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ARTICLE INFO ABSTRACT

Keywords: The liver's role in metabolism of chemicals makes it an appropriate tissue for toxicity testing. Current testing
Hanging-drops spheroids protocols, such as animal testing and two-dimensional liver cell systems, offer limited resemblance to in vivo liver
genotoxicity cell behaviour, in terms of gene expression profiles and metabolic competence; thus, they do not always accu-
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rately predict human toxicology. In vitro three-dimensional liver cell models offer an attractive alternative. This
study reports on the development of a 3D liver model, using HepG2 cells, by a hanging-drop technique, with a
focus on evaluating spheroid growth characteristics and suitability for genotoxicity testing. The cytokinesis-
blocked micronucleus assay protocol was adapted to enable micronucleus (MN) detection in the 3D spheroid
models. This involved evaluating the difference between hanging vs non-hanging drop positions for dosing of the
test agents and comparison of automated Metafer scoring with manual scoring for MN detection in HepG2
spheroids. The initial seeding density, used for all experiments, was 5000 cells/20 ul drop hanging spheroids,
harvested on day 4, with > 75% cell viability. Albumin secretion (7.8 g/1) and both CYP1A1 and CYP1A2 gene
expression were highest in the 3D environment at day 4. Exposure to metabolically activated genotoxicants for
24 h resulted in a 6-fold increase in CYP1Al enzyme activity (3 uM B[a]P) and a 30-fold increase in CYP1A2
enzyme activity (5uM PhIP) in 3D hanging spheroids. MN inductions in response to B[a]P or PhIP were 2-fold
and 3-fold, respectively, and were greater in 3D hanging spheroids than in 2D format, showing that hanging
spheroids are more sensitive to genotoxic agents. HepG2 hanging-drop spheroids are an exciting new alternative
system for genotoxicity studies, due to their improved structural and physiological properties, relative to 2D
cultures.

1. Introduction

Evaluation of the genotoxicity of a chemical substance is best per-
formed in models that closely reflect the characteristics of human tis-
sues. Animal testing and 2D cell cultures have provided important in-
sights into human responses to chemicals. However, such results have
only limited relevance to the complexity of human tissues [1]. Whereas
in vivo tissues have 3D geometries, 2D assays involve cell monolayers,
leading to different biochemistries; they have non-physiological micro-
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environments; they rapidly proliferate and de-differentiate [2]; and
they may also have abnormal gene expression profiles [3]. On the other
hand, it is argued that, due to differences in animal and human phy-
siological, genetic, and metabolic systems [4,5], animal test results may
not serve as accurate predictors of human toxic responses [6]. These
limitations motivate the development of 3D human tissue models.
Regulations made by the EU Registration, Evaluation, Authorization
and restriction of CHemicals (REACH, 1999) also stress the importance
of the development of new in vitro models that can provide reliable
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results at lower cost and on a shorter time scale compared to in vivo tests
[7]. Three-dimensional (3D) cell culture assays involve a cell environ-
ment promoting direct cell-cell contact as well as an extracellular ma-
trix (ECM) and are thus considered to be more reflective of in vivo
cellular responses. The optimization of 3D assays with representative
human cell lines can therefore provide very suitable conditions for
genotoxicity testing.

The liver is an important site in predicting xenobiotic agent-asso-
ciated toxicity and the potential impact of drug use on liver failure [8];
this makes it a physiologically and clinically relevant tissue for toxicity
testing. Primary hepatocytes have liver-specific functions, particularly
cytochrome P450 (CYP450) enzymes, and are therefore currently used
for chemical compound testing, but they are expensive and have short
life spans in culture. Consequently, immortalised, and more cost-ef-
fective, cell lines, such as the human hepatocellular carcinoma (HepG2)
cell line, are commonly used [9]. HepG2 cells have low levels of
CYP450 enzymes and xenobiotic receptors, compared to normal liver
cells; this is noteworthy as these enzymes are often required for meta-
bolism of drugs. The presence of basal enzyme activity and the further
induction of CYP450 enzymes are required to assess the toxicity of
chemical compounds and, therefore, low expression of these enzymes
makes this cell line, at best, a dubious predictor of the toxic effects of
pro-carcinogens in humans [10]. The development of 3D assays with
higher expression of these enzymes provides an opportunity to develop
a cost-effective and reliable test. Several 3D cell culture methods are
available for assessment of chemical metabolism, e.g., agitation-based
approaches, matrices and scaffolds, hanging-drop, and microfluidic cell
culture platforms [11,12]. Most of them are expensive and require
specialized equipment. In this study, we report the development and
optimization of a hanging-drop 3D spheroid model using the HepG2 cell
line, as a relatively simple, inexpensive, and reliable test model for
genotoxicity studies [13]. These spheroids provide tightly packed 3D
multicellular aggregates with enhanced cell-to-cell contact and extra-
cellular matrix components. The major advantages of this model are
that it does not require any specialist materials, equipment, or training,
and that cells are not in direct contact with an extracellular matrix. In
earlier studies, HepG2 liver cancer cells and MCF-7 breast cancer cells
were used to produce 3D spheroids which were described as ‘tissue-like’
[13], These spheroids can survive up to 28 days and have increased
expression of xenobiotic-metabolising enzymes, albumin, and others
liver-specific markers, when compared to their monolayer cultures
[14]. They also show more physiologically relevant expression of genes
involved in xenobiotic metabolism, at levels higher than are typically
observed in 2D culture systems, which increases 3D spheroids' sensi-
tivity to hepatotoxic compounds [15].

The main objective of this study was the development of a 3D
hanging-drop procedure using HepG2 cells to evaluate the genotoxic
effects of carcinogenic chemicals. The compounds benzo[a]pyrene (B
[a]lP) and 2-amino-1-methyl-6-phenylimidazo(4,5-b)pyridine (PhIP)
were selected on the basis of their ability to form DNA adducts as a
result of metabolic activation to a DNA-reactive form [16]. A currently
recommended Organization for Economic Co-operation and Develop-
ment (OECD) 487 [17] guideline for in vitro MN tests was selected as
the basis for evaluating the reliability of 3D models for genotoxicity
investigations and to study the dose-responses of B[a]P and PhIP in
both 2D and 3D models. CYP450 expression and activity, and albumin
production, were used as indicators of the enhanced metabolic cap-
ability of the 3D models.

2. Material and Methods
2.1. Chemicals
Benzo[a]pyrene (B[a]P) (Sigma, UK) and 2-amino-1-methyl-6-phe-

nylimidazo(4,5-b) pyridine (PhIP) (Calbiochem, EMD Chemicals Inc.
Germany) were used in this study and stored according to the
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Fig. 1. Comparison between hanging vs. non-hanging position of drops, ex-
posed to B[a]P for 24 h. No statistically significant difference was observed
between the orientations of drop. The first significant increase in micronucleus
frequency P relative to control was observed at 3 uM B[a]P. 1,000 binucleated
cells were scored manually. Statistically significant results are denoted by
* =p < 0.05, ** = p < 0.01. Error bars are SE; n = 3.
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manufacturer's instructions. B[a]P and PhIP were both diluted in DMSO
(Fisher Scientific). Fresh dilutions from the master stocks were made for
each replicate.

2.2. Cell culture

The human hepatocellular carcinoma cell line HepG2, obtained
from ECACC, was cultured in DMEM (GIBCO®, Paisley, UK) supple-
mented with 10% foetal bovine serum (FBS, GIBCO®, Paisley, UK) and
penicillin/streptomycin 100X (GIBCO®, Paisley, UK). Sub-culturing or
processing of HepG2 cells was performed by trypsinisation with
trypsin/EDTA (0.05%) solution (GIBCO®, Paisley, UK). The cells were
maintained in culture at a density between 1- 3 x 10° cells/ml or cm?
and sub-cultured every 5 d, until they reached confluency. Cultures
were examined using x40 objective on a Zeiss Axiovert 25 light mi-
croscope.

2.3. Hanging spheroid preparation from different cell density of HepG2
monolayers

HepG2 monolayers (Fig. 1A) were used to form the hanging
spheroids using a hanging drop method. Initially, cell densities of 5000
and 10000 per 20l drop of growth medium were made. The drops
were placed on the inner side a 9.4 cm Petri dish (Greiner bio-one, UK)
lid as shown in (Fig. 1B). Lids contained either 50 or 100 drops, de-
pending on the analysis. The cellular suspension was gently mixed via
pipetting to ensure the cells were thoroughly suspended with the
media. To prevent the drops from drying, the 9 cm Petri dish was filled
with 20 ml PBS (inner compartment). The whole setup was placed very
gently in the incubator at 37 °C and 5% CO, atmosphere.

The cell viability in the hanging drop was maintained by adding
growth medium, 6 pl, to each drop on day 3 and day 6. The light colour
of the hanging spheroid (indicator of the live and dead cells coloniza-
tion) and its size (indicator of cell growth) were observed and measured
on day 4 and day 7 using a Nikon Eclipse 50i (Nikon) attached to a
computer (Windows 7) using Cellsense software (OLYMPUS). The ex-
periments were done three times, and area/diameter are shown as the
mean of three replicates.

2.4. Cell viability of hanging spheroids

To determine the viability of hanging spheroids within the hanging
drops, trypan blue was used. Five hanging spheroids were harvested on
day 4 and day 7, transferred into a centrifuge tube and centrifuged at
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