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REVIEW ARTICLE

Recent advances in three-dimensional cell culturing to assess liver function and
dysfunction: from a drug biotransformation and toxicity perspective

Carlemi Calitza, Josias H. Hammana, Stephen J. Feyb, Krzysztof Wrzesinskib� and Chrisna Gouwsa�
aPharmacenTM, Centre of Excellence for Pharmaceutical Sciences, North-West University, Potchefstroom, South Africa; bDepartment of
Biochemistry and Molecular Biology, University of Southern Denmark, Odense M, Denmark

ABSTRACT
The liver is a vital organ fulfilling a central role in over 500 major metabolic functions, including serv-
ing as the most essential site for drug biotransformation. Dysfunction of the drug biotransformation
processes may result in the exposure of the liver (and other organs) to hepatotoxins, potentially inter-
acting with cellular constituents and causing toxicity and various lesions. Hepatotoxicity can be investi-
gated on a tissue, cellular and molecular level by employing various in vivo and in vitro techniques,
including novel three-dimensional (3D) cell culturing methods. This paper reflects on the liver and its
myriad of functions and the influence of drug biotransformation on liver dysfunction. Current in vivo
and in vitro models used to study liver function and dysfunction is outlined, emphasizing their advan-
tages and disadvantages. The advantages of novel in vitro 3D cell culture models are discussed and
the possibility of novel models to bridge the gap between in vitro and in vivo models is explained.
Progression made in the field of cell culturing methods such as 3D cell culturing techniques over the
last decade promises to reduce the use of in vivo animal models in biotransformation and toxicological
studies of the liver.
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1. Introduction

The liver, a powerhouse of metabolic processes, is a complex
three-dimensional vital organ with a multitude of interrelated
physiological and biochemical functions (Guillouzo 1998;
Wolf 1999; Van Zijl and Mikulits 2010; Singh et al. 2011). Due
to the livers involvement in various metabolic functions, in
particular biotransformation of xenobiotics, it has become
apparent that studying the physiological and pathophysio-
logical condition of the liver is key to drug development
(Van Zijl and Mikulits 2010). On the microscopic level, a myr-
iad of cells within the liver is responsible for this mainten-
ance of normal physiology and biochemistry (Nakamura et al.
2011; Wong et al. 2011). Hepatocytes, comprising 70–80% of
the cytoplasmic liver mass, are the chief functional cells of
the liver. These versatile somatic cells have a remarkable abil-
ity to regenerate and play a central role in the dynamic
homeostasis of the liver (Vekemans and Braet 2005; Holt and
Smith 2007; Ramadori et al. 2008; Nakamura et al. 2011;
Wong et al. 2011). Functions performed by hepatocytes, and
essentially the liver, include exocrine and endocrine func-
tions, protein synthesis and storage, synthesis of cholesterol,
bile salts and phospholipids, metabolism of carbohydrates
and lipids as well as biotransformation of various endogen-
ous and exogenous compounds (Holt and Smith 2007;
Ramadori et al. 2008). The liver sinusoid, a capillary lined

with sinusoidal endothelial cells and surrounded by hepato-
cytes, is the most basic functional unit of the liver. The endo-
thelial cells are separated from the hepatocytes by a small
space referred to as the space of Disse. Small channels
referred to as bile canaliculi are formed between adjacent
hepatocytes. The bile secreted by hepatocytes are collected
into bile ducts and transported to the gall bladder for stor-
age until it is needed in the intestines (Kang et al. 2013).
Other non-parenchymal cells contribute to the remaining
20–30% of the liver mass, these include the stellate cells that
help maintain the extracellular matrix (ECM), Kupffer cells
that act like macrophages, natural killer cells and fibroblasts
(Vekemans and Braet 2005; Kang et al. 2013). These various
hepatic cell types working in a coordinated manner consti-
tute the basic building blocks of the liver as a tissue. During
dysfunction of the liver the ‘normal’ behavior of these cells is
altered influencing growth, differentiation, marker secretion,
invasion, migration or even death. It is these attributes that
are helpful in the investigation of drug biotransformation
and hepatotoxicity during drug development as well as in
the assessment of normal and disease liver states
(Gupta et al. 2016). However, current models to study bio-
transformation and hepatotoxicity hinder the elucidation of
complex mechanistic liver functions, thus the development
of novel experimental tools remain essential (Van Zijl and
Mikulits 2010).
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2. Liver dysfunction

Dysfunction and disease states of the liver results in devastat-
ing and often lethal consequences, as illustrated in Figure 1.
Liver dysfunction presents as either hepatocellular damage
and/or choleostasis and is classified as acute or chronic
depending on the time of onset (Wolf 1999; Featherstone

2007; Privitera et al. 2014). Dysfunction in the form of hepa-
tocellular damage occur due to various inflammatory
responses including steatosis, hepatitis and/or cell death
(necrosis), ultimately resulting in fibrosis and/or cirrhosis
depending on the duration of the assault (Featherstone
2007). Steatosis (fatty liver or nonalcoholic fatty liver disease

Figure 1. The progression from liver damage to liver disease as a result of liver dysfunction (Adapted from Wolf 1999; Heidelbaugh and Bruderly 2006;
Featherstone 2007; Bernal et al. 2010; Hirschfield et al. 2010; Merrel and Cherrington 2011; Panqueva 2014; Privitera et al. 2014).
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(NAFLD)) is defined as the infiltration of hepatic triglycerides
exceeding 5% by weight in the liver that occurs as a result
of dysfunctional lipid metabolism. This accumulation of
lipids may either be microvascular, macrovascular or both
(Featherstone 2007; Merrel and Cherrington 2011).
Microvascular steatosis is influenced by multiple factors and
is also the result of drug toxicity from tetracyclines, while the
development of macrovascular steatosis is attributed to alco-
holic steatosis. NAFLD is the most common liver disorder in
developed countries, is often related to the metabolic syn-
drome, insulin resistance and obesity. Persons suffering from
NAFLD often show few symptoms apart from fatigue or gen-
eral discomfort and so are often diagnosed only during rou-
tine blood tests. Since there is currently no approved
treatment, acute liver failure due to NAFLD remains problem-
atic (Featherstone 2007). Hepatitis or inflammation of hepato-
cytes due to cellular damage is attributed to the dysfunction
of drug metabolism, alcohol metabolism, lipid metabolism
and autoimmune diseases (Heidelbaugh and Bruderly 2006;
Featherstone 2007). The most common cause of chronic
hepatitis, however, remains viral infection (hepatitis C and B
virus) (Featherstone 2007; Ramadori et al. 2008; Bernal et al.
2010).

During choleostasis there is an elevation of substances
excreted by the bile and liver enzymes associated with the
biliary tract as seen in Figure 1 (Featherstone 2007; Panqueva
2014). Accumulation of bile acids due to obstruction of the
bile duct may also damage hepatocytes leading to the onset
of fibrosis and cirrhosis if left untreated (Featherstone 2007;
Hirschfield et al. 2010; Panqueva 2014). Choleostasis impedes
drug biotransformation and metabolism due to sluggish or
stagnant bile flow that impairs the biliary excretion of drugs
causing a decrease in the solubility and absorption of fat sol-
uble vitamins (Featherstone 2007).

The liver has remarkable regenerative capabilities and if
disease states are addressed at an early stage, most of the
hepatocellular damage may be reversed. However, if disease
states are left untreated, then liver scar tissue can form dur-
ing the restorative processes, which is a result of an imbal-
ance between fibrogenesis and fibrolysis. This may lead to
liver fibrosis, which disrupts blood flow and delivery of many
essential substances (Featherstone 2007; Ramadori et al.
2008). Fibrosis is also the endpoint for most disease states
resulting in chronic liver injury (Ramadori et al. 2008).
Continued exposure to harmful substances, unhealthy life-
style habits and disease states can ultimately lead to liver cir-
rhosis and liver failure or cancer (Heidelbaugh and Bruderly
2006; Featherstone 2007; Ramadori et al. 2008; Bernal et al.
2010; Merrel and Cherrington 2011). Thus, addressing pos-
sible liver dysfunction at an early stage may prove to
enhance the life of a great many people.

3. Drug bio-transformation in the liver and its effect
on liver dysfunction

The liver is seen quantitatively and qualitatively as the most
essential site for drug biotransformation due to its ability to
metabolize an almost endless selection of substrates

(Wilkinson 2005; Liddle and Stedman 2006). A lack of bio-
transformation may result in an increase in the bioavailability
and pharmacological activity of most drugs (by reducing the
rate of their removal) (Tingle and Helsby 2006). Some drugs
are inactive (‘prodrugs’) and need to undergo bio-activation
to form the pharmacologically active metabolites. Hepatic
drug biotransformation is governed by various factors includ-
ing hepatic blood flow, plasma albumin binding, hepatocyte
drug uptake, the functional integrity of hepatocytes as well
as influences of the hepatobiliary system (George 1995;
Ahmed and Siddiqi 2006). The biotransformation process can
result in the production of hepatotoxins which may elicit
interactions with cellular constituents, including proteins, lip-
ids, ribonucleic acid (RNA) and deoxyribonucleic acid (DNA),
which eventually will cause hepatotoxicity and various liver
lesions, most frequently steatosis (Guillouzo 1998; Singh et al.
2011). These interactions can result in a series of events in
the liver, with a subsequent reaction from the liver as a result
of injury. Liver toxicity due to pharmaceuticals and xenobiot-
ics remain a concern as this is associated with distinct histo-
pathological and clinical phenotypes, namely steatosis,
choleostasis and hepatitis as illustrated in Figure 1 (Driessen
et al. 2013; Sirenko et al. 2016). Currently, preliminary hepato-
toxicity studies rely strongly on the extrapolation of data
obtained from in vivo animal models and available in vitro
cell culture models (Nakamura et al. 2011; Sirenko et al.
2016). Therefore, developing complex systems that can easily
identify as well as effectively test potential hepatotoxicity
remain an area of active investigation (Sirenko et al. 2016).

4. Current models used to study drug
biotransformation and dysfunction in the liver

Due to the critical role of drug biotransformation in the
development of new drug entities, as well as the potentially
serious effects liver dysfunction may have on drug plasma
levels and overall well-being of patients, numerous models
and techniques have been developed to study dysfunction of
the liver and its impact on drug biotransformation pathways.
All these models and techniques have advantages and disad-
vantages, and the most suitable model must be selected for
each application. The models and techniques frequently used
for these various applications is briefly summarized in
Table 1, along with some advantages and disadvantages.
Animal models and the ethical considerations they involve,
as well as the recent advances in three-dimensional cell cul-
ture techniques are discussed in more detail below.

4.1. Animal models: Ethical considerations and advances

In vivo animal models are able to take into account the com-
bined effect of all pharmacokinetic parameters and pharma-
cological effects (i.e. multifactorial), while in vitro models can
only measure a limited number of features (Zhang et al.
2012). The relevance of animal models may be questionable
due to species differences, but the importance of these mod-
els in the development and testing of medicines, especially
toxicity, is irrefutable. Historically, approximately 70% of
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human drug toxicities have been identified through animal
testing; however, the development of better models for the
prediction of human hepatotoxicity and liver dysfunction
remains critically important (Davila et al. 2007; Freires et al.
2017). In vivo studies involving various animal species still
serve as the gold standard in toxicology research, although a
question raised more often than not is the moral legitimacy
of animal experimentation (Paixåo and Schramm 1999;
Soldatow et al. 2013; Freires et al. 2017). From an ethical
point of view, a strong need exists for the development of
long term in vitro screening models, enabling the reduction
of the number of animal subjects currently used in drug
development in an attempt to abide by the three R’s prin-
ciple (i.e. reduce, replace and refine) (Baumans 2004; Hewitt
et al. 2007; Freires et al. 2017). Furthermore, species differen-
ces between animals and humans can result in variances
such as different levels of expression of various membrane
transporters and metabolizing enzymes, relevant in areas of
drug delivery, drug toxicity as well as drug interactions
(Saboli�c et al. 2011). The most important drawback relating
to species differences between mouse, rat, dog, monkey and
human CYP-mediated drug metabolism, inhibition and induc-
tion have been extensively reviewed by Martignoni et al.
(2006). The search for alternative models to address these
shortcomings has increased in recent years, and the
Zebrafish, a lower invertebrate in vivo model, has been found
to be a valuable model for in vivo hepatotoxicity testing and
drug discovery, overcoming many of the limitations men-
tioned (Driessen et al. 2013; Freires et al. 2017).

The Zebrafish (Danio rerio) is a tropical freshwater fish of
the Cyprinidae family with an approximate length of 5 cm
(Driessen et al. 2013; Freires et al. 2017). This in vivo model is
well characterized, offering various advantages such as a
completely sequenced genome with 71% of its genes hom-
ologous to humans’, a short life cycle, accessibility and avail-
ability. Furthermore, the transparency of the zebrafish during
larval stage allows for direct assessment of drug toxicity in a
96-well plate format, while the generation of high numbers
of test subjects facilitates high throughput testing (McGrath
and Li 2008; Driessen et al. 2013; He et al. 2013; Mesens
et al. 2015; Freires et al. 2017). The assessment of drug
induced hepatotoxicity in the Zebrafish is possible because
of the similarities in the means by which the Zebrafish reacts
to xenobiotic chemicals, including phase I and II biotrans-
formation, exhibiting mechanisms of enzyme induction as
well as oxidative stress when compared to these mechanisms
in mammals (McGrath and Li 2008; Mesens et al. 2015).
Zebrafish have been used successfully in enzyme reporter
assays, cytochrome P450 assays, the visual assessment of liver
necrosis and in evaluating histopathology (McGrath and Li
2008). Although this model still requires ethical approval it
does address the three R’s, since fewer animals are needed
and because this is a lower invertebrate that can replace ver-
tebrates (Redfern et al. 2008; Freires et al. 2017). However,
there are still various limitations involved such as the need
for specialized equipment, facilities and maintenance staff. To
determine the effective compound concentration in the
Zebrafish seems to be problematic, as it poses limitations
when correlated and extrapolated to dosages administered

to humans and rodents (Diekmann and Hill 2013; Freires
et al. 2017). Other limitations include difficulty in achieving
accurate oral dosages as most dosages are absorbed through
the skin, and hepatotoxicity assessment is currently limited
to acute studies (Hill et al. 2005; Redfern et al. 2008;
Diekmann and Hill 2013; Flemming and Alderton 2013).

4.2. Three-dimensional cell culture models: Current
advances in hepatotoxicity and biotransformation
screening

In recent years, the efficacy of current two-dimensional in
vitro cell culture models has increasingly come into question
(Antoni et al. 2015). Efforts to improve the existing in vitro
cell-based methods, used for pharmacokinetic and toxicity
investigations as well as liver dysfunction, has shown that
the physiological relevance of the system should be taken
into consideration (Donato et al. 2008; Antoni et al. 2015). It
is important to remember that the liver is a three-dimen-
sional organ, established by cells in vivo that are continu-
ously interacting with neighboring cells, as well as the
extracellular matrix. These interactions by means of biochem-
ical and mechanical signals are of utmost importance in nor-
mal cell and organ physiology (Lin and Chang 2008; Bell
et al. 2016; Braj�sa et al. 2016). Some critical tissue-specific
properties are absent in traditional two-dimensional (2 D) in
vitro cell culture models, far removed from the natural in vivo
state (Lin and Chang 2008; Antoni et al. 2015). Some of the
important differences between cells cultured in 2D and 3D
are presented in Table 2.

Three-dimensional (3 D) cell culturing systems are being
explored in an attempt to establish novel in vitro models,
capable of resembling native tissue and their normal func-
tions more closely to ensure higher physiological relevance
(See Table 3), while at the same time bridging the gap
between current in vitro and in vivo models (Lin and Chang
2008; Wrzesinski and Fey 2013; Bell et al. 2016). In the last
two decades, numerous advances have been made to pro-
duce high fidelity 3 D in vitro models using systems capable
of long term maintenance, resulting in more accurate deter-
mination of drug activity, biotransformation and toxicology
(Antoni et al. 2015). All the systems discussed offer various
advantages and disadvantages which should be assessed
individually before deciding on an appropriate method for a
specific application.

4.2.1. Spheroid and organoid models
Spheroids are cell aggregates that are cultured in dynamic or
static systems. Spheroid culture is seen as the best character-
ized model for 3 D culturing. Spheroid cultures as a model
offers reproducibility, simplicity, as well as distinct similarities
to the in vivo situation when compared to other models, and
are also seen as a primary tool in drug discovery initiatives
(Hirschhaeuser et al. 2010; Tung et al. 2010). The main differ-
ence between spheroids and other 3 D culturing techniques,
such as scaffolds and hydrogels, is that spheroid assembly
mimics the natural processes occurring during embryogen-
esis, morphogenesis and organogenesis with cell-cell
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interactions dominating over cell-scaffold interactions
(Hirschhaeuser et al. 2010; Tung et al. 2010; Achilli et al.
2012; Fang and Eglen 2017). This model effectively mimics
avascular tumors through the formation of molecular gra-
dients, namely oxygen, nutrient and growth gradients
(Hirschhaeuser et al. 2010; Van Zijl and Mikulits 2010; Achilli
et al. 2012; Fang and Eglen 2017). Spheroids can be cultured
using hanging drop systems, rotating micro-gravity bioreac-
tors, spinner flasks, ultra-low attachment plates, self-aggrega-
tion systems, microcarrier beads and pellet cultures (Lin and
Chang 2008; Achilli et al. 2012; Breslin and O’Driscoll 2013;
Page et al. 2013; Soldatow et al. 2013; Wrzesinski and Fey
2015; Fang and Eglen 2017).

4.2.1.1. Hanging drop cultures. Hanging drop spheroid cul-
tures are the result of suspended cells at various seeding
densities, which assemble through self-aggregation by means
of gravitational forces at the air liquid interface of specifically
designed 96-well plates (Messner et al. 2013; Kim et al. 2015).
Messner et al. (2013) developed multi-cell liver spheroids for
hepatotoxicity testing by co-culturing primary human hepa-
tocytes with the non-parenchymal Kupffer and endothelial
cells, to be used in inflammation mediated hepatotoxicity
testing. Spheroids were allowed to form for three days after
being seeded onto a 96-well hanging drop culture platform
(GravityPLUSTM) and were subsequently transferred to non-
adhesive spheroid-specific GravityTRAPTM 96-well plates.
Spheroids were maintained for a duration of 5weeks. Cell
viability was measured by means of an ATP assay and mor-
phological characterization was done by immunohistochemis-
try. Results obtained from the ATP assay indicated that the
spheroids remained stable and functional over the 5-week
period, with Kupffer and endothelial cells distributed
throughout the spheroids.

Immunohistochemistry also indicated the presence of the
broad specificity efflux pump (multi-drug resistance protein
1, MDR1) and bile salt export pump (BSEP). During hepato-
toxicity testing over 14 days with acetaminophen and diclofe-
nac, spheroids treated with acetaminophen presented with

concentration dependant cell death, with a half maximal
inhibitory concentration (IC50) value of 754.2 mM, while sphe-
roids treated with diclofenac presented with increased sensi-
tivity and an IC50 value of 178.6 mM. Results indicated that
this model allowed for the routine testing of compounds as
well as determining chronic and inflammation mediated tox-
icity (Messner et al. 2013).

Gunness et al. (2013) explored HepaRG spheroids by
means of the static hanging drop system and maintaining
them in culture for a period of 3weeks. Functionality was
accessed by determining phase I enzyme and transporter
activities as well as the expression of liver-specific proteins.
To access if the model can be employed to predict hepato-
toxicity and bio-transformation the model drugs acetamino-
phen, troglitazone and rosiglitazone were administered. All
results where possible were compared to classic 2D cell cul-
turing techniques. Results indicated that the spheroid cul-
tures maintained liver-specific functionality while expressing
liver-specific markers such as albumin, CYP3A4, 2E1 and MRP-
2 during the 3-week culturing period. With significantly
higher production of albumin and CYP2E1 activity in the 3D
cultures compared to the classic 2D cell cultures. Toxicity
assessment indicated that the half maximal effective concen-
tration (EC50) value of 2.7mM obtained for acetaminophen in
3D cultures correlated with published in vivo data. Indicating
that spheroids constructed from HepaRG cells can serve as a
valuable in vitro tool for the assessment of incidences of
acute and possibly chronic hepatotoxicity.

4.2.1.2. Microgravity cultures. Wrzesinski et al. developed
and characterized a microgravity bioreactor spheroid cell cul-
turing system using the immortal hepatic HepG2/C3A cell
line, a subclone of the widely used HepG2 cell line (Fey and
Wrzesinski 2012a; Wrzesinski and Fey 2013; Wrzesinski et al.
2013; 2014). In 2012, Fey and Wrzesinski investigated the
median lethal dose (LD50) of six drugs (acetaminophen, amio-
darone, diclofenac, metformin and valproic acid), commonly
used in toxicity studies, by means of microgravity bioreactors
and HepG2/C3A cell spheroids while comparing data from to

Table 2. Main differences between two-dimensional and three-dimensional cultured cells.

Two-dimensional (2D) cell culturing Three-dimensional (3D) cell culturing

Cells can only be cultured for a limited period (days to one week) without
intervention, allowing only acute toxicity studies.

Cells can be cultured for longer time periods (weeks to months) without
intervention, allowing both acute and chronic exposure during toxicity
studies.

Standardised and established assays are available to measure bio-transform-
ation and toxicity.

Methods and assays to determine bio-transformation and toxicity are not
standardized and are still being developed.

Altered cellular differentiation as cells are committed to cell growth, rather
than differentiation.

Greater amount of cellular differentiation as cells within 3D constructs are at
various stages of the cell cycle, resulting in in vivo tissue-like structures
within aggregates.

Cells cultured in 2D present with unnatural cell shape, geometry and morph-
ology, altering cellular communication and the cytoskeleton.

Cells cultured in 3D present with a more natural cell shape, geometry and
morphology, better facilitating cell-cell communication, regulatory mecha-
nisms and signaling networks.

Physiological relevance is questionable as most cells in vivo grow as aggre-
gates rather than monolayers. Cells in the 2D environment adapt to the
unnatural flat and ridged surfaces, which results in constructs with altered
cellular metabolism, biochemical features and cell cycle kinetics.

More physiologically relevant as most organ and tissue structures in vivo con-
sist of cell aggregates. Cells within 3D constructs adopt tissue-like struc-
tures with more physiologically relevant cellular metabolism, biochemical
features and cell cycle kinetics.

Data collected from 2D experiments lack clinical relevance, since it provides
misleading data in many instances, not representative of the in vivo
response because of altered cellular responses

Provides clinically relevant data, more representative of the in vivo condition
and, in many instances, comparable with animal studies.

Adapted from Khoruzhenko 2011; Breslin and O’Driscoll 2013; Wrzesinski et al. 2014; Edmondson et al. 2014; Antoni et al. 2015; Braj�sa 2016; Fang and Eglen
2017.
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2D cell cultures and available in vivo observations. To cir-
cumvent uncertainty experienced regarding cell numbers
and population size, the spheroid data was normalized to
amount of protein (mg) present within the spheroids. The lat-
ter allowed for dosages administered to spheroids to correl-
ate with dosages administered to animal models during in
vivo toxicity studies (mg/Kg). Spheroids were prepared using
AggreWellVR 400 plates and cultured within resealable bioreac-
tors (Fey and Wrzesinski 2012b patent). Microscopy, planim-
etry and protein content were evaluated, and they found the
comparison of planimetric area and protein content of the
spheroids to demonstrate a clear correlation with a relative
standard deviation (RSD) of 21%. Intracellular ATP content
was measured to determine cell viability for each of the drug
treatments. Data from the later correlated better with pub-
lished in vivo data than with LD50 values obtained using
either primary hepatocytes or with cell lines in 2D culture
(correlation coefficient of 86% compared to either 75% or
55%, respectively), indicating the usefulness of this in vitro
technique for determination of LD50 values (Fey and
Wrzesinski 2012a).

Wrzesinski and Fey (2013) then went on to determine that
18 days of culture is needed for HepG2/C3A spheroids to
reestablish physiological functions and ultra-structural traits
after trypsination. Trypsination at regular intervals such as is
needed for continuous 2D cell culturing will result in a dis-
ruption of advanced cellular functions, signal transduction,
gene expression as well as influencing ECM repair processes
and natural cell structure (Page et al. 2013; Wrzesinski and
Fey 2013). Wrzesinski and Fey found that cells recover after
trypsination in 3D cultures. However, in 2D cultures cells
must be trypsinised every 5 days, preventing them from
recovering, placing 2D cells in a continuous ‘wound healing’
cycle, whereas, with the 3D spheroids this recovery contin-
ues up until 15–18 days, as suggested by changes in adenyl-
ate kinase, ATP, urea and cholesterol production. The latter
corresponded well with published literature as several other
cell lines, namely Caco-2, HT 29, MDCK, MCF-10 A and
HepG2, are reported to have similar recovery, needing
between 15 and 21 days. Wrzesinski and Fey thus proposed
that this is a pervasive recovery process rather than differen-
tiation, which may explain the physiological capabilities that
more closely resemble in vivo conditions within 3D spheroid
cultures.

In 2013, Wrzesinski et al. continued to determine that the
HepG2/C3A 3D spheroids exhibited stable physiological func-
tionality for a duration of at least 24 days after this recovery
from trypsination. They found that 3 D spheroid culture pro-
vides a metabolically competent homeostatic cell model that
reaches equilibrium within the culturing environment for a
period of at least 24 days. Such a stable system permits
determination of drug toxicity and mode of drug action,
evaluation of biomarkers as well as the study of system biol-
ogy, all of which requires metabolic functions to be stable
over a long-term period (Justice et al. 2009; Wrzesinski et al.
2013; Antoni et al. 2015).

They further strengthened their argument by investigating
the proteome of both exponentially growing 2D cells and
the 3D spheroids at dynamic equilibrium. They concluded

that there are significant changes within every aspect of cel-
lular metabolism that serves as the foundation of architec-
tural, functional and physiological differences within cells.
Cells grown in 3D constructs such as spheroids at dynamic
equilibrium are focused on functionality, effectively mimick-
ing the in vivo condition (Page et al. 2013; Wrzesinski et al.
2014; Antoni et al. 2015).

4.2.1.3. Spinner flasks. The human HepaRG cell line is a well
characterized cellular model used to study the incidence and
prediction of drug-induced hepatoxicity (Leite et al. 2012;
Szabo et al. 2013; Nelson et al. 2017). Monolayer cultures
show phenotypic characteristics similar to primary human
hepatocytes, which include the expression of phase I, II and
III liver enzymes, sensitivity towards protypical inducers as
well as the possibility for several weeks of culturing with a
stable phenotype (Leite et al. 2012; Nelson et al. 2017). Leite
and associates (2012) investigated the long-term 3D cultur-
ing of HepaRG employing spinner flasks. These HepaGR sphe-
roids maintained liver-specific functions mimicking in vivo
liver morphology for seven weeks, as well as a dose-depend-
ent effect to acetaminophen exposure.

4.2.1.4. Ultra-low attachment plates. Janorkar et al. (2011)
created a 3D steatosis model using elastine-like polypep-
tide-polyethyleneimine co-polymer coated plates, resulting
in the spontaneous aggregation and spheroid formation of
a H35 rat hepatoma cell line that mimics the in vivo liver
architecture and provides information on transcription
regulation in fatty liver disease. The latter is seen in the
ability of the model to promote the reuptake of fatty acids,
accumulation of triglycerides, decrease in proliferation,
depressed liver-specific functions and the accumulation of
reactive oxygen species. This model thus provides a plat-
form for the elucidation of relationships that exist during
nonalcoholic fatty liver disease available in a 3D model
(Janorkar et al. 2011).

Wong et al. (2011) created sized controlled self-aggregat-
ing static spheroids termed hepatospheres, and co-cultured
heterospheres from primary hepatocytes and hepatic stellate
cells – both isolated from adult Sprague-Dawley rats. As a
means to circumvent and address the challenge of producing
large amounts of uniform sized hepatospheres and hetero-
spheres, the spheroids were cultured by constructing con-
cave microwell arrays with diameters between 300 mm and
500 mm, from poly(dimethylsilohexane) (PDMS) membranes
and treating the membranes with 3% (w/v) bovine serum
albumin (BSA) to prevent cell attachment. Both monoculture
hepatospheres and co-cultured heterospheres were cultured
for a period of 12 days. The cell viability and morphology of
the outer and inner structures, namely bile canaliculi and
cell-cell contacts, were determined on day three of culturing
using scanning electron microscopy and transmission elec-
tron microscopy. Functional assessment relating to urea and
albumin secretion, as well as CYP3A4 activity of both hepato-
spheres and heterospheres were conducted on days 1, 3, 5, 7
and 9 after culture initiation. Results indicated that hepatic
stellate cells play an important role in the control and
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organization of spheroid aggregates and in establishing cell
to cell communication. The functional assessment showed an
increase in albumin secretion of 30%, as well as an increase
in CYP3A4 production in heterospheres compared to hepato-
spheres on day 8 and 9, respectively. Urea secretion of both
heterospheres and hepatospheres remained unchanged.
Based upon these findings, Wong et al. (2011) proposed that
these heterospheres be used to create an artificial 3 D hep-
atic tissue construct to assess liver hepatotoxicity, regener-
ation and failure.

Bell et al. (2016) developed and characterized an easily
scalable 3D spheroid system. Primary human hepatocytes
were allowed to self-aggregate within low binding 96-well
plates, creating spheroid within 7 days. Spheroid phenotypes
and molecular signatures were assessed and compared to
2D cells by means of proteomic analysis. This self-aggregat-
ing static system was shown to be functional for a period
of 35 days according to haemotoxylin and eosin (H&E) scan-
ning, immunohistochemical staining and physiological
parameters assessed. This spheroid system also proved to
be an excellent model to study the incidence of drug
induced liver injury, as five known hepatotoxins (amiodar-
one, bosentan, diclofenac, fialuridine and tolcapone) were
evaluated and half maximal effective concentration (EC50)
results approached clinically observed concentrations. Co-
culture with non-parenchymal cells is also possible in this
system, to even more closely resemble the in vivo situation.
By being able to chemically induce liver dysfunction in this
system, it is a promising in vitro model to study liver
dysfunction and disease (Bell et al. 2016).

Induced pluripotent stem cells (iPSC)-derived hepatocytes
offers a hepatic model that closely represents primary hepa-
tocytes due to comparable functionality and phenotypes,
while overcoming batch to batch variability and limitations
found within the latter (Sirenko et al. 2016). Sirenko et al.
created a static three-dimensional spheroid model from iPSC-
derived hepatocytes within a matrix suspension, cultured in
96-well GravityTRAP ultra-low attachment spheroid plates for
a period of 72 hours. They attempted to develop and charac-
terize confocal high-content imaging as a high-throughput
screening technique, to establish drug induced hepatotoxicity
of 50 known hepatotoxic drugs and comparing this to the
HepG2 cell line and 2D cell culturing. By employing fluoro-
phores with the capacity to determine cell viability, DNA
binding, incidences of apoptosis and mitochondrial markers
in combination with high content screening, one can over-
come the use of classic disruptive spheroid analysis techni-
ques in high-throughput screening. The assays employed
enabled characterization of hepatotoxicity by evaluation of
spheroid size, cell number and spatial disruption, viability,
nuclear characterization, apoptosis and mitochondrial poten-
tial. Their results indicated significant differences across the
two cell types (iPSC and HepG2) and at different culturing
conditions (2 D and 3D spheroids), with regard to the
pharmacological effects expressed by the model compounds.
The latter indicated the potential of using spheroids from
iPSC-derived hepatocytes in combination with confocal imag-
ing techniques in high-throughput screening to determine of
drug induced hepatotoxicity (Sirenko et al. 2016).

4.2.2. Hydrogel and scaffold supports
Hydrogels and scaffold supports are attractive methods for
growing cells in three dimensions. This group of models
refers to synthetic three-dimensional constructs produced
from various materials, offering differences in porosities, per-
meability, surface chemistry and mechanical attributes
(Hayward et al. 2013; Fang and Eglen 2017). The extra cellular
matrix (EMC) plays an important role in the growth, differen-
tiation, polarization, maintenance and signal transduction of
cells growing in vivo, and typically the EMC is composed of
various proteins, namely laminin, collagens, elastin, glycopro-
teins and proteoglycans (Hughes et al. 2010; Verhulsel et al.
2014). To mimic this in vivo-like environment in vitro, a var-
iety of hydrogels and scaffolds can be used to create an arti-
ficial ECM. Hydrogels and scaffolds are biomaterials that can
be grouped into two main categories, namely natural and
synthetic (Hoffman 2012; Verhulsel et al. 2014; Fang and
Eglen 2017). Natural hydrogels and scaffolds can be simple
compounds, consisting of purified mixed proteins such as
collagen, gelatin, fibrin and laminin; or they can be obtained
from living cells such as the commercialized matrix
MatrigelTM, consisting primarily of laminin, collagen IV and
enactin (Hughes et al. 2010; Hoffman 2012; Verhulsel et al.
2014; Fang and Eglen 2017). Other natural hydrogels or scaf-
folds include chitosan, alginate, agarose and silk fibers that
are derived from natural materials. Conversely, synthetic
hydrogels and scaffolds are produced from synthetic, non-
biodegradable, porous polymers that are inert, reproducible
and versatile (Hayward et al. 2013). The latter includes
poly(ethylene-glycol), diacrylate, poly(acryl-amide) and
poly(vinyl-alcohol) (Verhulsel et al. 2014). Hydrogels and scaf-
folds have been explored as biomaterial for many years offer-
ing a hydrophilic character, biocompatibility, chemical
stability as well as being biodegradable in certain instances.
These attributes make them valuable to the fields of three-
dimensional cell culturing and tissue engineering
(Hoffman 2012).

The two-week cultivation of HepG2 liver cells in 3D con-
structs by encapsulating cells within two different sodium
alginate-based hydrogels, SLM100 and SLG100 was also
investigated and made possible. To understand cell-matrix
interactions and systemic behavior on a micro-scale, cell via-
bility, morphology and drug metabolism were quantitatively
and qualitatively studied. All results, where possible, were dir-
ectly compared to classic 2 D cell cultures. The results
obtained by Lan et al. (2010) indicated that encapsulated
HepG2 cells showed high cellular viability, albeit slight prolif-
eration within 14 days of cultivation. The production of
CYP1A1 and CYP3A4 liver-specific enzymes, as well as phase
II glutathione production over the 14-day cultivation period
indicated viability as well as functionality of the encapsulated
cells. The encapsulated cells were also capable of the linear
bio-transformation of the pro-drug EFC (7-ethoxy-4-trifluoro-
methyl coumarin) to HFC (7-hydroxy-4-trifluoromethyl).

To improve commercially available polystyrene-based
scaffolds modifying surface properties was explored.
Polystyrene-based scaffolds are produced by means of poly-
HIPE technology (porous polymers derived from high internal
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phase emulsions) and have the advantages of being highly
porous, with controllable morphology and suitable mechan-
ical properties. Hayward et al. (2013) attempted to overcome
one of the major limitations of these polystyrene based scaf-
folds, namely surface chemistry. The extracellular matrix of
cells in vivo allows for cell anchorage, cell-cell communication
and normal functionality of cells. While carbohydrates and
proteins provide biochemical cues to aid in the regulation of
normal cellular function, the aforementioned are not pro-
vided by polystyrene-based scaffolds. The aim was to mimic
these surface interactions by surface functionalization with
galactose, a carbohydrate that is known to bind to hepato-
cytes by means of the asialoglycoprotein receptor (ASGPR).
A parent formulation, SDE-polyHIPE, was constructed from
the monomers styrene (STY), divinylbenzene (DBV) and 2-eth-
ylhexylacrylate (EHA). A 26% pentafluorophenyl acrylate in a
SDE-polyHIPE mixture was further modified by coupling
either 2’-aminoethyl-b-D-glucopyranoside or 2’-aminoethyl-
b-D-galactopyronoside to create Glu-SDE-polyHIPE and Gal-
SDE-polyHIPE, respectively. HepG2 cells and cryopreserved
primary hepatocytes derived from Sprague-Dawley rats were
then seeded onto the three constructs and allowed to grow
under normal culture conditions. The morphology of the
26PFPA-SDE-polyHIPE was characterized using scanning elec-
tron microscopy (SEM) and, using the HepG2 cell culture,
histological analysis was performed. The results indicated
that after 5 days of growth cells anchored and formed tissue-
like layers in a similar fashion as commercially available
Alvetex scaffolds that served as control. Image analyses indi-
cated that cells appeared healthy and viable, with no signs
of necrosis although less penetrations of the cells are noticed
compared to the control due to the smaller void area of the
26PFPA-SDE-polyHIPE construct. After functionalization of the
26PFPA-SDE-polyHIPE with aminoethyl glycosides, the surface
carbohydrates were characterized, primary rat hepatocytes
were cultured onto the Glu-SDE-polyHIPE and Gal-SDE-
polyHIPE constructs and albumin secretion was assessed.
The results indicated that the addition of galactose to
polystyrene based scaffolds proved to be advantageous in
adhesion of hepatocytes to these scaffolds and improved
cellular functionality.

4.2.3. Microfluidic, organs on chips and bioartificial liver
models
Microfluidic technology provides an adaptable platform for
biological applications, offering various advantages. It is a
system of microscale dimensions corresponding to the cellu-
lar organization found in the in vivo situation, with chemical
gradients able to mimic the dynamic micro-environment
(Kim et al. 2015; Gupta et al. 2016). It is of the utmost
importance that the micro-environment within 3D cell cul-
tures should mimic the in vivo physiological conditions.
Microfluidic technology has the potential to replicate realistic
fluid retention times and liquid-to-cell ratios (Kim et al. 2015).
This multifaceted technology allows for the handling of sev-
eral processes at once during cellular growth, in that it sup-
plies nutrition, liquid flow, oxygen as well as removal of
degradation products. The construction material of

microfluidic devices is often permeable to oxygen (enhancing
growth and proliferation), and as sample and reagent
volumes are so small it also provides a very cost-effective
platform. Typical substances used in the construction of
microfluidic devices are glass, silicon, polymers (poly-dime-
thysiloxane (PDMS), polycarbonate (PC), polystyrene (PS) and
poly-methyl methacrylate (PMMA)) and chromatographic
paper. Cells are grown either with the support of hydrogels
or in gel-free systems (Gupta et al. 2016).

4.2.3.1. Microfluidics. A dynamic microfluidic bioreactor as
alternative in vitro hepatotoxicity testing method was created
using the transparent polymer polydimethylsiloxane (PDMS).
In this system, hepatic HepG2/C3A cells were seeded onto
micro bioreactors coated with fibronectin. Viability experi-
ments were conducted over 96 hours and all experiments,
where possible, were related to static 2 D culturing condi-
tions. Viability was investigated by means of lactate dehydro-
genase, and bio-transformation by monitoring glucose,
glutamine, ammonia and albumin concentrations as well as
the expression of CYP1A1. Their findings indicated that cell
proliferation was dependent on cell seeding density and flow
rate, and the increased proliferation and metabolism within
the dynamic conditions compared to the static conditions
indicated the importance of a dynamic microenvironment for
optimal cell metabolic activity (Baudoin et al. 2011).

Prot et al. (2012) then incorporated the use of integrated
systems biology with microfluidics and biochip data for the
use in the transcriptomic, proteomic and metabolomic pro-
files assessment during hepatotoxicity of HepG2/C3A cells
exposed to 1mM acetaminophen (APAP). Biochips where fab-
ricated from PDMS and coated with fibronectin before seed-
ing cells onto the biochips as described (Baudoin et al. 2011).
All experiments were compared to normal 2 D cell culture,
and untreated cells showed adaptive cellular responses to
the microfluidic environment. However, cells treated with
APAP resulted in perturbation of calcium homeostasis, lipid
peroxidation and apoptosis due to the reactive metabolite
N-acetyl-p-benzoquinoneimine (NAPQI) produced from APAP.
Reported biomarkers of hepatotoxicity from APAP ingestion
and glutathione depletion namely 2-hydroxybutyrate and
3-hydroxybutyrate, and the consumption of methionine, cyst-
eine and histidine were observed in treated biochips. The
later correlated well with literature and resulted in a more
complete reconstruction of the APAP injury pathways, dem-
onstrating a potential new approach to predictive toxicology
(Prot et al. 2012).

4.2.3.2. Organs on chips. Organs on chips is an emerging
and promising platform to study bio-transformation and
drug toxicity, with the potential to study bio-threats and
even chemical warfare. Bhise (2016) reported on a directly
accessible liver on chip platform that can be employed for
long term 3D culture of human HepG2/C3A spheroids for
four weeks, as a means of investigating drug toxicity com-
parable to in vivo conditions. Perfusable bioreactors were
fabricated via a bioprinting approach, using polydimethylsi-
loxane (PDMS) and poly-(methyl methacrylate) (PMMA).
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These bioreactors where then loaded with self-aggregating
HepG2/C3A spheroids, encapsulated in photocrosslinkable
gelatin methacryloyl (GelMA) hydrogel. The latter was incu-
bated under continuous perfusion at 200 ml h�1 for 30 days,
allowing evaluation of cellular functionality and response to
an acute dosage of 15mM acetaminophen (APAP). Secretion
of the hepatic biomarkers namely: albumin, a1-antitrypsin
(A1AT), transferrin and ceruloplasmin, were used to deter-
mine cellular functionality. Immunostaining was used to
assess the non-secreted cellular proteins cytokeratin 18, mul-
tidrug resistance-associated protein II (MRP2) bile canalicular
transport proteins and tight junction protein ZO-1. Both the
secreted and non-secreted proteins remained fully functional
and stable for 30 days within the bio-printed constructs.
However, this metabolic activity significantly decreased
within the bio-printed constructs during the course of treat-
ment with APAP, correlating well with data previously
published by Fey and Wrzesinski (2012b).

As the human body is composed of interrelated tissue sys-
tems, microfluidic devices capable of mimicking the in vivo
situation by simultaneously culturing various cell lines will be
advantageous (Huh et al. 2011). Materne et al. (2015) have
attempted just that by the 14-day long-term simultaneous
culturing of NT2 neurospheres and co-cultured HepaRG and
human hepatic stellate liver spheroids on a microfluidic
organ on chip model. The microfluidic system was molded
from apolydimethylsiloxane (PDMS) bonded to a glass micro-
scope slide, consisting of two compartments for spheroid cul-
turing and three pump membranes. Liver spheroids and
neurospheres, created by means of the hanging-drop model,
were loaded into the culturing compartments in HepaRG
growth medium. Growth medium samples were taken daily
to determine lactate dehydrogenase (LDH), glucose and lac-
tate analyses, while drug biotransformation and toxicity of
2.5-hexanedione (16mM and 32mM) were assessed from day
6 by means of terminal deoxynucleotidyl transferase dUTP
Nick-end labeling (TUNNEL) assay and physiological parame-
ters. Results indicated that cells were viable for a period of
14 days, showing tissue specific expression of markers such
as CYP3A4 and MDR2, and the ability to respond to the toxic
onslaught of 2,5-hexanedione (Materne et al. 2015).

4.2.3.3. Hollow-fiber reactor. Shen et al. (2010) developed a
polysulfone-g-poly (ethylene glycol) (PSf-g-PEG) hollow fiber
to circumvent the instances of adsorption of hydrophobic
drugs onto these hollow fiber systems. Two hollow fibers
were produced and characterized, polysulfone (PSf) and poly-
sulfone-g-poly (ethylene glycol) (PSf-g-PEG). Freshly isolated
hepatocytes were imbedded in a type I collagen gel and
then loaded into the hollow fibers by injection, cut into 2 cm
sections and cultivated for 48 hours. To create a cylindrical
gel, hepatocytes in collagen gel were loaded into hollow
fibers and extruded after 10minutes. After 48 hours of culti-
vation in various conditions, CYP1A2, 3 A and 2E1 activity
and drug hepatotoxicity of model drugs (tetracycline, aza-
thioprine, acetaminophen, salicylate, clozapine, rifampicin,
chloroquine and aminodarone) were measured within PSf,
PSf-g-PEG and cylindrical gels. The culturing medium of

cell-free hollow fibers were also analyzed to determine drug
adsorption to these model drugs after 48 hours. The results
indicated that cells within the hollow fibers showed aggre-
gate formation after 48 hours, compared to cells within the
cylindrical gels which remained dispersed. Also, the activity
of CYP enzymes were increased within the hollow fibers,
with the PSf-g-PEG hollow fiber producing slightly higher
CYP3A and 2E1 activity. Higher liver-specific functions were
also noted for cells within hollow fibers compared to the
cylindrical gel. The cells within the PSf-g-PEG hollow fibers
also showed increased hepatotoxicity to the model drugs
administered compared to the cylindrical gels. Furthermore,
the PSf-g-PEG hollow fibers outperformed the PSf hollow
fibers in terms of drug adsorption and accumulation greatly,
reducing the number of drugs and proteins adsorbing to
these surfaces indicating a promising tool for drug investiga-
tion in vitro (Shen et al. 2010).

4.2.3.4. Single-well and multi-well perfused bioreactors. It
is well known that the incidence of nonalcoholic fatty liver
disease (NAFLD) influences the efficacy of drug bio-trans-
formation and ultimately drug toxicity. Current 2 D cell cultur-
ing techniques give limited information regarding molecular
mechanisms of disease progression, and as there are major
discrepancies between results obtained from humans and
animal models of NAFLD it is necessary to investigate the
possibility of more complex in vitro tissue organization sys-
tems. Thus, the contribution of Kostrzewski et al. (2017)
in vitro 3D perfused human NAFLD model is a step in the
right direction. Cryopreserved human hepatocytes were
seeded onto a multi-well collagen coated LiverchipVR plat-
form. Cells were cultured in lean or fat culturing medium
containing physiological quantities of insulin (2 nmol/L) and
glucose (5.5mmol/L) with fat media containing 600 mmol/L
free fatty acids. Cells were cultured in these conditions for a
period of 14 days without the incidence of hepatotoxicity.
Cells cultured in fat loaded medium, however, presented
with changes in transcriptomics, proteomics as well as meta-
bolic functionality changes such as reduced CYP3A4 and 2C9
activity. Also, cells cultured within the fat loaded medium
were reactive to metformin, a known anti-steatotic drug serv-
ing as proof of concept that this could serve as an excellent
steatotic liver model.

Creation of a bioartificial liver system was made possible
by culturing primary rat hepatocytes from male Sprague-
Dawley rats, using a 0.5% naturally self-assembling peptide
nano-scaffold (SAPN) from PuraMatrixTM in 6-well and 24-well
bioreactors, for a duration of 35 days. Gene expression was
analyzed every 10 days employing semi-quantitative real-time
polymerase chain reaction (RT-PCR), while liver functions
(albumin secretion, urea metabolism, ammonia detoxification)
and cell membrane stability from lactate dehydrogenase
were determined on days 5, 15, 25 and 35. Mitochondrial
structural status was determined using confocal microscopy
and the liver specific markers Albumin and CYP 3A1 were
analyzed by means of immunofluorescence. Drug biotrans-
formation was investigated with the model compound
Diazepam and its metabolites in a two-compartmental
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model, and all results were compared with traditional 2 D cell
cultures. The results indicated a physiologically stable 3D
system for a period of 4weeks, capable of serving as an
alternative to animal experiments and transforming current
pre-clinical drug screening and drug development protocols
with the ability to mimic native liver regeneration time. The
results also indicated stable liver gene expression and bio-
chemical functions, including drug biotransformation and
detoxification, which were significantly better than traditional
2D models employed during this study (Giri et al. 2012).

5. Conclusions

It is important to reflect on the current means of studying
drug biotransformation and toxicity in both functional and
dysfunctional liver. Animal models and primary hepatocytes
still remain the golden standard in drug biotransformation
and toxicity studies, but costs and ethical considerations
make these methods increasingly problematic. Currently, sci-
entists are challenged to reproduce human hepatic function
sufficiently to study drug biotransformation and toxicity at
multiple levels. Several challenges are facing in vitro models,
such as the inability to maintain fully functional primary hep-
atocytes in culture for long periods of time. The recovery of
the majority of liver functions in stem cell-derived hepato-
cytes still has to be demonstrated, while most established
cultured cell lines are known to lack physiologically relevant
levels of function. A renewable source of human non-paren-
chymal cells is lacking, and various cell types cannot yet be
built into liver-like structures. It is important to note that,
although 2D cell cultures will always have its place, there are
numerous advantages to culturing cells in 3D. However, a
general lack of understanding to this regard hinders the
development and implementation of this technology to its
full potential.

Despite these challenges, rapid progress is made at many
levels. While intrinsically obvious, the importance of cultivat-
ing cells in a 3D environment, similar to the one from
whence they came, in order to obtain liver-mimetic tissue
has only been realized during the last 10 years. Converting
this realization to reality is the focus of much research in the
field today. Diversification in this research illustrates that cur-
rently no one approach holds all the advantages.
Furthermore, 3D spheroids in low attachment plates will per-
mit high throughput analysis of drug-drug or drug-com-
pound interactions. Microgravity cultures allow for
multifunctional and long-term repeated analysis in in vivo
like conditions. Inclusion of additional cell types like Kupffer
cells adds the ‘immunological’ and other angles for drug
induced liver injury. Rapid transdifferentiation of adult cells
(via induced pluripotent stem cells) into hepatocytes holds
the promise to approach the human diversity of drug
response and an approach to idiosyncratic drug response.
Finally, the addition of other organs in chip-based systems,
make progress towards simulating whole body toxicology.
When all of these features coalesce, we will be standing with
a powerful tool which will allow us to dispel the ethical
shadow of using animals in toxicological studies and

understand the biochemical and metabolic wizardry that is
occurring every second in our livers. But there is still much
to do.
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