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Abstract:

The safety of nanomaterials, whether they are made of natural or artificial substances,
represents a significant challenge because nanotechnology, as a young and up-and-com-
ing field, is developing very quickly, while nanotoxicology and nanoecotoxicology are
falling behind. Since the production, use, and consequently, the exposure of people to
nanomaterials is increasing significantly, the acquisition of data on potential acute and
chronic toxicity plays a crucial role. It is known that nanomaterials due to their high sur-
face-to-volume ratio, high reactivity, and unique physical, chemical, and biological prop-
erties exhibit a greater risk of toxicity than the corresponding bulk material and that is
why a comprehensive assessment of the toxicity of nanoparticles should always be done
prior to their use.

We develop 3D cell models as a new in vitro methodological approach for nanoparticle
(geno)toxicity assessment to better understand the impact nanomaterials have on envi-
ronmental and human health. Currently, as a part of our ongoing study, core-shell iron
nanoparticles are being examined, where the core consists of FeO, and the shell is made
of FesOxs. So far, in vitro cyto- and genotoxicity were assessed in the human hepatocellular
carcinoma cell line HepG2, using the ATP assay and the comet assay, respectively, but
due to ongoing genotoxicity testing and reservations about data publishing, the results
will not be presented in this scientific contribution.

Keywords: 3D cell models; 2D cell models; Cytotoxicity; DNA damage; Genotoxicity;
Iron-based nanoparticles



mailto:iza.rozman@nib.si

SOCRATIC

[ECTURES

UNIVERSITY | Faculty of
OF LJUBLJANA | Health Sciences

&

Proceedings of 10" Socratic Lectures 2024

78 of 165

1. Introduction

Nanotechnology is a technological intersection with the mnanoscale which
straightforwardly links the macroscopic world of our perceptions with the nanoscopic
world of individual biomolecules (Contera, 2019). It represents one of the most promising
technologies of the 21st century (Bayda et al., 2019) strongly intertwined with our everyday
life and society (He et al., 2019).

The prefix “nano” is of Greek origin meaning “dwarf” or something very small and depicts
one thousand millionth of a meter (10-9 m) (Bayda et al, 2019) hence by the word
nanomaterials we describe materials with one or more components that have at least one
dimension in the range of 1 to 100 nm (Borm et al., 2006; T. Singh et al., 2017).

In the last decade, the production and use of nanomaterials have grown tremendously,
and as a result, so has human exposure to these materials (Borm et al., 2006; Zhu et al.,
2019). Since human exposure to nanoparticles is inevitable (Yang W, et al., 2021) much
attention has been drawn to nanoparticle toxicology (Yang Y, et al., 2017) — especially to
the potential acute and chronic adverse effects that nanoparticles may cause on humans
(W. Yang et al., 2021) — mostly because nanomaterials due to their high surface-to-volume
ratio, high reactivity, and unique physical, chemical, and biological properties (Awashra
and Mtynarz, 2023; Yang W,et al., 2021) exhibit a greater risk of toxicity than the
corresponding bulk material (Hoet et al., 2004).

The study of nanoparticle adverse effects and toxicity is referred to as nanotoxicology
(Elsaesser and Howard, 2012) and even though exposure to nanoparticles is increasing,
information on their toxicological properties remains inadequate (Gornati et al., 2009). For
a comprehensive assessment of the toxicity of nanoparticles, structure, and corresponding
physicochemical properties need to be fully characterized because only then can the
observed toxic effects be attributed to specific properties of nanoparticles in order to
establish specific nanoparticle structure-activity/ toxicity functional relationships ( Yang
W, et al.,, 2021). Furthermore, to better understand the mechanisms of nanoparticle toxicity
studies at the cellular and sub-cellular levels need to be done (Awashra and Mtynarz, 2023).

2. Invitro Cell Models
2.1.  Two-dimensional (2D) cell models

Genetic toxicity testing is an essential part of drug and material safety assessment since
DNA damage can lead to genetic changes, including mutations, chromosome damage, and
genomic instability that can lead to cancer development (David, 2020; Maynard et al., 2011).
Current EU legislation for chemical and material safety assessment demands testing of
chemical/material on two types of in vitro tests: (i) an Ames test (a bacterial test) and (ii)
one of two mammalian cell tests — micronucleus test or chromosomal aberration test —
followed by an in vivo animal model study (Cimino, 2006; Corvi et al., 2013). For an
adequate evaluation of genotoxicity, the evaluation of three parameters is required: gene
mutations, structural changes, and numerical changes in chromosomes (R et al., 2013).

In in wvitro toxicology, the golden standard for studying absorption, distribution,
metabolism, excretion, and toxicity of compounds is considered to be human primary
hepatocytes, which, compared to permanent liver cell lines, better reflect the properties
and phenotype of hepatocytes in vivo, but in practice, due to the limited availability of
human liver samples, they are replaced by cell lines such as HepG2, HepaRG, Huh?, SK-
Hep-1, and others. In addition, primary liver cells are difficult to maintain under in vitro
conditions. Not only can they be grown for a short period, but they also quickly lose their
cuboidal morphology and liver-specific functions during cultivation. The high price and
differences between donors due to polymorphisms are also a problem (Arzumanian et al.,
2021; Klingmuiller et al., 2006; Sefried et al., 2018; Shulman and Nahmias, 2012; étampar et
al., 2020; Zeilinger et al., 2016).

Both human primary hepatocytes and human hepatic cell lines are normally cultured as a
monolayer of cells (2D cell model) for genotoxicity testing (Laohathai and Bhamarapravati,
1985; Shulman and Nahmias, 2012) with one main difference: primary human hepatocytes
cannot be cultured indefinitely as they stop dividing under in vitro conditions (Shulman
and Nahmias, 2012). In this specific respect using human hepatic cell lines represents a
good alternative for genotoxicity studies. However, one must consider that hepatic cell
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lines are immortalized, cancer cells, which means that despite retaining a certain degree of
the properties of primary hepatocytes, they also show similarities to tumor cells
(Arzumanian et al., 2021).

While both primary hepatocytes and human hepatic cell lines as model systems have their
advantages and disadvantages, both are usually used in 2D culture. 2D cell models have
certain limitations for genotoxicity testing. They are indeed associated with simple and
low-cost maintenance and performance of functional tests, yet they do not mimic the
natural structures of tissues (Kapatczynska et al., 2016) — 2D models lack the cell-cell and
cell-extracellular matrix (ECM) signaling (Breslin and O’'Driscoll, 2013; Kapalczynska et al.,
2016), which in turn leads to reduced cell differentiation and modified signaling of
metabolic pathways (Aucamp et al., 2017). Furthermore, they lose the diversity of
phenotype (Richter et al., 2021; von der MARK et al., 1977), and have unlimited access to
the ingredients of the medium such as oxygen, nutrients, metabolites, and signal molecules
(Kapatczynska et al, 2016), forcing them into a polarization that does not reflect
physiological conditions (Fontoura et al., 2020). Furthermore, the shortcomings of 2D cell
models include the non-robustness of the models (Xiao et al., 2022) and misleading results
(Saji et al., 2019) due to which according to ECHA (European Chemical Agency) additional
in vivo studies need to be done (“ECHA - European Chemical Agency,” n.d.; R et al., 2013).
For these purposes, the European REACH regulation promotes the 3R strategy
(Replacement, Reduction, Refinement), to replace and reduce the use of animals in in vivo
studies, while at the same time refining test systems, obtaining more relevant results for
humans (Tornqvist et al., 2014). As a result of this and the many disadvantages of 2D
models, a lot of attention is being paid to the development of new alternative models that
will reflect the in vivo conditions more accurately (Ipek et al., 2023) — and one of these are
3D cell models.

2.2.  Three dimensional (3D) cell models

In toxicology, 3D cell models also known as spheroids are a powerful tool for studying the
genotoxic effects of chemicals/materials because they better mimic in vivo conditions (Ipek
et al, 2023; Wang et al., 2021). Cells inside the spheroid comprise different cell layers
(Figure 1) (Edmondson et al., 2014). The external layer is composed of cells displaying high
proliferation rates, towards the middle resting cells can be observed, and non-dividing
(necrotic) cells can be found in the core of the spheroid (Alvarez-Pérez et al., 2005;
Edmondson et al., 2014; Nath and Devi, 2016). The high proliferation rate of cells in the
spheroid's external layer can be explained by their easier access to oxygen and nutrients
(Tredan et al., 2007). In contrast, cells within spheroids remain in a necrotic state due to the
absence of oxygen (hypoxia) and nutrients (Minchinton andTannock, 2006; Tredan et al.,
2007).
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Figure 1. Structure of a spheroid (Edmondson et al., 2014; Nath and Devi, 2016). Created with BioRender.com
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Apart from the 2D cell model, cells in the 3D model form better cell-to-cell connections and
produce a matrix that promotes tissue-specific cell binding, direct cell-to-cell interactions,
and cell-to-extracellular matrix interactions (Langhans, 2018). They also preserve their
natural morphology (Costa et al.,, 2016) and maintain high viability for several weeks
(Stampar et al.,, 2021). Gene and protein expression levels in spheroids better resemble
levels found in cells in vivo (Costa et al., 2016; Langhans, 2018; Ravi et al., 2015). Therefore,
by using 3D cell models, we can reduce the differences between in vitro and in vivo studies,
decreasing the likelihood of needing to use animal models (Costa et al., 2016; Langhans,
2018; Ravi et al., 2015).

Despite all the advantages of 3D models, they still have certain drawbacks, including more
demanding and expensive cell maintenance in culture (Costa et al., 2016; Langhans, 2018;
Ravi et al., 2015), difficult replication of experiments, and more demanding interpretation
of data (Kapatczynska et al., 2016).

2.3.  Spheroid formation

We are developing human hepatocellular carcinoma (HepG2) 3D cell models as a new
methodological approach for nanoparticle (geno)toxicity assessment. In general, several
approaches and materials can be used for culturing cells in 3D for instance, different
hydrogel substrates, e.g., beads, injectable gels, moldable gels, and macroporous
structures (Biatkowska et al., 2020), or/and different methods such as the forced floating
method (Stampar et al., 2019), pellet culture method, liquid overlay method, hanging drop
method, etc. (Ryu et al.,, 2019). Within our department, HepG2 spheroids are routinely
formed using the forced floating method (Figure 2), which will be described further on.
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Figure 2. A simplified scheme of spheroid preparation with the forced floating method (Stampar et al., 2019).

Created with BioRender.com

When preparing spheroids from HepG2 cells using the forced floating method, 96-well U-
bottom low attachment microtiter plates are needed. The cell suspension is mixed with an
appropriate volume of cold HepG2 medium (4 °C) — HepG2 medium is composed of
MEME medium (MEME-10370-047) containing NEAA supplemented with 10% FBS, all
from Gibco (Praisley®, Scotland, UK) and 2.2 g/ NaHCO3, 2 mM L-glutamine, 100 IU/mL
penicillin/streptomycin and 1 mM sodium pyruvate from Sigma-Aldrich (St. Louis, MO,
USA) —and 4 % methylcellulose in a way that cell density equals 15.000 cells/mL. Then 200
uL of the mixture is pipetted into each well and plates are centrifugated for 90 minutes at
28 °C and 900 g. Due to the centrifugal force, the cells formed clusters (aggregates), which
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after 72 hgurs of incubation (37 °C, 5 % CO:z) matured into spheroids suitable for further
research (Stampar et al., 2019).

3. Methods for assessment of In vitro cell models
3.1.  ATP Luminescent Cell Viability Assay

The ATP Luminescent Cell Viability Assay is a method for determining the number of
viable cells in culture based on the quantification of the ATP present. The measurement of
ATP using firefly luciferase is the most frequently applied method for estimating the
number of viable cells (Riss et al., 2016) — ATP serves as an indicator of metabolically active
cells because when cells lose membrane integrity, they lose the ability to synthesize ATP
and endogenous ATPases rapidly deplete any remaining ATP from the cytoplasm (Riss et
al., 2016). The ATP assay proved sensitive and user-friendly cell viability assay. It was
reported that ATP assay is less prone to artifacts than other viability assay methods (Riss
et al., 2016). Another advantage of this assay is that an incubation step with a population
of viable cells is not prerequisite to convert a substrate into a colored compound (as in MTT
— 3-(4 5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, or MTS - 3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium
assays), which also eliminates a plate handling step because cells do not need to be
returned to the incubator to generate a signal (Riss et al., 2016).

3.1.1. Luminescent cell viability assay protocol

For the performance of the cell viability assay, we prepared the spheroids as described in
the section 2.3 and exposed them to graded nanoparticle concentrations prepared as
described in the section 3.3. After 24-hour or 96-hour exposure, we transferred 5 spheroids
for each concentration from the U-bottom microtiter plate to the white opaque walled
microtiter plate and added 50 pL of the reagent (CellTiter-Glo®, Promega, Madison,
Wisconsin, USA) which contains a detergent to lyse the cells, ATPase inhibitors to stabilize
the ATP that is released from the lysed cells, luciferin as a substrate, and the stable form of
luciferase to catalyze the reaction that generates photons of light (Riss et al., 2016). Then
we resuspended the mixture of reagent and cells and incubated it for 10 minutes at room
temperature before measuring the luminescence signal.

3.2.  Comet Assay

The comet assay, or Single-Cell Gel Electrophoresis (SCGE), is an extremely sensitive and
fast quantitative in vitro method that detects DNA damage at the level of a single cell
(Nickson and Parsons, 2014). The method enables the detection of single- and double-
strand DNA breaks, alkali-labile sites, DNA-DNA, and DNA-protein cross-linking (Tice et
al., 2000). DNA damage can be either endogenous or exogenous. Most of the endogenous
DNA damage arises from the chemically active DNA engaging in hydrolytic and oxidative
reactions with water and reactive oxygen species (ROS), that are naturally present within
cells while exogenous DNA damage occurs when environmental, chemical, and physical
agents such as UV and ionizing radiation, alkylating agents, and crosslinking agents
damage the DNA (Chatterjee and Walker, 2017).

Nowadays the method represents one of the standard methods for DNA damage
evaluation with applications in genotoxicity testing, human biomonitoring, molecular
epidemiology, eco/genotoxicology, and basic research on DNA damage and repair (Collins,
2004; Cordelli et al., 2021).

In the SCGE method, the cells are embedded in an agarose gel, and lysed so that only the
nuclei (DNA) remain in the gel. The gel is then exposed to an electric field in the
electrophoresis and because the damaged DNA migrates at a different rate than non-
damaged DNA using specific dyes we can observe structures, resembling a comet. The
undamaged DNA in the comet structure is referred to as the “head” while the trailing
damaged DNA band is referred to as the “tail”. The percentage of DNA in the tail is
directly proportional to the percentage of DNA damage that has occurred in a particular
cell (Nickson and Parsons, 2014; Vandghanooni and Eskandani, 2011).

A simplified procedure scheme is shown in Figure 3.
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Figure 3. A simplified procedure scheme of the comet assay (Nickson and Parsons, 2014; Vandghanooni and Eskandani, 2011).
Created with BioRender.com

3.21. Comet Assay Protocol

After the treatment (section 3.3), a suspension of viable single cells was obtained by the
combination of enzymatic digestion and mechanical degradation. For each tested
concentration we harvested 5 spheroids and transferred them to a 1,5 mL Eppendorf tube.
Then we centrifuged them for 4 minutes at 1000 Rotations Per Minute (RPM) and
discarded the media. We washed them with 1 mL 1x Phosphate Buffered Saline (PBS) and
repeated the centrifugation step. After that, we discarded the PBS and added 50-100 uL of
an enzymatic mixture (10x diluted collagenase (50 mg/ml) solution with serum-free
medium (MEME-10370-047, Gibco, Praisley®, Scotland, UK) and TrypLE (Gibco; 12604-
013, Waltham, Massachusetts, USA) in the ratio of 1:2) into the Eppendorf Safe-Lock
Microtube (Eppendorf, Hamburg, Germany) with spheroids. We incubated the spheroids
for 8-10 minutes at 37 °C and 5 % COs. After the incubation, we resuspended the spheroids
and added 500 uL of HepG2 growth media with supplements to deactivate the
collagenase type I and centrifuged them for 4 minutes at 1000 rpm. We discarded the
media and then the comet assay was conducted according to Singh et al. (1988) with minor
modifications by Stampar et al. (2019).

3.3. Nanoparticle sample preparation

So far, our work has focused on (geno)toxicity assessment of core-shell iron nanoparticles
— the core consists of FeO while the shell is made of FesOus. First, we evaluated the
cytotoxicity of graded concentrations of nanoparticles using the ATP Luminescent Cell
Viability Assay. Nanoparticles were dispersed into cell media with the highest
concentration of 80 pg/cm? and the lowest concentration of 0,2 pg/cm? for 24-hour
exposure while the highest concentration for 96-hour exposure was 40 pg/cm? and the
lowest concentration was 0,02 pg/cm?2. The concentrations were determined based on the
OECD (Organisation for Economic Co-operation and Development) TG 487 guidelines
(OECD, 2022) for testing manufactured nanomaterials in a way that the concentration of
40 ug/cm? equaled the concentration of 100 pg/mL. Usually, it is recommended that the
top dose is restricted to 100 pg/mL or 100 pg/cm?, whichever is higher, because doses
higher than this are not physiologically relevant, and can result in interference with
scoring due to high deposition on cells (OECD, 2022). As a positive control, 15 % DMSO
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was used, since currently, there are no suitable nanoparticles that can be used as positive
controls for the in vitro assays (OECD, 2022).

4. Conclusion

In general, the toxicity of nanoparticles can be assessed with several different approaches,
among which, the most beneficial ones in terms of cost and time saving are the in vitro
studies. In vitro studies are essential to identify biochemical and molecular mechanisms
of nanoparticles' cyto- and genotoxicity and are also the first step in identifying potentially
harmful effects for humans and the environment. When it comes to in vitro studies, 3D
cell models also known as spheroids are a powerful tool for studying the genotoxic effects
of chemicals/materials. Not only do they mimic in vivo conditions better, but their usage
allows us to minimize testing on animals, thus following the 3R (Replacement, Reduction,
and Refinement) principle. Furthermore, spheroids represent a promising model for
nanoparticle (geno)toxicity assessment and regarding that, significant progress has
already been made. However, a lot of inadequate information is available and that is why
more research needs to be done to identify the most appropriate approach for assessing
nanoparticle toxicity.

Funding: The study was funded by the H2020-MSCA NESTOR project (101007629), the
national ARRS program P1-0245, and the ARIS project NaNoZymeSafe (J1-4395).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Alvarez-Pérez ], Ballesteros P, Cerdan S. Microscopic images of intraspheroidal pH by 1H magnetic resonance
chemical shift imaging of pH sensitive indicators. MAGMA. 2005; 18: 293-301. DOI: 10.1007/s10334-005-0013-z

2. Arzumanian VA, Kiseleva OI, Poverennaya EV. The Curious Case of the HepG2 Cell Line: 40 Years of Expertise.
J Mol Sci. 2021; 22: 13135. https://doi.org/10.3390/ijms222313135

3. Aucamp J, Calitz C, Bronkhorst AJ, et al. Cell-free DNA in a three-dimensional spheroid cell culture model: A
preliminary study. Int ] Biochem Cell Biol. 2017; 89:182-192. DOI: 10.1016/j.biocel.2017.06.014

4. Awashra M, Mlynarz P. The toxicity of nanoparticles and their interaction with cells: an in vitro metabolomic
perspective. Nanoscale Adv. 2023; 5:2674-2723. DOI: 10.1039/d2na00534d

5. Bayda S, Adeel M, Tuccinardi T, et al. The History of Nanoscience and Nanotechnology: From Chemical-Physical
Applications to Nanomedicine. Molecules. 2019; 25:112. DOL 10.3390/molecules25010112

6. Biatkowska K, Komorowski P, Bryszewska M, Milowska K. Spheroids as a Type of Three-Dimensional Cell
Cultures—Examples of Methods of Preparation and the Most Important Application. International Journal of
Molecular Sciences. 2020; 21:6225. https://doi.org/10.3390/ijms21176225

7. Borm PJ, Robbins D, Haubold S, et al. The potential risks of nanomaterials: a review carried out for ECETOC. Part
Fibre Toxicol. 2006; 3:11. DOI: 10.1186/1743-8977-3-11

8. Breslin S, O'Driscoll L. Three-dimensional cell culture: the missing link in drug discovery. Drug Discov Today.
2013; 18:240-249. DOI: 10.1016/j.drudis.2012.10.003

9. CellTiter-Glo  luminescent  cell viability = assay. Accessed: 15. 10. 2023. Available at:
https://worldwide.promega.com/products/cell-health-assays/cell-viability-and-cytotoxicity-assays/celltiter_glo-
luminescent-cell-viability-assay/?catNum=G7570

10.  Chatterjee N, Walker GC. Mechanisms of DNA damage, repair, and mutagenesis. Environ Mol Mutagen. 2017;
58:235-263. DOI: 10.1002/em.22087

11.  Cimino MC. Comparative overview of current international strategies and guidelines for genetic toxicology
testing for regulatory purposes. Environ Mol Mutagen. 2006; 47:362-390. DOI: 10.1002/em.20216

12.  Collins AR. The comet assay for DNA damage and repair: principles, applications, and limitations. Mol
Biotechnol. 2004; 26:249-261. DOI: 10.1385/MB:26:3:249

13.  Contera S. Nano Comes to life: How nanotechnology is transforming medicine and the future of biology.
Princeton University Press. 2019

14.  Cordelli E, Bignami M, Pacchierotti F. Comet assay: a versatile but complex tool in genotoxicity testing. Toxicol

Res (Camb). 2021; 10:68-78. DOL: 10.1093/toxres/tfaa093



Proceedings of 10" Socratic Lectures 2024

SOCRATIC

[ECTURES

UNIVERSITY | Faculty of
OF LJUBLJANA | Health Sciences

&

84 of 165

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Costa EC, Moreira AF, de Melo-Diogo D, et al. 3D tumor spheroids: an overview on the tools and techniques
used for their analysis. Biotechnol Adv. 2016a; 34:1427-1441. DOI: 10.1016/j.biotechadv.2016.11.002

CorviR, Worth A, Madia F, et al. EURL ECVAM strategy to avoid and reduce animal use in genotoxicity testing.
33.Joint Research Centre, Institute for Health and Consumer Protection Publications Office. 2013.
https://data.europa.eu/doi/10.2788/43865

David R. The promise of toxicogenomics for genetic toxicology: past, present and future. Mutagenesis.
2020;35:153-159. DOI: 10.1093/mutage/geaa007

ECHA - European Chemical Agency. Accessed: 15. 10. 2023. Available at: https://echa.europa.eu/legislation-
finder?gad_source=1&gclid=CjwKCAjw5ImwBhBtEiw AFHDZx55-

d9jSrWj668TqFhSeZ2x47659a1b6 UFH7kRVD7CfNWyjCeN1GAhoCqTgQAvD_BWwE.

Edmondson R, Broglie JJ, Adcock AF, Yang L. Three-dimensional cell culture systems and their applications in
drug discovery and cell-based biosensors. Assay Drug Dev Technol. 2014; 12:207-218. DOI:10.1089/adt.2014.573
Elsaesser A, Howard CV. Toxicology of nanoparticles. Advanced Drug Delivery Reviews. 2012; 64:129-137. DOI:
10.1016/j.addr.2011.09.001

Fontoura JC, Viezzer C, Dos Santos FG, Ligabue RA, et al. Comparison of 2D and 3D cell culture models for cell
growth, gene expression and drug resistance. Mater Sci Eng C Mater Biol Appl. 2020 Feb;107:110264. DOI:
10.1016/j.msec.2019.110264

Gornati R, Papis E, Di Gioacchino M, Sabbioni E, et al.“In Vivo” and “In Vitro” Models for Nanotoxicology
Testing. In Nanotoxicity.2009; pp. 279-302. DOI:10.1002/9780470747803.ch15

He X, Deng H, Hwang HM. The current application of nanotechnology in food and agriculture. ] Food Drug Anal.
2019; 27:1-21. DOI: 10.1016/j.jfda.2018.12.002

Hoet PH, Briiske-Hohlfeld I, Salata OV. Nanoparticles - known and unknown health risks. ] Nanobiotechnology.
2004; 2:12. DOI: 10.1186/1477-3155-2-12

Ipek S, Ustiindag A, & Can Eke B. Three-dimensional (3D) cell culture studies: a review of the field of toxicology.
Drug and Chemical Toxicology. 2023; 46: 523-533. https://doi.org/10.1080/01480545.2022.2066114

Kapatczynska M, Kolenda T, Przybyla W, Zajaczkowska M, et al. 2D and 3D cell cultures - a comparison of
different types of cancer cell cultures. Arch Med Sci. 2018; 14:910-919. DOI: 10.5114/aoms.2016.63743
Klingmiiller U, Bauer A, Bohl S, Nickel PJ, Breitkopf K, et al. Primary mouse hepatocytes for systems biology
approaches: a standardized in vitro system for modelling of signal transduction pathways. Syst Biol (Stevenage).
2006; 153:433-447. DOI: 10.1049/ip-syb:20050067

Langhans SA. Three-Dimensional in Vitro Cell Culture Models in Drug Discovery and Drug Repositioning. Front
Pharmacol. 2018a; 9:6. DOI: 10.3389/fphar.2018.00006

Laohathai K, Bhamarapravati N. Culturing of human hepatocellular carcinoma. A simple and reproducible
method. Am J Pathol. 1985; 118:203-208

Maynard AD, Warheit DB, Philbert MA. The new toxicology of sophisticated materials: nanotoxicology and
beyond. Toxicol Sci. 2011; 120 Suppl 1: S109-129. DOI: 10.1093/toxsci/kfq372

Minchinton Al Tannock IF. Drug penetration in solid tumours. Nat Rev Cancer. 2006; 6:583-592. DOI:
10.1038/nrc1893

Nath S, Devi GR. Three-dimensional culture systems in cancer research: Focus on tumor spheroid model.
Pharmacol Ther. 2016; 163:94-108. DOI: 10.1016/j.pharmthera.2016.03.013

Nickson CM, Parsons JL. Monitoring regulation of DNA repair activities of cultured cells in-gel using the comet
assay. Front Genet. 2014; 5:232. DOI: 10.3389/fgene.2014.00232

OECD: Study Report and Preliminary Guidance on the Adaptation of the In Vitro micronucleus assay (OECD
TG 487) for Testing of Manufactured Nanomaterials. 2022. Accessed: 15. 10. 2023. Available at:
https://one.oecd.org/document/env/cbc/mono(2022)15/en/pdf.

Ravi M, Paramesh V, Kaviya SR, Anuradha E, Solomon FD. 3D cell culture systems: advantages and applications.
J Cell Physiol. 2015; 230:16-26. DOI: 10.1002/jcp.24683

Richter M, Piwocka O, Musielak M, Piotrowski I, Suchorska WM, Trzeciak T. From Donor to the Lab: A
Fascinating Journey of Primary Cell Lines. Front Cell Dev Biol. 2021; 9:711381. DOI: 10.3389/fcell.2021.711381
Riss TL, Moravec RA, Niles AL, et al. Cell Viability Assays. In: Assay Guidance Manual [Internet]. Bethesda (MD):
Eli Lilly & Company and the National Center for Advancing Translational Sciences; 2004 (updated 2016 Jul 1)
Ryu NE, Lee SH, Park H. Spheroid Culture System Methods and Applications for Mesenchymal Stem Cells. Cells.
2019 Dec 12; 8:1620. DOI: 10.3390/cells8121620

Saji JJ, Tebogo MS, Ntwasa M. Two-Dimensional (2D) and Three-Dimensional (3D) Cell Culturing in Drug
Discovery. Cell Culture. IntechOpen. 2019. http://dx.doi.org/10.5772/intechopen.81552

Sefried S, Haring HU, Weigert C, Eckstein SS. Suitability of hepatocyte cell lines HepG2, AML12 and THLE-2 for
investigation of insulin signalling and hepatokine gene expression. Open Biol. 2018; 8:180147. DOI:
10.1098/rsob.180147


https://doi.org/10.1016/j.addr.2011.09.001
https://doi.org/10.1016/j.addr.2011.09.001
https://one.oecd.org/document/env/cbc/mono(2022)15/en/pdf

Proceedings of 10" Socratic Lectures 2024

SOCRATIC

[ECTURES

UNIVERSITY | Faculty of
OF LJUBLJANA | Health Sciences

&

85 of 165

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Shulman M, Nahmias Y. Long-Term Culture and Coculture of Primary Rat and Human Hepatocytes. Epithelial
Cell Culture Protocols. 2012; part of the book series: Methods in Molecular Biology; pp. 287-302.
https://doi.org/10.1007/978-1-62703-125-7_17

Singh NP, McCoy MT, Tice RR, Schneider EL. A simple technique for quantitation of low levels of DNA damage
in individual cells. Experimental Cell Research. 1988; 175; 184-191. DOI: 10.1016/0014-4827(88)90265-0

Singh T, Shukla S, Kumar P, et al. Application of Nanotechnology in Food Science: Perception and Overview.
Front Microbiol. 2017; 8:1501. DOI: 10.3389/fmicb.2017.01501

Stampar M, Breznik B, Filipi¢ M, Zegura B. Characterization of In Vitro 3D Cell Model Developed from Human
Hepatocellular Carcinoma (HepG2) Cell Line. Cells. 2020; 9:2557. DOI: 10.3390/cells9122557

Stampar M, Sedighi Frandsen H, Rogowska-Wrzesinska A, et al. Hepatocellular carcinoma (HepG2/C3A) cell-
based 3D model for genotoxicity testing of chemicals. Sci Total Environ. 2021; 755(Pt 2):143255. DOI:
10.1016/j.scitotenv.2020.143255

Stampar M, Tomc J, Filipi¢ M, Zegura B. Development of in vitro 3D cell model from hepatocellular carcinoma
(HepG2) cell line and its application for genotoxicity testing. Arch Toxicol. 2019; 93:3321-3333. DOI:
10.1007/s00204-019-02576-6

Tice RR, Agurell E, Anderson D, Burlinson B, Hartmann A, Kobayashi H, Miyamae Y, Rojas E, Ryu JC, Sasaki YF.
Single cell gel/comet assay: guidelines for in vitro and in vivo genetic toxicology testing. Environ Mol Mutagen.
2000; 35:206-221. DOI: 10.1002/(sici)1098-2280(2000)35:3<206::aid-em8>3.0.co;2-j

Tornqvist E, Annas A, Granath B, Jalkesten E, Cotgreave I, Oberg M. Strategic focus on 3R principles reveals
major reductions in the use of animals in pharmaceutical toxicity testing. PLoS One. 2014; 9:e101638. DOI:
10.1371/journal.pone.0101638

Trédan O, Galmarini CM, Patel K, Tannock IF. Drug resistance and the solid tumor microenvironment. ] Natl
Cancer Inst. 2007; 99:1441-1454. DOI: 10.1093/jnci/djm135

Vandghanooni S, Eskandani M. Comet assay: a method to evaluate genotoxicity of nano-drug delivery system.
Bioimpacts. 2011; 12:87-97. DOI: 10.5681/bi.2011.012

von der Mark K, Gauss V, von der Mark H, Miiller P. Relationship between cell shape and type of collagen
synthesised as chondrocytes lose their cartilage phenotype in culture. Nature. 1977; 267:531-532. DOI:
10.1038/267531a0

Wang H, Brown PC, Chow ECY, Ewart L, Ferguson SS, et al. 3D cell culture models: Drug pharmacokinetics,
safety assessment, and regulatory consideration. Clin Transl Sci. 2021; 14:1659-1680. DOI: 10.1111/cts.13066

Xiao RR, Jin L, Xie N, Luo P, Gao W, Tu P, Ai X. Establishment and large-scale validation of a three-dimensional
tumor model on an array chip for anticancer drug evaluation. Front Pharmacol. 2022; 13:1032975. DOIL
10.3389/fphar.2022.1032975

Yang W, Wang L, Mettenbrink EM, DeAngelis PL, Wilhelm S. Nanoparticle Toxicology. Annu Rev Pharmacol
Toxicol. 2021; 61:269-289. DOLI: 10.1146/annurev-pharmtox-032320-110338

Yang Y, Qin Z, Zeng W, Yang T, et al.Toxicity assessment of nanoparticles in various systems and organs.
Nanotechnology Reviews. 2017; 6: 279-289. https://doi.org/10.1515/ntrev-2016-0047.

Zeilinger K, Freyer N, Damm G, Seehofer D, Knospel F. Cell sources for in vitro human liver cell culture models.
Exp Biol Med (Maywood). 2016; 241:1684-198. DOI: 10.1177/1535370216657448

Zhu S, Gong L, Li Y, Xu H, Gu Z, Zhao Y. Safety Assessment of Nanomaterials to Eyes: An Important but
Neglected Issue. Adv Sci (Weinh). 2019; 6:1802289. DOI: 10.1002/advs.201802289


https://doi.org/10.1515/ntrev-2016-0047

