an alternative to in vivo expo-
sure studies in ecotoxicology. The present study introduces 3D
culture screening platforms that feature BSeNs and aquatic cell
lines and investigated the possibility of an alternative animal
test method in environmental toxicity evaluation. Our results
suggest that the use of BSeN overcomes the limitations posed
by conventional spheroid systems and offers advantages such
as improved viability, proliferation, and oxygen transport. Fur-
thermore, analysis of the spheroid-based in vitro assays dem-
onstrated that combining BSeN with 3D zebrafish liver cell
cultures improved the liver and reproductive functions. Results
from the Hybrid-2 group indicated substantial effects on the
expression of reproductive proteins such as VIG and showed a
high correlation with the reproductive toxicity data of zebrafish
embryos that are exposed to EDCs. Our results indicate that the
beneficial effects of biomaterials that closely mimic ECM envi-
ronments can yield efficient zebrafish cells with intrinsic func-
tions and xenobiotic metabolism similar to those of zebrafish
embryos. These findings have profound implications for
designing in vitro cell culture-based monitoring platforms for
alternative testing.
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Figure 6. Comparison of vitellogenin levels upon endocrine-disrupting chemicals (EDCs) exposure. a) Relative vitellogenin levels in zebrafish larvae,
2D, 3D, and Hybrid-2 groups. All groups were cultured for 3 days and exposed to each chemical for 48 h. Six replicate samples of each condition were
prepared for comparison. Data are presented as mean = SD (n = 6). Comparisons of the means between each group were performed using one-way
analysis of variance (ANOVA), followed by Scheffe’s test (homogeneous variance). Asterisk means a significant difference compared to the control
condition (p < 0.05). b—e) Correlation analysis of vitellogenin levels in groups. b) Correlation matrix plot for 17B-estradiol (E2) exposure. Pearson cor-
relation coefficient (r) was calculated between groups. c) Correlation matrix plot for 4-hydroxytamoxifen (HT) exposure. Pearson correlation coefficient

() was calculated between groups.

4. Experimental Section

A detailed description of all the relevant experimental sections is
provided in the Supporting Information. The essential aspects are as
follows.

Fabrication and Preparation of BSeN: PLLA electrospun nanofiber
sheets were fabricated and prepared as previously described. Briefly, a
4% PLLA solution was prepared in a DCM and trifluoroethanol (TFE)
mixture (8:2, v/v), and 10 mL of the solution was ejected by a syringe
pump at a rate of 5 mL h™' (KDS200; K.D. Scientific, New Hope, PA,
USA) through a 23-gauge needle under 12.8 kV. The solution was
then deposited on a rotating mandrel collector (SPG, Incheon, Korea)
and the electrospun collected sheet was dried overnight. To fabricate
BSeN, PLLA electrospun nanofiber sheets were immersed in 10% (v/v)
ethylenediamine solution in isopropyl alcohol (IPA) and incubated for
30 min at 37 °C under vigorous shaking at 200 rpm. The BSeNs were
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then collected by centrifugation at 4000 rpm for 5 min and washed with
IPA (3 times), 70% EtOH (once), and distilled water (DW, 3 times) before
they were lyophilized for 24 h. For the polydopamine coating, 50 mg of
BSeN was suspended in 70% EtOH and washed with DW. Subsequently,
the BSeN was dispersed in dopamine hydrochloride solution dissolved
in 10 mM Tris-HCl buffer (2 mg mL™, pH 8.5) and stirred at 100 rpm for
10 min. Thereafter, the resulting polydopamine-coated BSeN (PD-BSeN)
was washed twice with DW and lyophilized overnight.

Cell Culture and Incorporation of ZFL Spheroids with BSeN and PD-BSeN:
The zebrafish liver (ZFL) cell line was obtained from ATCC (CRL2643)
and cultured in a complete growth medium in T-75 flasks at 28 °C in
a cell incubator (Thermo Scientific). The complete growth medium
was composed of 50% Leibowitz-15, 35% DMEM, and 15% Ham’s F12
supplemented with 15 x 107> m HEPES, 0.15 g L™ sodium bicarbonate,
1% penicillin-streptomycin, 0.01 mg mL™ of bovine insulin, 50 ng mL™"
mouse epidermal growth factor, 5% heat-inactivated FBS, and 0.5% trout
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serum. For comparative experiments, cells from the same batch were
used, and the density was fixed at 50000 cells per well. ZFL cells in T-75
flasks were washed with PBS and treated with 0.25% trypsin—EDTA. The
cells were then suspended in a complete growth medium and centrifuged
at 125 x g for 5 min. The pelleted cells were resuspended in the medium
and counted using a cell counter (TC20 automated cell counter (Bio-Rad
Laboratories, Feldkirchen, Germany). After counting, the cells were
seeded in a six-well flat-bottom plate (Thermo Scientific) to produce the
monolayer culture. The cells were seeded in BIOFLOAT 96-well U-bottom
plates (faCellitate, Mannheim, Germany) and centrifuged at 125 x g for
5 min for the spheroid culture. To fabricate hybrid spheroids, BSeN
and PD-BSeN were sterilized using 70% ethanol under UV exposure for
30 min and then washed twice with distilled water. Then, =50000 cells
were combined with 1 ug of BSeN or PD-BSeN and seeded into each well
of BIOFLOATTM 96-well U-bottom plates. The mixture was centrifuged
at 125 x g for 5 min and cultured in an incubator at 28 °C. The complete
growth medium was replaced at a half-ratio every 2-3 days.

Zebrafish and Fish Embryo Acute Toxicity (FET): Adult wild-type zebrafish
were obtained from the European Zebrafish Resource Center (EZRC;
Karlsruhe, Germany). Fish maintenance, breeding conditions, and egg
production were performed under internationally accepted standards
(temperature 26.0 £ 1.0 °C and 10/14 h dark/light cycle). The zebrafish were
fed twice daily with freshly hatched brine shrimp. The embryo acute toxicity
test was conducted according to OECD TG 236 with slight modifications.
Briefly, freshly laid eggs were transferred to sterilized dishes filled with clean
fish water (E3 medium). After controlling fertilization, eleuthero embryos
were transferred to multiple wells (6 well, Corning) at 72 hpf with 6 mL
of test solution added per well. The exposure concentrations of E2, 4-HT,
BPA, and BPFL used in the toxicity assessment were selected through a
preliminary range-finding test (Supporting Information S11). For the FET,
stock solutions of E2, 4-HT, BPA, and BPFL were prepared by dissolving
each chemical in dimethyl sulfoxide (DMSO). Diluted solutions were
prepared by diluting these stocks at least 100-fold using culture media. The
chemicals were exposed to eleutheroembryos for 48 h, and the embryos
were employed for VTG measurement. The detail of VTG measurement is
indicated in the experimental section of Supporting Information.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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