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In accordance with the 3 Rs to reduce in vivo testing, more advanced in vitro models, moving from 2D monolayer
to 3D cultures, should be developed for prediction of human toxicity of industrial chemicals and environmental
pollutants. In this study we compared cytotoxic and genotoxic responses induced by chemicals in 2D and 3D
spheroidal cultures of the human liver cancer cell line HepG2.

HepG2 spheroids were prepared by hanging drop technology. Both 3D spheroids and 2D monolayer cultures
were exposed to different chemicals (colchicine, chlorpromazine hydrochloride or methyl methanesulfonate) for
geno- and cytotoxicity studies. Cytotoxicity was investigated by alamarBlue assay, flow cytometry and confocal
imaging. DNA damage was investigated by the comet assay with and without Fpg enzyme for detection of DNA
strand breaks and oxidized or alkylated base lesions.

The results from the cyto- and genotoxicity tests showed differences in sensitivity comparing the 2D and 3D
HepG2 models. This study shows that human 3D spheroidal hepatocellular cultures can be successfully applied
for genotoxicity testing by the comet assay and represent a promising advanced in vitro model for toxicity testing.

1. Introduction

In experimental toxicology, there is an ongoing shift towards in-
creased use of in vitro models in compliance with the 3 Rs to reduce,
replace and refine animal experiments. The importance of developing
new advanced in vitro models, that decrease the costs and time for
hazard characterization and risk assessment but still provide reliable
results, is stressed in the Regulation made by the EU Registration,
Evaluation, Authorization and restriction of Chemicals (REACH) (EC No
1907/2006) [1]. Also, in vitro models allow utilization of human cells,
which might better reflect human effects than in vivo rodent models
[2-4]. For standard in vitro models, the cells are grown in two dimen-
sions. Compared to the in vivo situation, these models comprise limited
intercellular signaling, which is an important aspect in cellular re-
sponses and cell survival after exposure to chemical compounds [3,4].
Thus, in vitro models with cells arranged in a three-dimensional (3D)
structure, resembling cell organization of tissues and organs, are likely
to better mimic responses in humans. The development of advanced 3D
models has gained increased attention within the last two decades

[5,6]. Models for the assessment of toxicity must reflect the in vivo si-
tuation as closely as possible. The existing 3D cell models vary widely
due to the diverse requirements of different cell lines and applications,
and each model has its own advantages and limitations [7-9].

Liver models are important for toxicity testing, as the liver is a main
target organ for substances reaching systemic circulation and plays a
central role in metabolism as well as the toxification and de-toxification
of substances. Liver 3D models can be prepared by hydrogel, scaffold
based technologies or spheroidal culture techniques [4,6,9]. Hepato-
cytes growing in spheroids have become a highly used 3D model, where
monodispersed cells self-organize themselves into a spherical con-
formation as the adhesion to the culture substrate is prevented [4].
Cultures of primary human hepatocytes are considered as the gold
standard for studying metabolism and toxicity [4,9,10]. However, be-
cause of difficulties associated with isolating and culturing of cells,
costs and inter-donor variation, much research has been directed to-
wards using alternatives, such as hepatic-derived cell lines [4,11].

The human hepatocellular carcinoma cell line HepG2 is frequently
used in early safety assessment because of availability, unlimited cell
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growth and high reproducibility of results [12,13]. The HepG2 cell line
has many liver-specific functions [14-16] and is used as a screening
model for cytotoxic substances and to study the metabolism of xeno-
biotics [17]. The cells are highly differentiated and reflect the liver
activity of human parenchymal liver cells [17,18], such as synthesis and
secretion of plasma proteins and cell surface receptors [17,19]. How-
ever, the HepG2 cell line has limited hepatocyte functionality in 2D
culture [9]. Spheroids of HepG2 cells have been shown to comprise
enhanced liver-like functionality compared to 2D cultures by upregu-
lation of genes involved in liver-specific xenobiotic and lipid metabo-
lism [4,20], and formation of bile canalicular-like structures and tight
cell-cell interactions [4,21,22], making it a more realistic liver model.
Compared to the 2D HepG2 cultures, HepG2 spheroids are described as
cultures with a high activity of liver-specific functions, e.g. albumin
[23-25], urea synthesis [23,24] and CYP expression [24-26].

3D cultures can be applied for different toxicological endpoints
[3,5]. An important endpoint in hazard characterization is genotoxicity.
The micronucleus assay has successfully been applied on HepG2
spheroids to detect chromosomal damage [26]. The comet assay is a
very useful technique for screening of genotoxic potential of com-
pounds. Several genotoxic endpoints can be detected, such as DNA
strand breaks (SBs) and oxidized or alkylated base lesions [27-33], and
the comet assay can provide an early prediction of a compound’s mu-
tagenic and carcinogenic potential [34,35]. Thus, the development of
protocols for application of 3D cultures for genotoxicity assessment (via
e.g. the comet assay) is needed for a better and more precise prediction
of adverse effects on human health after environmental exposure.

The current study is, to our knowledge, the first study on the ap-
plication of the comet assay to spheroidal HepG2 cultures. Colchicine
(COL), chlorpromazine hydrochloride (CHLO), and methyl methane-
sulfonate (MMS) were used for cytotoxicity evaluation, and MMS and
hydrogen peroxide (H>O,) were used for evaluating potential differ-
ences in response and sensitivity of genotoxicity in 2D and 3D HepG2
cultures.

2. Materials and methods
2.1. Cultivation of HepG2 cells

HepG2 cells, provided from the ECACC-European Collection of
Authenticated Cell Cultures (cell line no. 85011430, Salisbury, United
Kingdom) and Leibniz-Institut DSMZ-Deutsche Sammlung von
Mikroorganismen und Zellkulturen GmbH (cell line no. ACC-180,
Braunschweig, Germany), were cultured in Dulbecco’s modified Eagle’s
medium (DMEM D6046 with low glucose and 4mM Li-glutamine,
Sigma-Aldrich) or Roswell Park Memorial Institute medium (RPMI
1640, R8758, Sigma-Aldrich) supplemented with 10% v/v fetal bovine
serum (FBS, 26140-079 ThermoFisher Scientific), 100 U/ml penicillin
and 100pg/ml streptomycin (5070-63, ThermoFisher Scientific).
Experiments were performed in two independent laboratories. For ex-
periments at NILU (Laboratory 1) with cells from ECACC DMEM was
used, and RPMI was used at Fraunhofer IBMT (Laboratory 2) for cells
from DSMZ. Cells were passaged two times a week using phosphate
buffered saline (PBS, 14190094, ThermoFisher) for washing and dry
trypsinization with trypsin-EDTA 0.25% (59429C, Sigma-Aldrich) or
wet trypsinization with trypsin-EDTA 0.05% (25-052-CI, Corning).

2.2. Preparation of 3D spheroid cultures

Drops (20 pl) of HepG2 cells were pipetted to the inside of a lid of a
petri dish (312, 625, 1250, 2500, 5000 cells per 20 pl; 65 drops per
dish), and carefully placed on top of the dish filled with 5 ml cell culture
medium. After 4 days incubation at 37 °C 5% CO,, the spheroids (one
spheroid formed per drop) were transferred by pipetting to a 96-well
spheroid culture plate (Corning). One spheroid was placed per well. The
spheroids were further incubated for additional 21 days for size and
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circularity measurements, with medium renewal (4/5 vol) every two
days. For all exposure studies, conditions with 2500 cells per drop, 4
days in hanging drop and one week in low adhesion plate were selected.
Day 1 of the presented results is the day after transfer of the spheroids
to plates. For trypsinization, the spheroids were washed twice with PBS,
incubated with 50 ul 0.25% trypsin-EDTA for 10 min and neutralized in
150 pl fresh medium. The whole content of the well was transferred to
an Eppendorf tube and centrifuged for 5 min at 200 g. The supernatant
was removed, and the pellet re-suspended, before 30 pul medium was
added for samples for cell counting and 70 pl medium was added for
samples used for the comet assay.

2.3. Preparation of 2D cultures

Parallel to experiments with spheroids, standard in vitro 2D cultures
were used. HepG2 cells were seeded at 20,000 cells/well in a standard
flat 96-well plate for the comet assay and alamarBlue assay, 10,000
cells/well for measuring metabolic capacity of cells, and 200,000 cells/
well in flat 24-well plate for flow cytometry analysis. The 2D cultures
were then incubated overnight prior to exposure to test substances or
fresh medium. For trypsinization, 2D cultures were washed twice with
PBS, dry trypsinized for 4 min and re-suspended in cell culture medium.

2.4. Cell counting

The cells were counted in automated cell counter Countess®
(C10227, Invitrogen). The cell suspension was mixed 1:1 with trypan-
blue (0.4%, Invitrogen) for staining of cells with compromised cell
membrane.

2.5. Evaluation of metabolic status of 2D and 3D cultures

The levels of albumin, alanine transaminase (ALT), aspartate ami-
notransferase (AST) and glutamate dehydrogenase (GDH) in 2D and 3D
cultures were measured after 8 days in culture. Albumin was measured
with kit BCG Albumin Assay Kit (Cell Biolabs, USA), ALT with Alanine
Aminotransferase (ALT or SGPT) Activity Colori-metric/Fluorometric
Assay Kit (Biovision, USA), AST with Aspartate Aminotransferase (AST)
Activity Colorimetric Assay Kit (Biovision), and GDH with Glutamate
Dehydrogenase (GDH) Activity Colorimetric Assay Kit (Biovision). All
assays were performed according to the manufacturers’ protocols. For
the albumin assay, FBS-free medium was used. Values were normalized
to the number of cells per 2D or 3D culture on day of measurement.

2.6. Size measurements of the spheroids

For measuring the size (diameter and area) of the spheroids, images
were acquired in the bright field microscope Leica DM-IL microscope
with camera (Moticam) and the software Motic Images (Laboratory 1),
and Olympus IX70 microscope with CC-12 camera (Olympus) and the
software i-cell (Laboratory 2). The images of 8-18 spheroids per ex-
periment were analyzed with the software Fiji Is Just ImageJ (Fiji) [36]
using the same settings for all images. Also the circularity of the
spheroids was analyzed via Fiji.

2.7. Fluorescence imaging of the spheroids

The spheroids were stained with fluorescein diacetate (FDA,
Invitrogen) and propidium iodide (PI, Invitrogen) to allow for visuali-
zation of live and dead cells, respectively. The spheroids were in-
cubated in dark at room temperature with 30 ug/ml FDA and 40 pg/ml
PI for up to 10 min, before washing with PBS and imaging in PBS in
confocal microscope Zeiss LSM 700 with the software ZEN2010 (Zeiss).
At least three spheroids were imaged per sample in two independent
experiments (n = 2).
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2.8. Test substances and exposure

HepG2 cells in 2D and 3D culture were exposed in 96-well plates to
COL, CHLO or MMS (1-750 uM) for 24 h, using at least two (2D) or
three (3D) parallel wells per experiment, each with one culture or
spheroid. As negative control complete chemical-free culture medium
was used, with at least four (2D) or five (3D) parallel wells per ex-
periment. For both 2D and 3D cultures the same volumes and con-
centrations were used. Stock solutions of COL (cat.no. A13240.03, VWR
International), MMS (cat. no. 129925, Sigma-Aldrich), and CHLO (cat.
no. C8138, Sigma-Aldrich) were freshly prepared before all experi-
ments. COL was dissolved in sterile PBS (10 mM), MMS was dissolved in
dimethyl sulfoxide (DMSO) and sterile PBS at a ratio of 1:1.8:9 (1 M)
before dilution in PBS (10 mM), and CHLO was dissolved in sterile fil-
tered ultrapure water (5mM). Working solutions were prepared by
serial dilution in cell culture medium.

HepG2 cells in 2D and 3D cultures were exposed also to HyO,
(7722841, Sigma-Aldrich). 2D and 3D cultures were exposed both as
cells in culture in 96-well plates and as disintegrated single cells, to
12.5-250 uM H,0, in PBS for 5 min on ice. See Section 2.11 for further
details.

2.9. Viability measured by alamarBlue assay

Spheroids or cells in 2D culture were washed twice with PBS, and
alamarBlue diluted in cell culture medium (10% v/v) was added
(100 pl/well for 3D, 200 ul/well for 2D). Samples were incubated at
37 °C, 5% CO, in dark for 3—4 h before the supernatant was transferred
to a new 96-well plate (40 ul/well). Fluorescence (excitation 530 nm,
emission 590 nm) was determined on a FLUOstar OPTIMA microplate
reader. Per exposure well, four 2D samples and two 3D samples were
measured in parallel, and at least two 2D or three 3D exposure wells
were used per experiment. Blank values (alamarBlue without cells
present) were subtracted from the measured fluorescence intensity,
which was further normalized by the average measurement of the un-
exposed samples, giving the relative viability of the exposed samples.

2.10. Viability measured by flow cytometry

The exposure medium was removed and the cells were washed with
PBS. Cells of the 2D model were detached with trypsin and transferred
into tubes. Cells of two parallel culture wells treated with the same
conditions were transferred into the same tube. In case of the 3D model,
three spheroids treated with the same conditions were transferred in
one tube and trypsinized. Cells were centrifuged at 200 g for 3 min and
washed again with PBS. Cells were stained with 30 ug/ml FDA solution
for 1 min. After an additional washing step with PBS the cells were fixed
in fixing solution (1% paraformaldehyde, 0.85% NaCl in PBS, pH 7.4)
and analyzed with a FACS Calibur (BD Biosciences, USA) at 488 nm.
Viability measurement by flow cytometry were performed with internal
duplicates (2D) or triplicates (3D).

2.11. DNA damage measured by the comet assay

The miniaturized 12-gel comet assay was performed as described by
El Yamani et al. (2017) [37]. Briefly, exposed 2D and 3D cultures were
disaggregated with trypsin as described above, and re-suspended in
150 pl and 70 pl fresh medium, respectively. For embedding of cells in
gels, 50l cell suspension was mixed 1:3 with low melting point-
agarose (0.8% w/v, A9414, Sigma-Aldrich, 37 °C) in a 96-well plate,
giving a final agarose concentration of 0.6% w/v. Mini-gels (10 pl) were
made on microscope slides pre-coated with 0.5% standard melting
point agarose (05066, Sigma-Aldrich), and submerged in lysis solution
(2.5M NaCl, 0.1 M EDTA, 10 mM Tris, 10% v/v Triton X-100, pH 10,
4°C) for at least 1 h.

In addition to the alkylating agent MMS, H,O, was used as a
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positive control for DNA SBs. 2D and 3D cultures were exposed both as
cells in culture and as disintegrated single cells. For cells in culture, the
2D and 3D cultures were exposed to 12.5-250 uM H,05 for 5min on
ice, washed in PBS, trypsinized and embedded in gels as described
above. For exposure of single cells from 2D and 3D cultures, control,
non-treated cells were embedded into gels on slides and the gels were
submerged in 12.5-100 uM H,0, in PBS for 5 min at 4 °C, washed twice
for 5min in PBS (4 °C) and then submerged in a separate coplin jar of
lysis solution.

For detection of oxidized or alkylated bases, the modified comet
assay was used with the bacterial repair enzyme formamidopyrimidine
DNA glycosylase (Fpg, gift from Professor Andrew Collins, University of
Oslo, Norway), which converts oxidized or alkylated bases to SBs [33].
After lysis, slides with cells embedded in gels were washed twice for
8 min in buffer F (40 mM HEPES, 0.1 M KCl, 0.5 mM EDTA, 0.2 mg/ml
BSA, pH 8, 4°C), added Fpg enzyme diluted in buffer F, and covered
with a polyethylene foil and incubated at 37 °C for 30 min in a humid
box. As positive control for function of Fpg enzyme, HepG2 cells were
exposed to a photosensitizer Ro 19-8022 (2 uM, kindly provided by
Hoffmann La Roche, Switzerland) and irradiated with visible light
(30 cm distance from cells, 250 W) on ice for 4 min, before embedding
into gels. The photosensitizer Ro 19-8022 with light induces oxidized
purines, mainly 8-0xoG, which is detected by the Fpg enzyme [38,33].

For electrophoresis, the slides were placed in the tank, submerged in
electrophoresis solution (0.3 M NaOH, 1 mM EDTA, pH > 13, 4°C), to
let the DNA unwind for 20 min, before running electrophoresis for
20 min (25V, 1.25 V/cm, Consort EV202). The gels were neutralized in
PBS, washed in ultrapure H,O and left to dry overnight. Comets were
visualized after staining with SYBR gold (1:2000, S11494, Sigma-
Aldrich), and scored in Leica DMI 6000 B (Leica Microsystems),
equipped with a SYBR®photographic filter (Thermo Fischer Scientific)
using the software Comet assay IV 4.3.1 (Perceptive Instruments, Bury
St Edmunds, UK). Median DNA tail intensity was calculated from ap-
proximately 50 comets per spheroid/sample as a measure of DNA SBs.
For 3D cultures, medians were averaged from six parallel control
spheroids and three parallel exposed spheroids per experiment. For 2D
culture, medians were averaged from 4 parallel control samples and 2
parallel exposed samples per experiment.

2.12. Statistical analysis

Results are presented as mean with standard error of the mean
(SEM) of 3 independent experiments (n = 3), unless otherwise men-
tioned. Effects were compared to non-treated cells, and statistical
analysis by one-way ANOVA, multiple comparisons and post-test
Dunnett performed in Prism/GraphPad 7. Two-way ANOVA was used
for comparison between 2D and 3D cultures, with multiple comparisons
and post-test Sidak. P-values are marked by * as p < 0.05, ** as
p < 0.01, *** as p < 0.001 and **** as p < 0.0001. EC50 values
were calculated in Prism using linear regression.

3. Results
3.1. Formation, growth and metabolic status of HepG2 spheroids

To find optimal conditions for spheroid formation via hanging drop
technique and growth, different cell numbers per droplet (312-5000
cells per droplet) were studied. Spheroids were formed with all cell
numbers. Spheroid area increased time-dependently until reaching a
plateau after one week culture of the spheroids in a 96-well plate (after
4 days hanging drop culture) (Fig. 1). The circularity was high and
stable for the spheroids seeded with lower cell numbers, and increasing
over time for spheroids with higher cell numbers (Fig. 1). Based on
these results, conditions with 2500 cells per drop and 4 day hanging
drop culture and one week culture of the spheroids in a 96-well plate
were selected for the cyto- and genotoxicity experiments.
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Growth of the spheroids over time was investigated by measuring
the diameter and counting the number of cells per spheroid. The
number of cells increased in consistency with enlarged spheroid size
and time (Fig. 2A). Average cell viability over time was 79% = 2% in
the 3D cultures, and 92% = 2% in the 2D cultures, determined by the
trypan blue assay. The visual analysis of the HepG2 spheroids via
confocal laser scanning microscopy verified the viability of the cells in
the 3D culture (Fig. 2B). The distribution of live and dead cells in the
spheroids was investigated by FDA/PI staining. A small necrotic core
was seen, and the viability was stable over time. A representative image
of the HepG2 spheroid at day 1 is shown in Fig. 2B, with a high pre-
sence of viable cells.

An inter-laboratory comparison for investigating reproducibility
and reliability of the development and cultivation of HepG2 liver
spheroids was performed. The spheroids were cultured in laboratory 1
and laboratory 2 using the same protocol. Spheroid diameter was de-
termined over 8 days. The growth rate was found to differ slightly, but
the spheroid diameter was found to be similar both at start of culture
and at time of exposure, increasing from 630 pm to 800 um (Fig. 3).

To compare the metabolic status of the 2D and 3D HepG2 cultures,
the albumin production as well as the activity of the liver-specific en-
zymes AST, ALT and GDH were measured (Fig. 4). Albumin con-
centration (2D: 7.6 ug/10° cells, 3D: 1.7 ug/10° cells) and ALT activity
(2D: 27.0 units/10° cells, 3D: 8.5 units pg/10° cells), measured at day
8, was significantly increased in cultures grown as monolayers com-
pared to spheroidal HepG2 cultures. In contrast GDH (2D: 3.4 units/10°
cells, 3D: 9.3 units/10° cells) was significantly increased in the spher-
oidal HepG2 cultures. No significant difference was seen comparing the
AST activity in 2D and 3D HepG2 cultures (Fig. 4).

3.2. Cytotoxicity studies in 2D and 3D HepG2 cultures

To investigate and compare toxicological responses of 2D and 3D
HepG2 cultures, the monolayer and the spheroidal culture were ex-
posed to COL, CHLO or MMS. Cytotoxicity was determined both by
alamarBlue assay which measures metabolic activity and by flow cy-
tometry which measures cell vitality/membrane damage (Fig. 5). Cell

teau with a stable size and circularity. Mean
with SEM (n = 3).

Fig. 2. Cell proliferation and viability of
HepG2 cells in 2D and 3D cultures. A) The cell
number in the spheroids increased over time
after seeding 2500 cells, with a relatively
constant viability. The number of cells in 2D
cultures cultured in parallel (20.000 seeded
cells) is shown as comparison. Day 0: Cell
number at seeding of cells. Day 1: One day
after transfer to spheroid plate (3D). Mean
with SEM (n = 3). B) Representative confocal
image of a spheroid at day 1, showing viable
cells stained with FDA in green and a necrotic
core stained with PI in red. The image is a
merged image of 10 images of the spheroids
cross section. A shadow is removed from the
image in Fiji. Scale bar 200 um.
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Fig. 3. Inter-laboratory comparison of HepG2 spheroid diameter. Both labora-
tories used the same protocol for culturing the spheroids, and achieved an in-
creasing spheroid size, with approximately the same diameter at day 8, the end
of the culture period. Day 1: One day after the transfer to spheroid plate. Mean
with SEM (n = 3). No statistical differences were found between the results
from the two laboratories, using two-way ANOVA with multiple comparisons
and post-test Sidak.

viability of HepG2 2D cultures, measured by alamarBlue assay, was
reduced by exposure to COL. Already at 10 pM, COL induced a sig-
nificant decrease in relative cell viability, whereas in 3D liver cultures
an exposure with the highest tested concentration (750 pM) did not
result in a significant decrease in relative cell viability (Fig. 5A). Sta-
tistically significant differences were found between 2D and 3D cultures
for 5 and 10 uM COL where the relative cell viability of 3D cultures
were high. By flow cytometry, no effect of COL was seen in either 2D or
3D cultures (Fig. 5D). In contrast, CHLO induced in both models (2D
and 3D) a concentration dependent decrease in relative cell viability,
but with different sensitivity (Fig. 5B). EC50 values were calculated for
CHLO in 2D culture to be 93 uM (alamarBlue assay) and 177 pM (flow
cytometry analysis), respectively. For 3D cultures the EC50 values were
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Fig. 4. Metabolic status of 2D and 3D HepG2 cultures at day 8. Amounts of
released albumin, AST, ALT and GDH from HepG2 cells are dependent on
culture conditions. Numbers are normalized to number of live cells per culture
at time of measurement. Similar results would be seen if presented as mass or
unit per volume. Mean with SEM (n = 3). Two-way ANOVA with multiple
comparisons and post-test Sidak was performed to compare 2D and 3D results.
*** p < 0.001; **** p < 0.0001.

higher; 227 uM measured by alamarBlue assay and > 750 uM by flow
cytometry (Fig. 5B and 5E, Table 1). MMS was cytotoxic at the highest
tested concentrations in 2D culture, with an EC50 value of 417 uM by
alamarBlue assay (Fig. 5C, Table 1). No significant reduction in relative
cell viability was observed at the highest concentration for 3D culture
(Fig. 5F, Table 1).

Confocal imaging of exposed spheroids showed an increase in the
amount of dead cells by PI staining after exposure to 750 uM MMS and
300 uM CHLO, but no effect after COL exposure (Fig. 6). The staining
was successful for cells mainly at the surface of the spheroid (Fig. A.1
and A.2). In summary, all three compounds induced cytotoxicity to
HepG2 cells in 2D cultures, measured by alamarBlue assay (Fig. 5A-C).
Only CHLO and MMS were cytotoxic for 3D cultures, determined by
alamarBlue assay (Fig. 5E) and confocal imaging (Fig. 6).

3.3. Genotoxicity measured in 2D and 3D cultures by the comet assay

The background level of damage in non-treated 3D cultures was
5.1% =+ 1.3% DNA in tail for DNA SBs and 8.7% * 1.6% for DNA SBs
plus Fpg sites. Corresponding values for 2D cultures were 4.8% =+ 0.6%
and 5.1% =+ 1.4%. The background levels for 2D and 3D cultures are in
the same range. The control for function of Fpg (Ro 19-8022) was
within the expected range, as the Fpg treated control had an increase of
at least 20% DNA in tail compared to the control without Fpg (data not
shown). For genotoxicity studies by the comet assay only MMS and
H,0, were selected because they are direct acting mutagens and the
most common positive controls in the comet assay. When exposing 2D
and 3D cultures to H,0, in the culture wells, before trypsinization, the
induction of SBs in 2D cultures was significant at a concentration of 50
UM and above (Fig. 7A). A smaller increase in SBs was seen for 3D
cultures treated with H,O, as spheroids before trypsinization. When
exposing disaggregated single cells after trypsinization, both 2D and 3D
cultured cells had high levels of DNA SBs at all tested concentrations
(Fig. 7B).

HepG2 monolayer and spheroids were treated with MMS for 24 h
before disaggregation of cells and DNA damage investigation. A con-
centration related response was seen after the MMS exposure, both for
DNA SBs and DNA SBs + Fpg (Fig. 8). In 3D cultures, significantly in-
creased DNA damage relative to control was found already at 50 uM
MMS. The responses of 2D and 3D cultures were significantly different
from each other at 100 pM and 300 uM, where a higher induced damage
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was seen in 3D cultures.
4. Discussion

In this study a liver spheroid model was established and the suit-
ability for genotoxicity studies by the comet assay was investigated.
HepG2 2D cultures are commonly used for evaluating toxicity of che-
micals, drugs and nanoparticles [9,44-46]. They are easy to handle and
are frequently used for high-throughput toxicity screening, but have
also disadvantages. The adherent monolayer cell culture is far removed
from the in vivo morphology, and this could account for the altered
metabolism compared to 3D tissue structure. 3D cell models, such as
spheroids, represent a much more in vivo-like morphology and behavior
and are thus a more realistic model. Ramaiahgari et al. concludes that
the 3D model better is more sensitive than monolayer cultures and
better predicts potential hepatotoxicity, especially when increasing the
exposure time from 24h to repeated exposures [22]. Therefore, the
development of a new liver spheroid model combined with the comet
assay is in-line with the 3R concept and meets the strong need for new
in vitro models for genotoxicity screening under realistic in vivo-like
conditions. Kermanizadeh et al. used the commercialized InSphero liver
spheroids for comet assay studies [39]. Our study is, to the best of our
knowledge, the first to focus on the application of the comet assay to
HepG2 liver spheroids cultured in a simple and reproducible manner.
The protocol used here for the spheroid preparation and cultivation has
not yet been published before. Published protocols differ in cell num-
bers, culture conditions and durations, and droplet volumes [26].The
implementation of the developed protocol in two independent labora-
tories, using HepG2 cells from different sources and with different cell
culture media, confirmed a high reproducibility, in contrast to a study
by Hurrell et al. [40]. The background levels of DNA SBs in 2D and 3D
cultures were similar and within the recommended range for human
cells [27,41].

The increase in number of cells during the first week of spheroid
culture is consistent with other studies on HepG2 and primary hepa-
tocytes [40,42]. The plateau of the spheroid area after about one week
in culture (Fig. 1) could indicate a reduced proliferation index of the
spheroidal cells [40], and/or a decreased level of the proliferation
marker Ki67 [22]. The observed necrotic core in the spheroids is
characteristic of cultures with diameters > 300 um [4].

The metabolic status of HepG2 cells cultured in 2D and 3D was
measured by the presence of different proteins and enzyme activity. The
production of albumin is an indicator for metabolic activity [43], ALT,
AST and GDH are in vivo liver functionality biomarkers. Upon liver
injury, the serum concentrations of ALT, AST and GDH increase
[43,44]. In contrast to published studies [4,22,26], the albumin pro-
duction in HepG2 spheroids was lower than in 2D monolayers (Fig. 4).
Shah et al. reported a higher albumin secretion in hanging spheroids on
day 4 compared to day 7 [26]. One reason for the low albumin con-
centration could be the late time point (day 8) in our study. Ad-
ditionally, the albumin secretion could depend on the spheroid size.
Nishikawa et al. determined the highest albumin level in the smallest
spheroids (200 pm), and albumin levels similar to ours were found in
larger spheroids and monolayers [45]. One can speculate over the
possibility of the cells in the spheroids being packed too tightly for the
albumin to pass through to the surface, resulting in a lower albumin
concentration in the supernatant where the quantification takes place.
Comparing the results of the 2D and 3D HepG2 cultures, ALT decreased,
AST remained relatively constant and GDH increased in the spheroidal
model, suggesting a difference in the metabolic status of the cells. In the
3D spheroid culture approach, all cells are in contact with other cells
but not with an artificial matrix. The spheroid approach supports much
more the maintenance of in vivo-like cell morphology and behavior than
2D approaches.

After characterizing the HepG2 liver spheroids, the cytotoxicity in
2D and 3D cultures was evaluated to determine the concentrations for



E. Elje, et al. Mutat Res Gen Tox En xxx (XXXX) XXX—XXX

alamarBlue Flow cytometry
A D
"~ 200, coL 150- COoL
2
2 150- =
3 §,100- n\._’_l\i
> —
§ 100+ §
q>’ * * % 50-
= 504
E o
Q
@
0 T T T T T T T T T 0 T T T T
SN e PSS Q ) &> &S
KM M
B E
~ 200- CHLO 150" CHLO
s
2 150 S
g E‘ 100+
Z 100 3
) 3
(3] *% >
) Kk = 504 *%
2 50 B
= *hkk (&)
) dkdk FEEE
[]] *kkk
©
0 T T T T T 0 T T T T
S N 5 0 PH oSS S S Q K B N
KM M
C F
~ 200- MMS 1505 MMS
9
Z 1504 =
ﬁ ”2_,100-
> =
g 3
E 507 *% (&}
Q
(14
0 T T T T T T T T T 0 T L] L] T
SN e P e S NI ° R & &
UM uM
-o- 2D culture - 3D culture

Fig. 5. Effect of COL, CHLO and MMS on cell viability of 2D and 3D HepG2 cultures, measured by alamarBlue assay (endpoint: metabolic activity) (A-C) and flow
cytometry (endpoint: cell vitality/ membrane damage) (D-F) after 24 h exposure. COL reduced the relative cell viability of 2D cultures in the alamarBlue assay but no
viability reduction was seen by flow cytometry analysis after FDA/PI staining. CHLO was cytotoxic for both 2D and 3D cultures. MMS was cytotoxic at high
concentrations for 2D culture in alamarBlue assay. Mean with SEM and n = 3, except for 3D cultures in alamarBlue assay where n = 5. One-way ANOVA with
multiple comparisons and post-test Dunnett was performed to compare effect to negative control. * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001.
Statistically significant differences were seen between 2D and 3D results only for COL 5 uM and 10 uM (p < 0.05), using two-way ANOVA with multiple comparisons
and post-test Sidak.
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Table 1
EC50 values of the test compounds COL, CHLO and MMS.

alamarBlue Flow cytometry

2D 3D 2D 3D
COL > 750 M > 750 uM > 750 M > 750 yM
CHLO 93 uM 227 uM 177 uM > 750 uM
MMS 417 uM > 750 yM > 750 uM > 750 uM

the comet assay. Three different cytotoxicity assays (alamarBlue assay,
live/dead staining with flow cytometry, confocal imaging) were ap-
plied. The alamarBlue assay showed an effect of COL, CHLO and MMS
in 2D cultures, but only with CHLO on 3D cultures. Confocal imaging
showed however that MMS induced cytotoxic effects in 3D cultures.
The cell viability assay with flow cytometry showed a smaller effect or
no effect. The differences in the effects between the methods may re-
flect differences in their modes of action. The alamarBlue assay mea-
sures the cells’ ability to metabolize the substrate resazurin, PI stains
DNA in cells that have lost their membrane integrity, whereas FDA is
hydrolyzed to the fluorescent fluorescein in viable cells. The smaller or
no effect on the viability measured by flow cytometry may in addition
be due to the loss of dead cells during the washing steps which are not
performed with the other cytotoxicity assays. This illustrates the im-
portance of including more than one assay or endpoint to evaluate the
cytotoxicity of a substance. A statistically significant difference in in-
duced cytotoxicity when comparing 2D and 3D cultures, was seen only

CHLO 300 pM
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for low concentrations of COL evaluated by alamarBlue assay. Greater
variation, however, was seen for 3D cultures than 2D cultures with
alamarBlue (Fig. 5), possibly related to variations in spheroid size.

In vivo and in vitro studies have shown that CHLO, a tricyclic anti-
depressant, is intrinsically toxic to the liver as it can induce cholestasis
and hepatic necrosis [46]. The concentration-related cytotoxicity after
exposure to CHLO (Fig. 5, Table 1) was similar to that reported by Xuan
et al. [47]. Similar EC50 values were obtained for 2D and 3D cultures in
a study on HepaRG cells [11]. However, Mueller et al. used spheroids of
HepG2 and HepaRG cells, and found lower CHLO EC50 values for 2D
cultures compared to 3D cultures after 72 h exposure [48].

COL, a drug for treatment of acute gout, binds to tubulin and in-
hibits cell division [49] leading to decreased metabolism of the cell
culture. Consistent with this, COL was cytotoxic in 2D cultures (Fig. 5) —
but not in 3D culture, possibly owing to differences in cellular meta-
bolism in the spheroid or poor penetration of the compound into the
spheroid.

MMS is a mutagenic compound [50] that methylates DNA bases,
leading to SBs, chromosome breaks, micronucleus formation, and fi-
nally cell death [51,52]. The effect of MMS on cell viability (Figs. 5, 6)
was seen mainly at the highest test concentrations. MMS was, in ad-
dition, able to induce genotoxicity in HepG2 2D and 3D cultures in a
concentration related manner (Fig. 8) at non-cytotoxic concentrations.
There was slightly more DNA damage after MMS exposure of 3D
compared to 2D cultures. A similar HepG2 spheroid model, tested with
other chemicals, had a higher sensitivity to micronucleus formation
[26].

COL 750:pM, ..

e ®
o8 of

Fig. 6. Representative images from confocal microscopy of exposed HepG2 spheroids. Spheroids were exposed to COL, CHLO and MMS for 24 h before viable (green)
and dead (red) cells were stained with FDA (green) and PI (red). The images are z-stack projections from the spheroid surface to approximately 150 pm towards the

spheroid core. Scale bar 200 pm.
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H,0, exposure of disaggregated cells from 3D cultures induced
elevated levels of DNA SBs at lower concentrations than in cells from
2D cultures. Exposure of intact 2D and 3D cultures to non-cytotoxic
concentrations of H,O, [53,54] (Fig. 7A) led to fewer DNA SBs com-
pared with exposure of disaggregated single cells in the gel (Fig. 7B).
One reason for this difference could be the fast repair of SBs during
disaggregation of cells after exposure [54]. 3D cultures required longer
time for disaggregation of cells, compared to 2D cultures, resulting in a
higher level of damage in 2D cultures. Also, it has been reported that
the incubation time and concentration of trypsin and EDTA can affect
the background level of SBs in HepG2 cells [55]. Additionally, it is
possible that the tested compounds in this study did not fully diffuse
inside the spheroid, thus accounting for differences in the observed
results between 2D and 3D cultures. Concentration gradients of oxygen,
proteins, waste and other solutes have been shown to be present in
tissues or 3D cultures [6,9]. However, in a study by Gaskell et al. the
exposure of autofluorescent doxorubicin was found to be homogenous
throughout the spheroid volume in a C3A liver spheroid [56]. In con-
trast, limited fluorescence of dyes was found in the middle of the center
of breast cancer spheroids [57]. A similar effect was observed in our
study with PI and FDA at the end of the culture period, where the dyes
stained mainly the outer parts of the spheroid and did not reach the
center and so measuring cytotoxicity in this way may not be completely
reliable.

Cell density, incubation time, pH, spheroid size, the surrounding
extracellular matrix (ECM), and factors involved with bioaccumulation,
such as lipophilicity, could potentially be important for the chemical’s
distribution in the spheroid [58]. However, heterogeneous exposure of
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Fig. 7. DNA damage in HO, exposed HepG2
2D and 3D culture measured by the comet
assay. H,O, induced DNA SBs in HepG2 cells
exposed either in (A) 2D or 3D culture where
the cultures were treated with H,O, for five
minutes before disaggregation of the cells and
embedding of cells in gel, and (B) as single
cells where the cells were incubated with H,O,
for five minutes after trypsinization and em-
bedding of cells in gel. The level of DNA SBs
was higher for single cell exposure than for
monolayer/spheroid exposure. Mean with SEM
(n = 3). One-way ANOVA with multiple com-
parisons and post-test Dunnett was performed
to compare effect to negative control. Two-way
ANOVA with multiple comparisons and post-
test Sidak was performed to compare 2D and
3D results. * p < 0.05; ** p < 0.01; ***
p < 0.001; **** p < 0.0001.
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spheroids can possibly also be closer to in vivo exposure, with the cel-
lular arrangements and metabolic zonation through the acinus. The
investigation of the influence of the location of the cells in the spheroid
on the genomic damage could give more detailed information [59].

5. Conclusions

The present study demonstrates the successful application of the
comet assay to HepG2 liver spheroids, bridging the gap between in vivo
studies and assays based on 2D monolayers. We tested a liver spheroid
model in two independent laboratories, with successful application for
both genotoxicity studies via the comet assay and several cytotoxicity
assays. Compared to traditional 2D monolayer culture, spheroidal cul-
tures can have higher variability; however, due to the different geo-
metrical arrangements of the cells, they reflect much better the in vivo
situation. Depending on the objective of the study, it should be con-
sidered which cell model is best suited for the investigations. Time- and
cost-efficient 2D models are usually sufficient for pre-screening in the
field of pharmaceutical drug development. However, if effects in com-
plex systems or the interaction of several cell responses or different cell
types should be considered, 3D spheroids are more realistic models that
comply with the 3Rs policy to reduce in vivo testing. Our study is a
positive contribution to the development of advanced in vitro models.
Future studies with HepG2 spheroids should focus on increasing the
relevance towards the human liver, by including co-cultures of hepa-
tocytes with macrophages and longer or repeated exposure.

Fig. 8. DNA damage in MMS exposed HepG2
2D and 3D cultures measured by the comet
assay. HepG2 monolayer (A) and spheroids (B)
were treated with MMS for 24 h before dis-
aggregation of cells and DNA damage in-
vestigation. The % DNA in tail is increasing
with increasing MMS concentration, for both
2D and 3D cultures. Mean with SEM (n = 3). In
3D culture significant difference from control
was found already at 50 pM MMS. 2D (A) and
3D cultures (B) were significantly different
from each other (P < 0.01) at 100 uM and 300
UM, using two-way ANOVA with multiple
comparisons and post-test Sidak. One-way
ANOVA with multiple comparisons and post-
test Dunnett was performed to compare effect
to negative control. ** p < 0.01;
p < 0.001; **** p < 0.0001.
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