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HIGHLIGHTS

e HepG2 spheroids can be used as a
biosensor-like system for genotoxicity
evaluation.

e Flow cytometry allows simultaneous
detection of multiple endpoints in the
same cell.

e HepG2 spheroids in combination with
flow cytometry enable high-content
analysis.
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ABSTRACT

3D spheroids developed from HepG2 cells were used as a biosensor-like system for the detection of (geno)toxic
effects induced by chemicals. Benzo(a)pyrene (B(a)P) and amino-1-methyl-6-phenylimidazo[4,5-b]pyridine
(PhIP) with well-known mechanisms of action were used for system validation. HepG2 spheroids grown for 3
days were exposed to BaP and PhIP for 24 and 72 h. The growth and viability of spheroids were monitored by
planimetry and Live/Dead staining of cells. Multi-parametric flow cytometric analysis was applied for simulta-
neous detection of specific end-effects including cell cycle analysis (Hoechst staining), cell proliferation (KI67
marker), and DNA double-strand breaks (yH2AX) induced by genotoxic compounds. Depending on the exposure
concentration/time, BaP reduced spheroid growth, affected cell proliferation by arresting cells in S and G2 phase
and induced DNA double-strand breaks (DSB). Simultaneous staining of yH2AX formation and cell cycle analysis
revealed that after BaP (10 uM; 24 h) exposure 60% of cells in GO/G1 phase had DNA DSB, while after 72 h only
20% of cells contained DSB indicating efficient repair of DNA lesions. PhIP did not influence the spheroid size
whereas accumulation of cells in the G2 phase occurred after both treatment times. The evaluation of DNA
damage revealed that at 200 pM PhIP 50% of cells in GO/G1 phase had DNA DSB, which after 72-h exposure
dropped to 40%, showing lower repair capacity of PhIP-induced DSB compared to BaP-induced. The developed
approach using simultaneous detection of several parameters provides mechanistic data and thus contributes to
more reliable genotoxicity assessment of chemicals as a high-content screening tool.
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1. Introduction

Increased development of new chemicals and consumer products,
such as drugs, cosmetics, food and feed additives and similar, which are
widely used in our everyday life raises concern about the possible
adverse effects on human health due to genotoxicity (Corvi and Madia,
2017). Data on the genotoxicity of chemicals that are obligatory for the
registration and authorization of chemicals and products are obtained
using a battery of short-term genotoxicity tests with bacteria and rodent
or human cell lines (Mahadevan et al., 2011). Positive results need to be
confirmed in animal models, which are many times unnecessary due to a
relatively high proportion of misleading results obtained with in vitro
test systems. Moreover, currently used animal models, mostly rats and
mice, have a weak correlation with humans and thus fail to predict the
human outcome, are costly, and are associated with ethical issues
(Kirkland et al., 2005). One of the key reasons contributing to the
relatively high proportion of false-positive in vitro results is the inade-
quate representation of enzymes involved in the metabolism of xeno-
biotic compounds in cell lines used for routine genotoxicity evaluation
(Kirkland et al., 2007). Recently, the Workshop on Genotoxicity Testing
(IWGT) recommended focusing on the development of alternative in
vitro 3D systems with enhanced liver-like functions to provide
cost-effective and reliable tools for the safety assessment of chemicals
that will enable high-throughput screening (Pfuhler et al., 2020) and
will follow the “3R” principles (Reduce, Refine and Replace) related to
the use of animals for research purposes (Corvi et al., 2013).

Primary human hepatocytes are still considered as a golden standard
in vitro hepatic experimental model in drug development and toxicity
testing (LeCluyse, 2001); however, they rapidly dedifferentiate resulting
in the loss of their hepatic phenotype and functionality. Besides, they
have limited availability, inter-donor variability, and relatively high
cost, which makes them an inappropriate model for routine in vitro
genotoxicity testing (den Braver-Sewradj et al., 2016; Gomez-Lechon
et al., 2004). Therefore, considerable efforts are being dedicated to
developing reliable and physiologically relevant, human-derived in vitro
cell models that will give predictive results for human exposures to
genotoxic chemicals and will enable efficient screening. As a result,
several models based on hepatocellular carcinoma derived cell lines
such as HepG2 (Knasmiiller et al., 2004), Huh6 (Waldherr et al., 2018)
and HepaRG (Mandon et al., 2019) have been developed. Traditionally
these cells are grown in monolayer cultures and it has been demon-
strated that under such conditions they do not reflect the physiological
properties of tissues and are not appropriate for the prediction of in vivo
behaviour (Edmondson et al., 2014). The cells grown under the 3D
arrangement (i.e. spheroids) are surrounded by the natural
extra-cellular matrix (ECM), which promotes tissue-specific architec-
ture, direct cell-cell and cell-extracellular matrix interactions, and thus
provides in vivo-like environment (Fey and Wrzesinski, 2012; Wrzesinski
et al., 2021; Wrzesinski and Fey, 2013). Moreover, the spheroids enable
prolonged exposures due to their increased stability as they retain high
cell viability and morphology over several weeks (Bell et al., 2016;
Bokhari et al., 2007; Eilenberger et al., 2019; Hughes, 2008; Pfuhler
et al., 2020; Shah et al., 2018; Stampar et al., 2020b; Wrzesinski and Fey,
2015). Due to improved characteristics of 3D cell models over 2D cell
cultures, the use of liver spheroids in genetic toxicology has increased
markedly in the last years (Conway et al., 2020; Elje et al., 2019, 2020;
Fey et al., 2020; Llewellyn et al., 2020; Mandon et al., 2019; Pfuhler
et al., 2020; Shah et al., 2018, 2020; Stampar et al., 2019, 2020b).

The threats of genotoxic compounds necessitate not only a sensitive
detection regimen but also the employment of a rapid, broad-spectrum
screening tool that can be used for high-throughput detection of geno-
toxic compounds. In the present study, we developed a testing approach
utilizing an in vitro 3D cell model combined with detection techniques
based on microscopy and flow cytometry. The spheroids developed from
a human hepatocellular carcinoma cell line (HepG2) were used for the
detection of cytotoxic and genotoxic effects induced by model indirect-
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acting genotoxic compounds, polycyclic aromatic hydrocarbon (BaP)
and heterocyclic aromatic amine (PhIP), which were used for the
functional evaluation of the proposed testing approach. The influence of
BaP and PhIP on spheroid growth was monitored with planimetry by
light microscopy, while the viability was assessed with fluorescent Live/
Dead staining using FDA and PI and detected by confocal microscopy.
Further, a flow cytometric approach for simultaneous detection of spe-
cific lesions including cell cycle analysis (Hoechst staining), cell prolif-
eration (KI67 antibodies), and DNA double-strand breaks (yH2AX
antibodies) was developed. By applying two genotoxic agents (BaP and
PhIP) with well-known mechanisms of action, we investigated whether
simultaneous sensing of fluorescent signals within exposed cells corre-
sponding to specific effects (formation of DNA double-strand breaks, cell
cycle analysis and cell proliferation) could be suited as a high-content
screening approach for the detection of (geno)toxic compounds.

2. Materials and methods
2.1. Chemicals

All used chemical and their information are listed in Appendices —
Chemicals.

2.2. Cell culture and the formation of spheroids

The HepG2 cells (HB-8065™) provided by the ATCC-Cell bank, were
cultured in MEME media under standard cell culture conditions (at
37 °C, 5% CO, atmosphere and 95% humidity) as described by Stampar
et al. (2019). The spheroids were prepared by the forced floating
method, using a growth medium supplemented with 4% methylcellulose
(Stampar et al., 2019). In the study, two initial densities of 3000 and
6000 cells/spheroid were used and grown in the static system for 72 h
under standard cell culture conditions.

2.3. Treatment conditions

After 72 h of culturing in the static system, the 200 pl of growth
media was replaced with fresh media (200 pl) containing benzo(a)pyr-
ene (BaP) or amino-1-methyl-6-phenylimidazo[4,5-b]pyridine (PhIP).
The spheroids were exposed to BaP at concentrations 0.1, 1, 10, 20 and
40 puM for 24 h, and 0.001, 0.01, 0.1, 1, 10 pM for 72 h; and PhIP at
concentrations 50, 100, 150, 200 uM for 24 h, and 25, 50, 100, 150, 200
pM for 72 h. In all experiments, solvent (0.2 and 1% DMSO for BaP and
PhIP, respectively) and appropriate positive controls (PC) were
included. In all experiments, no statistical differences between solvent
and vehicle control were detected (see appendices Figures A2-A.6).

2.4. Determination of cytotoxic activity by MTS assay

The viability of spheroids was determined by the tetrazolium-based
(MTS) assay after 24 and 72 h of exposure as described previously
(Stampar et al., 2019). The absorbance was measured using the spec-
trofluorimeter (Synergy MX, BioTek, USA) at 490 nm. The experiments
were performed in three independent biological replicates and each time
five spheroids per treatment were measured. Etoposide (1.7 pM) was
used as a PC. The difference between treated groups and the solvent
control was analysed by the One-way ANOVA with the posthoc multiple
comparisons Dunnett’s test using GraphPad Prism V6 (GraphPad Soft-
ware, California USA). *p < 0.05 was considered statistically significant.

2.5. Monitoring of spheroid’s growth

The surface area of at least ten spheroids with the initial density of
6000 cells/spheroid and 3000 cells/spheroid was monitored after 72 h
of culturing and additional 24 h (altogether 96 h old spheroids), and 72
h of treatment (altogether 144 h old spheroids), respectively, with BaP
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and PhIP at applied concentrations. The surface area (mm?) of each
spheroid was determined by planimetry using the NIS elements software
4.13 V at 100x magnification (Nikon Instruments, Melville, NY, USA)
connected to the Ti Eclipse inverted microscope (Nikon, Japan). Growth
monitoring was conducted in three independent biological replicates.

2.6. Determination of the ratio of live/dead cells in the spheroids by
confocal Z-stack imaging

Three live spheroids were stained and monitored after 24 and 72 h
exposure to BaP (20 and 10 pM, respectively) and PhIP (200 pM) for
each condition (6000 and 3000 cells/spheroid, respectively) (Stampar
et al., 2020a). The Leica confocal software connected to the confocal
microscope Leica SP8 TCS at 100x magnification was used to capture the
Z-stack images of single spheroids. Etoposide (1.7 pM) was used as a PC.
Along the entire spheroid thickness, the Z-stacks of optical sections were
taken using suitable excitation and emission settings for simultaneous
dual-channel recordings (PI: 493/636 nm, FDA: 488/530 nm). The
Image-Pro 10 software (Media Cybernetics, USA) was used for the image
analysis and the quantification of the proportion of dead cells. At least
20 stacks per spheroid were quantified, and the percentage of dead cells
in the spheroid was calculated as a ratio between the whole spheroid
area and the number of dead cells. Z-stacks of spheroids were presented
as a ‘maximum intensity projection image’ gallery. The analysis pro-
vided a numerical value for the area of the spheroid. The difference
between treated groups and solvent control was analysed by Student
t-test using GraphPad Prism V6 Software. *p < 0.05 was considered
statistically significant.

2.7. Simultaneous measurement of the cell cycle, cell proliferation and
gamma-H2AX positive cells by flow cytometry

The flow cytometric analysis of the cell cycle, cell proliferation, and
gamma-H2AX positive cells was performed on the single-cell suspension
obtained from a pool of 30 spheroids treated with BaP and PhIP for 24
(initial density 6000 cell/well) and 72 h (initial density 3000 cells/
spheroid) of exposure (Stampar et al., 2020a). Fixed cells were washed
in cold PBS and labelled with anti-H2AX pS139-APC and anti-KI67-FITC
(50-fold diluted antibodies in 1% BSA), washed with PBS, and subse-
quently stained with Hoechst 33258 dye (diluted in 0.1% Triton X-100
1:500) as described by Hercog et al. (2019) and Stampar et al. (2020a).
The flow cytometric measurements were conducted on a MACSQuant
Analyzer 10 (Miltenyi Biotech, Germany). Hoechst fluorescence was
detected in the V1 (450/500 nm) channel; FITC fluorescence was
detected in the B1 (525/500 nm) channel and APC fluorescence was
detected in the R1 (655-730 nm) channel. Rea-FITC and rea-APC con-
trols (Miltenyi Biotec, Germany) excluded the unspecific binding of
antibodies. The experiment was repeated four times independently,
where 20000 single cells per experimental point were recorded. The
obtained data were analysed and graphically presented in the FlowJo
software V10 (Becton Dickinson, New Jersey USA).

2.8. Statistical analysis of the results obtained by flow cytometry

The analysis of the frequency distributions of cells in the cell cycle
(the percentage of cells in the GO/G1, S, and G2 phase) was conducted
by the multinomial logistic regression, and further post estimation tests
in Stata 15 (StataCorp LLC, USA). Multinomial logistic regression is an
advanced classification technique that allows us to predict the proba-
bilities of different possible outcomes (GO/G1, S, and G2) given a set of
independent variables. Specifically, it enabled us to assess the effect of
different concentrations of model genotoxic compounds on the cell cycle
distribution. Additional pairwise comparisons of the predicted proba-
bilities were conducted using the Bonferroni correction to account for
the multiple comparisons, which allowed us to identify the differences
between each treatment. The difference in the amount of KI67 positive
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cells in exposed and control cell populations was tested by the one-way
ANOVA with Dunnett’s multiple comparison test, using GraphPad V6
Software. The proportion of yH2AX positive cells in each phase (GO/G1,
S, G2) relative to all cells in the cell cycle was determined in FlowJo
software V10 (Becton Dickinson, New Jersey USA) and the statistical
significance was tested by the one-way ANOVA with Dunnett’s multiple
comparison test, using GraphPad V6 Software. The statistically signifi-
cant difference in the APC fluorescence between treated and control
groups was tested using exported. csv values in the R software with the
Mixed Effects Models (nlme) package by REML (Pinheiro et al., 2007).
Furthermore, additional marginal effects were calculated in Stata 15
(StataCorp LLC, USA) for an easier assessment of the results.

3. Results and discussion

There is an ever-increasing need for the development of fast, reliable
and physiologically relevant in vitro models for the safety assessment of
various chemicals, and, more recently, for the screening of pharma-
ceuticals, food and agricultural products, and environmental samples,
which all emerged as a major concern due to significant impact on
human health. Currently, there is an ongoing trend to develop stan-
dardized and robust in vitro hepatic 3D cell models, which closely
resemble an in vivo microenvironment and can be used for toxicity
assessment (Elje et al., 2020; Fey et al., 2020; Guo et al., 2019; Hurrell
et al., 2019; Mandon et al., 2019; Pfuhler et al., 2020).

In the present study, we developed a biosensor-like cell-based
approach with HepG2 spheroids for the detection of cytotoxic and
genotoxic activity of chemicals with simultaneous measurement of three
end-points: influence on cell cycle distribution, cell proliferation and
induction of DNA damage. Two model indirect-acting genotoxic com-
pounds, benzo(a)pyrene (BaP) and 2-Amino-1-methyl-6-phenylimidazo
[4,5-b]pyridine (PhIP) were selected for the validation of the system.
For the formation of spheroids we used the forced floating method and
for culturing the static system was used, which enables culturing up to
14-days (Stampar et al., 2020a).

3.1. The impact of BaP and PhIP on growth and viability of HepG2
spheroids

The growth of spheroids after the exposure to graded concentrations
of BaP and PhIP for 24 h and 72 h was monitored by measuring and
quantifying the average spheroid area by planimetry (Table A. 1). The
results showed that BaP at 20 pM and 10 pM after 24 and 72 h exposure,
respectively, statistically significantly decreased the spheroids’ average
surface area compared to solvent control spheroids (Fig. 1 A and 1 B).
PhIP on the other hand, after 24 h did not significantly influence the
average surface area of spheroids (Fig. 1C and A. 1C), while after pro-
longed (72 h) exposure a trend of reduced spheroid average surface area
was observed compared to solvent control but was not statistically
important (Fig. 1 D and A. 1 D). The positive control (ET at 1.7 uM)
significantly reduced the average surface area of spheroids after 72 h
exposure. Similar results were reported for 21-day old HepG2/C3A
spheroids grown in bioreactors under dynamic conditions that were
exposed for 24 and 96 h to BaP (40 and 4 pM, respectively) and PhIP
(200 and 400, respectively) (Stampar et al., 2020b).

The impact of BaP and PhIP on spheroid’s cell viability was measured
with the tetrazolium-based (MTS) assay (Fig. 2A-D) and with differen-
tial staining of the whole spheroid with FDA and PI (Fig. 2 (E-H)).
Spheroids with the initial density of 6000 and 3000 cells/spheroid
grown for 3 days were exposed to graded concentrations of each com-
pound. The MTS assay results revealed that BaP did not affect the
viability of cells at the applied conditions (Fig. 2A and B), which is in
line with the results reported by (Stampar et al., 2019). In 21-day old
HepG2/C3A spheroids grown in dynamic bioreactors, BaP at 40 pM and
4 pM after 24 and 96 h exposure, respectively, reduced cell viability
measured by the ATP content (Stampar et al., 2020b), while in 10-day
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old HepaRG spheroids 24 h exposure to B(a)P at concentrations of up to
20 pM no effect on cell viability was reported (Mandon et al., 2019). On
the other hand, we showed that PhIP at 400 pM after 72 h exposure
significantly decreased cell viability in HepG2 spheroids by approxi-
mately 24% (Fig. 2 D). Previously, a slight though significant decrease in
cell viability upon 24 h exposure of HepG2 spheroids to PhIP (200 pM)
(Stampar et al., 2019) and 21-day old HepG2/C3A spheroids to PhIP
(400 pM) (Stampar et al., 2020b) was reported. In monolayer cultures,
significant effects of PhIP on HepG2 cell survival were also shown;
however, at lower concentrations (Pezdirc et al., 2013; Stampar et al.,
2019). A positive control, etoposide (1.7 pM) after 72 h exposure
significantly reduced cell viability by approximately 20% (Fig. 1 B and
D).

Further, Live/Dead staining was conducted on whole spheroids
treated with the highest BaP (24 h: 20 pM and 72 h: 10 pM) (Fig. 2 E, G))
and PhIP (24 h: 200 pM and 72 h: 200 pM) concentration (Fig. 2 F, H)).
After quantification of fluorescent images, where red fluorescently
stained nuclei are used to estimate dead cells and green fluorescently
stained cells present the total number of live cells, an increased per-
centage of dead cells was determined at 20 pM BaP after 24-h exposure,
but was not significantly different from the control spheroids, while
significant increase compared to control was determined after 72 h
exposure to 10 pM BaP. No increased red fluorescence corresponding to
dead cells was notified after 24-h exposure to PhIP, while after 72 h
exposure to 200 pM PhIP the percentage of dead cells increased signif-
icantly. The positive control, etoposide, significantly increased the
percentage of dead cells (approximately 45%) after 72 h. The image-
based analysis allows the visualization of spheroids along the Z-axis,
thus enabling the observation of cells located inside and not only on the
surface of spheroids. This enables to differentiate the occurrence of dead
cells within the spheroid.

3.2. The impact of BaP and PhIP on cell cycle, cell proliferation and DNA
damage

The impact of the exposure to BaP and PhIP at two different time
points (24 and 72 h) on the cell cycle, cell proliferation, and DNA
double-strand break formation was studied by simultaneous

B B(a)P 72h of treatment; 3.000 cells/spheroid
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Fig. 1. Planimetry of three-day-old spheroids moni-
tored after (A-C) short-term (24 h) and (B-D) long-
term (72 h) treatment with graded concentrations of
BaP (A-B) and PhIP (C-D). The growth of spheroids
was monitored at 10X magnification (Nikon In-
struments) with the Ti Eclipse inverted microscope
(Nikon). ET (1.7 pM etoposide) was the positive
control. The results are presented as the mean + SD
(N = 10). The statistical analysis was conducted in
Graph Pad Prism 6, by the one-way ANOVA using the
Dunnett’s multiple comparisons tests, *p < 0.05, **p
< 0.01, ***p < 0.001.
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measurement of fluorescent signals of the dye Hoechst 33258 for cell
cycle analysis and anti-bodies, FITC coinciding to the proliferation
marker KI67, and APC coinciding to DNA double-strand breaks detected
by flow cytometry. This approach enables the study of several end-
points simultaneously in the same cell within the cell population and
can be used as a high-content screening tool for the determination of
(geno)toxic effects induced by various chemicals and complex mixtures
(Patra et al., 2016). The single-cell suspension from HepG2 spheroids
was obtained by mechanical degradation and enzymatic digestion (HS
et al., 2021; Stampar et al., 2019). The viability of cells determined by
Trypan blue staining accounted for >80% of viable cells (data not
shown).

The cell cycle of proliferating eukaryotic cells consists of four phases,
namely G1, S, G2, and M and is regulated at several checkpoints, with
the most important being G1/S and G2/M, where crucial decisions on
DNA replication and the completion of the cell division are made (Bartek
and Lukas, 2001). In the case of DNA damage, the cell cycle is arrested
until the damage is repaired, which causes the accumulation of cells in
one of the checkpoints. If DNA damage cannot be repaired, the cells
undergo apoptosis (Andrew Murray and Tim Hunt, 1994) or mutations
can occur (Lodish et al., 2000). In HepG2 spheroids after 24-h exposure,
BaP arrested cells in the S phase in a concentration-dependent manner
with concomitant reduction of the cell number in the G1 phase. At 20 pM
BaP also reduced the number of cells in the G2/M phase (Fig. 3 A). After
prolonged exposure to 10 pM BaP, a significant decrease of cells in G1
and a concomitant significant increase of cells in the G2/M phase were
noticed (Fig. 3C). This is in line with previous reports showing that DNA
damage induced by BaP activates the S-phase and G2/M checkpoints in
human cell lines (e.g. HepG2, MCF7), allowing the majority of cells to
survive (Caino et al., 2007; Hockley et al., 2006; Jeffy et al., 2000;
Stellas et al., 2014). Consequently, a part of cells re-enters the cell cycle
while carrying significant amounts of residual damage, which persist
even when the cells complete the first and enter the second cycle,
leading to a new round of checkpoint kinase 1 (Chk1) activation. Acti-
vation of Chk1 holds the cell in the G2 phase until ready to enter the
mitotic phase. This delay allows time for DNA damage to be repaired or
the initiation of cell death if DNA damage is irreparable. However, such
repeated Chk1 activations are leading to the failure of the cells to divide
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Fig. 2. Cell viability (A-D), the quantification of Z-stacks (E-F) and the images of Live/Dead staining (G-H) of HepG2 spheroids after 24 and 72 h of exposure to
graded concentrations of BaP (A, B, E and G) and PhIP (C, D, F and H) determined with the MTS assay, and Live/Dead staining. For viability, the results were
normalized to the solvent control (0.2% DMSO for BaP and 1% DMSO for PhIP). The results are given as a mean value of three independent experiments + SD. The
statistical analysis was performed by the one-way analysis of variance — ANOVA, using Dunnett’s multiple comparisons tests (*p < 0.05, **p < 0.01). The live
spheroids were stained with FDA (green, live cells) and PI (red, dead cells). The Z-stacks were obtained using a confocal microscope at 100 x-magnification and a
collection of 50 Z-stacks images was presented as a gallery of ‘maximum intensity projection image’. The quantification was conducted with ImagePro 10 software,
where at least 20 stacks per spheroid were measured, and the percentage of dead cells in the spheroid was calculated (n = 3). The statistical significance was
calculated with the Student t-test, with *p < 0.05. Etoposide 1.7 pM was considered as a positive control. (For interpretation of the references to colour in this figure

legend, the reader is referred to the Web version of this article.)

correctly and increase the frequency of mitotic abnormalities (Loffler
et al., 2007; Wilsker et al., 2008). Our results, calculated by a multi-
nomial logistic regression, confirmed that BaP arrested cells in the S and
G2/M phase after short and prolonged exposure, respectively (Fig. 3 B,
D). However, the effect on the cell cycle was lower compared to
monolayer cultures as described by Stellas et al. (2014). This can be
ascribed to the difference in physiological attributes (both structural and
metabolically) between 3D and 2D cell models (Wrzesinski et al., 2014).
Furthermore, the calculated predicted probabilities (see Fig. 3 B, D),
showed accumulation of cells in the S phase (by 16.4 percentage points)
with a decrease of cells in the G1 and G2 phase (—12.4 and —3.9 per-
centage points, respectively), upon 24-h exposure to BaP (20 pM),
meaning that probably the interruption of DNA synthesis had occurred,
which was also reported in other studies (Hockley et al., 2006; Jeffy
et al., 2000). The arrest in DNA synthesis probably occurs due to the
intra-S checkpoint, which enables the recognition of damaged DNA and
repair time, while avoiding the irreversible errors during replication
(Hamouchene et al., 2011). After prolonged BaP exposure (10 pM; 72 h),
the predicted probability indicated a significant decrease of cell number
in G1 (by —9.0 percentage points) and a concomitant increase of cells in
the G2 phase (by 9.9 percentage points), clearly showing the arrest of
cells in the G2/M phase of the cell cycle.

In spheroids exposed to PhIP (200 pM) the accumulation of cells in
the G2 phase was observed after 24 and 72 h (Fig. 3 E, G). The predicted
probability at 24 h exposure for each phase of the cell cycle was mini-
mal, while after prolonged exposure (72 h), the predicted probability of
the cells to be in the G1 phase started gradually to decrease in a
concentration-dependent manner (Fig. 3 F, H). At the same time, the
predicted probability of cells to be in the S and G2 phase increased. The
pairwise comparisons of the predicted probabilities, presented in the
supplementary Tables A. 2-A. 5, confirmed the effect of BaP on the cell
cycle distribution after 24 and 72 h and negligible effect of PhIP after 24
h and stronger effect after 72 h of exposure. In line with our results, is the
study on HepG2 monolayer culture, where PhIP at 200 pM induced the
accumulation of cells in the S phase and decreased the number of cells in
the GO/G1 phase after 24 h exposure (Pezdirc et al., 2013). Furthermore,
Zhu et al. (2000) also reported accumulation of human lymphoblastoid
TK®6 cells in the S phase upon short-term PhIP exposure (20 and 40 h)
particularly at higher (5-10 pg/ml corresponding to 2.3-4.5 pM) con-
centrations. In HepG2 spheroids, a positive control, etoposide, a DNA
topoisomerase inhibitor, clearly arrested the cells in the G2 phase at
both exposure times, which complies with its well-known mechanism of
action (Bergant Loboda et al., 2020; Hercog et al., 2020).

It is known that cells grown in 3D conformation have reduced
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proliferation (Eilenberger et al., 2019; Stampar et al., 2020a), which
leads to self-organization and differentiation of cells in spheroids
(Hurrell et al., 2019; Ramaiahgari et al., 2014). Thus, we further studied
the effects of BaP and PhIP on the proliferation of the same cell popu-
lation from the HepG2 spheroids as evaluated for the cell cycle distri-
bution by flow cytometric detection of anti-KI67 antibody through the
fluorescent signals of FITC corresponding to the proliferation marker
KI67. The Ki-67 protein is an excellent marker for determining the
so-called growth fraction of a given cell population (Scholzen and
Gerdes, 2000) since it is present in all active phases of the cell cycle (G1,
S, G2, and mitosis) and is absent from the resting cells (GO). We notified
that 43.2 + 4.3% of cells from control spheroids that were for four days
in culture (3 days of spheroid formation + additional 24 h) proliferated,
while upon 24 h exposure to BaP at 20 pM only 32.1 + 7.4% cells

Concentration (pM)

proliferated clearly showing BaP impact on cell proliferation. Further,
only 28.1 + 5.7% of cells from control spheroids that were for six days in
culture (3 days of spheroid formation + additional 72 h) proliferated.
BaP at 1 and 10 pM reduced cell proliferation to 19.8 + 7.6% and 18.6 +
9.9%, respectively, (Fig. 4 A, B), indicating BaP influence on HepG2 cell
division even after prolonged exposure. On the contrary, PhIP at applied
exposures (24 and 72 h) did not significantly affect cell proliferation
compared to control (Fig. 4C, D); however, a trend of decreased prolif-
eration was noticed. A decrease of approximately 7.1% of KI67 positive
cells compared to the control group was noticed after 24 h exposure to
200 pM PhIP. In spheroids, exposed to etoposide, increased percentage
of Ki-67 positive cells was measured (= 52%), however, this was not due
to increased cell proliferation but due to the accumulation of viable cells
in G2 phase as shown in the cell cycle analysis (Fig. 3 E, G).
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Fig. 4. The percentage of KI67 positive cells (A, C) and the percentage of KI67 positive cells within the GO/G1 phase (B, D) of the cell cycle after 24 and 72 h of
exposure to graded concentrations of BaP (A, B) and PhIP (C, D). PC = 1.7 pM etoposide. The results are presented as the mean + SD (N = 3). The statistical analysis
was conducted in Graph Pad Prism 6, by the two-way ANOVA using the Bonferroni multiple comparisons test, **p < 0.01.

The third end-point measured in the same population of cells isolated
from HepG2 spheroids was phosphorylated histone H2AX (yH2AX) that
was reported as a promising early and sensitive marker for DNA double-
strand breaks (DSB) and DNA adducts (Kopp et al., 2018). The results
from our study showed that BaP after 24 and 72 h exposure induced a
dose-dependent increase of DNA DSB in HepG2 spheroids, which
significantly differed from control >1 pM at both exposure times (Fig. 5
A, B). This was confirmed by the calculated predicted probabilities
(Fig. 5E and F), in the amount of DNA DSB between the solvent control
and treated samples. Similarly, the induction of DNA DSB by BaP (10
and 30 pM) was also shown in HepG2/C3A spheroids (Coltman et al.,
2021). Previously, using the comet assay as a detection method, BaP was
shown to induce DNA single-strand breaks in spheroids developed from
HepG2 cells at > 10 pM (Stampar et al., 2019), HepG2/C3A cells at > 40
uM (Coltman et al., 2021; Stampar et al., 2020b) and HepaRG cells at 20
pM (Mandon et al., 2019) after 24 h of exposure. Besides, micronuclei
formation upon BaP at 3-8 pM (Shah et al., 2018) was reported in 3D
HepG2 hanging drop spheroids (Shah et al., 2018) and the induction was
2-fold higher compared to HepG2 monolayer culture (Shah et al., 2018),
revealing that HepG2 spheroids are a very sensitive cell model for
detection of genotoxic compounds. When comparing the results of all
three assays we can conclude that flow cytometric analysis of yH2AX
lesions proved to be the most sensitive marker as it detected DNA
damage at the lowest BaP concentration and could be a good choice for
screening purposes. Furthermore, the results of the present study clearly
showed that cell defence against BaP induced DNA damage was acti-
vated in HepGz2 cells, which was indicated by the induction of cell-cycle
arrest. BaP (20 pM) induced DNA DSB, which was followed by the arrest
of cells in the S phase (Figs. 5 A and 4 A). It is known that DNA DSB
induce the arrest of cells in the S-phase of DNA synthesis, which occurs
via a p53-independent ATM pathway (Kastan et al., 2000). Additionally,
we conducted an advanced analysis by combining the results of cell
cycle analysis and yH2AX positive cells. The simultaneous staining and
measurement of these two endpoints enabled us to accurately determine
in which cell phase the cells with DNA DSB were. Further, we calculated
the proportion of yH2AX positive cells in each cell cycle phase (G0/G1,
S, G2) relative to all cells included in the analysis (Fig. 5I-L). Clear dose

dependent increase in the percentage of cells with DNA DSB in G0/G1
phase after 24 h of exposure to BaP was determined, while after 72 h this
percentage was much lower (Fig. 5 I and J). On the contrary, no
important differences in the number of cells with DNA DSB were
determined for the S and G2 phase when compared to control. Moreover,
from the results it can be seen that after 24-h at 10 and 20 pM BaP DNA
DSB were detected approximately in 67% and 92% of cells, respectively,
which were in GO/G1 phase. After 72 h, DNA DSB were detected in only
~20% of the cells that were exposed to 10 pM BaP. Altogether, this
suggests that with time DNA DSB induced by BaP were repaired. Pre-
viously, in hepatic spheroids developed from HepG2/C3A cells, a sub-
clone of HepG2 cells (Bandele et al., 2012) that were grown for 21 days
in bioreactors and were exposed to BaP for 24 (40 pM) and 96 (4 pM)
hours, increased gene expression of CYP1AI was reported (Stampar
et al., 2020b). Similarly, in HepG2 spheroids grown for three days and
exposed to BaP (40 pM) for 24 h the mRNA level of CYP1A1 and CYP1A2
(Stampar et al., 2019) encoding the most important phase I enzymes
involved in metabolic activation of BaP (Arlt et al., 2008). In the same
study, also the genes encoding phase II enzymes (detoxification), namely
UGTIAI and SULTBI were upregulated (Stampar et al., 2019), sug-
gesting that BaP is metabolized in HepG2 spheroids already within 24 h
of exposure.

The second model genotoxic compound, PhIP significantly increased
DNA DSB at > 200 and > 25 pM after 24 and 72 h exposure, respectively
(Fig. 5C and D), which was confirmed by the linear prediction (Fig. 5G
and H). Previously, PhIP was reported to induce DNA damage after 24 h
in HepaRG spheroids at 40 pM (Mandon et al., 2019), HepG2/C3A at 30
uM (Coltman et al., 2021) and HepG2 spheroids at > 50 pM (Stampar
et al., 2019) determined with the comet assay. Moreover, in 21-day old
HepG2/C3A spheroids DNA strand breaks induced by PhIP (>200 pM)
were determined after 24 h with the comet assay, while after prolonged
exposure of 96 h no DNA damage was detected (Stampar et al., 2020b).
Besides DNA strand breaks, PhIP (>3 pM) induced the formation of
micronuclei in HepG2 spheroids as reported by Shah et al. (2018). In the
present study, by analyzing the percentage of yH2AX positive cells in
each phase of the cell cycle (GO/G1, S, G2) relative to all measured cells
in the corresponding group (Fig. 5 K and L), a dose depended increase of
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Fig. 5. Relative values of APC fluorescence corresponding to anti-yH2AX labelled sites (A-D); the predicted probabilities of BaP and PhIP with 95% Cls after 24 (E, G
and 72 (F, H) h of exposure to graded concentrations of BaP and PhIP and percentage of yH2AX positive cells in each cell cycle phase (G0/G1, S and G2) after 24 (I, K)
and 72 (J, L) h of exposure. PC = 1.7 pM etoposide. Significant difference between the treated sample and the solvent control (0) for yH2AX was tested using the R
software with the Mixed Effects Models (nlme) package by REML and is indicated by * p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001. The effects of
probability were calculated in Stata 15 using a multinomial logistic regression *p < 0.05. The effects are shown with respect to the solvent control (marked as 0). The
results for the percentage of yH2AX positive cells in each phase (GO/G1, S, G2) relative to all cells in the cell cycle are presented as the mean + SD (N = 3). The
statistical analysis was conducted in Graph Pad Prism 6, by the one-way ANOVA using the Bonferroni multiple comparisons test, o = 0.05.

yH2AX positive cells was determined in GO/G1 phase of PhIP exposed
spheroids after both exposure times. After 24 h exposure to PhIP at 150
and 200 pM, 42% and 49% of yH2AX positive cells, respectively, were
detected in GO/G1 phase, while after 72 h 31% and 44% of cells with
DNA DSB were measured, respectively (Fig. 5 K and L). Similarly, as in
the case of BaP also here no important differences in the percentage of
yH2AX positive cells in the S and G2 phase were noticed. Shah et al.
(2018) reported that exposure to PhIP can increase activities of CYP1A2

enzyme, and it upregulate the mRNA expression of several phases I and
II metabolic enzymes (Stampar et al., 2019, 2020b). Altogether, the
literature data and results obtained within the present study indicate
that PhIP is metabolized and detoxified in hepatic spheroids and that
DNA damage induced by PhIP is repaired as already suggested in the
previous study (Stampar et al., 2020b). After 24 h, etoposide-induced
DNA DSB in approximately 30% of cells within GO/G1 and G2 phase
each (Fig. 4I-L), while after 72 h DNA DSB were detected in more than
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70% of cells within the G2 phase, while less than 10% of cells within
GO0/G1 and S phase were YH2AX positive.

4. Conclusions

The significant increase of chemicals to which humans can be
exposed calls for the development of rapid and reliable research meth-
odologies and approaches to monitor their (geno)toxic activities and
possible adverse human health effects. In the last few years, there is an
ongoing development of novel 3D cell-based systems, which can provide
a better understanding of the processes taking place in living cells and
organs. In this context, hepatic spheroids represent an alternative to
animal models that can be due to the improved structural, physiological
and metabolic properties exploited for broad applications, including
(geno)toxicity studies. Furthermore, high-throughput and high-content
flow cytometry has developed into a leading technology that supports
many applications designed to study the nature of individual cells within
homogeneous or mixed cell populations. In the present study, HepG2
spheroids were used as a biosensor-like model for high content toxicity
and genotoxicity screening combining confocal microscopy and quan-
titative image analysis, which allowed us to address biological questions
related to the cell viability and growth of spheroids affected by time and
genotoxic agents. Further, simultaneous staining of multiple endpoints
in the same cell ranging from DNA double-strand breaks (yH2Ax), pro-
liferation marker (KI-67) and cell cycle using specific antibodies and
fluorescent signalling combined with flow cytometry enabled us to track
the cells with damaged DNA within the cell cycle. Validation of
biosensor-like HepG2 spheroids by applying two genotoxic agents,
benzo(a)pyrene and amino-1-methyl-6-phenylimidazo[4,5-b]pyridine
with well-known mechanisms of action confirmed that sensing of fluo-
rescent signals within the exposed cells corresponding to specific effects
represents a powerful tool for the identification of (geno)toxic com-
pounds. Thus, the resulting confocal imaging coupled with multi-
parametric flow cytometry in 3D hepatic spheroids represents an
advanced biosensor-like approach that can provide more insight into the
mechanism of action of genotoxic compounds due to the ability of
simultaneous measurement of several effect related parameters and its
applicability in toxicological studies as a high-content screening tool.
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