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Chapter 1: Introduction 

The approval processes for a new drug take, on average, 12 years and cost up to 

US$1 billion (Van Norman, 2016). This development process takes place in several 

stages. In the first step, substances that interact with the desired target are selected 

using a high-throughput approach from a substance library. This is followed by 

extensive in vitro and in vivo experiments in which the selected substances are 

tested inter alia for their pharmacological efficacy and possible toxic side effects 

(Ware and Khetani, 2017). Despite these extensive pre-clinical test approaches, one 

third of the substances fail due to organ toxicity in the clinical phase. Moreover, only 

about 10% of the substances which enter the clinical phase reach approval (Kola 

and Landis, 2004). Hepatotoxicity is the most common reason for such a failure of a 

substance in clinical as well as pre-clinical drug development, and also for 

withdrawal when a drug reaches the market (Fung et al., 2016, O'Brien et al., 2006). 

Given that the liver plays a central role in the metabolism of drugs, it is not surprising 

that it is also particularly susceptible to drug-related side effects. In addition, such 

hepatotoxic side effects can be predicted only insufficiently in animal studies due to 

interspecies differences. This phenomenon makes it difficult to exclude hepatotoxic 

substances at an early stage of drug development (Olson et al., 2000). Predictive in 

vitro models are therefore required to predict such adverse drug reactions. Freshly 

isolated human hepatocytes (PHH) would be the model of choice for such an in vitro 

model, as they have a metabolism comparable to the in vivo situation (Bachmann et 

al., 2015, Godoy et al., 2013). However, for a variety of reasons, PHH can only be 

used to a limited extent in the testing of new drugs (Ruoss et al., 2020b, Godoy et 

al., 2013, Vinken and Hengstler, 2018). The main reason is that PHH de-differentiate 

in vitro after only a short time; this de-differentiation is associated with a significant 

loss of metabolic activity (Godoy et al., 2013, Godoy et al., 2016, Bachmann et al., 

2015). In addition to this factor, the availability of suitable cells is limited (Ruoss et 

al., 2020b). PHH are isolated from liver capsules, which are often taken as residual 

tissue in large tumor operations (Knobeloch et al., 2012, Pfeiffer et al., 2015). These 

surgeries can only be performed in specialized clinics, and this process often 
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requires transport of the cells to the lab where they are used (Ruoss et al., 2018). 

Both the number of suitable donors and the number of cells per donor is limited (Lee 

et al., 2014b). In addition to this factor, the donors of the tissues that are used for 

the PHH isolation are often elderly patients with pre-existing diseases; a pre-

treatment with drugs, including chemotherapeutic agents, is common (Bhogal et al., 

2011, Ruoss et al., 2020b). This results in damage to the PHH and an altered 

metabolism (Morgan, 2009, Merrell and Cherrington, 2011).  

In the past 40 years, various attempts have been made to address the limitations 

described above and develop a suitable in vitro model for drug toxicity testing. These 

include optimization of the isolation process and transport of the PHH as well as 

improvement of the cell culture conditions during PHH cultivation (Ruoss et al., 

2020b). Furthermore, various approaches have been tested using other cell types, 

such as various cancer cell lines, as a replacement for PHH (Lin et al., 2012). The 

different approaches and their opportunities—as well as their limitations—are 

described below. 

1.1 Isolation, purification, and shipment of PHH 

Liver tissue that is used for PHH isolation is usually obtained during large tumor 

surgeries (Knobeloch et al., 2012). The tissue donors are generally 50-80 years old 

and often suffer from primary and secondary liver tumors (Figure 1).  

 

Figure 1 Characteristics of freshly isolated human hepatocyte (PHH) donors; image adapted from (Ruoss et 
al., 2020b).  
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PHH isolation from liver tissue can involve mechanical, chemical, and enzymatic 

methods (Lee and Lee, 2014). Since mechanical and chemical isolation are 

associated with significant loss of cell viability, PHH are usually isolated from the 

tissue via a two-step collagenase digestion (Kegel et al., 2016, Knobeloch et al., 

2012, Lee and Lee, 2014). The quality of isolated PHH depends on several factors. 

In addition to donor-dependent factors, which influence the initial quality of the cells, 

time is crucial. Cell isolation should be started within the first hour after hepatectomy, 

since the viability of the cells decreases to 50%, in comparison to the value of 

immediate isolation, 3-5 hours after resection (Bhogal et al., 2011). The proportion 

of dead PHH can be decreased after isolation by Percoll density centrifugation; 

however, this process is also partially associated with a significant loss of viable cells 

(Pfeiffer et al., 2015, Ruoss et al., 2018). 

After successful isolation, PHH can be directly plated or used as a suspension 

culture (Godoy et al., 2013). Furthermore, it is possible to cryopreserve PHH or send 

them overnight in suspension on ice. Both approaches allow the transport of the cells 

to another place as well as the usage at a later time point. However, in the case of 

cryopreservation as well as when shipped in suspension, there can be a decrease 

in viability and a reduction in the metabolic activity (Richert et al., 2006, Hengstler et 

al., 2000, Duret et al., 2015).  

Overall, the complete isolation and purification process, as well as the first few hours 

in culture, significantly affect the PHH metabolic activity. The isolation process itself 

results in irreversible metabolic changes (Cassim et al., 2017, Vildhede et al., 2015, 

Lauschke et al., 2016). As shown by a proteome analysis, more than 450 proteins in 

PHH are significantly deregulated 24 hours after isolation (Bell et al., 2016). 

Furthermore, by 4-6 hours after isolation, the messenger RNA (mRNA) expression 

of CYP3A4, which is one of the most important phase I enzymes in drug metabolism, 

is reduced by 70-80%. This finding illustrates how quickly PHH de-differentiation 

occurs (Martinez-Jimenez et al., 2007).  
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1.2 Challenges and limitations during the cultivation of PHH 

PHH cultivated in two-dimensional (2D) monoculture provide over a 24-72-hour 

period the major functions of the liver, such as drug metabolism, urea detoxification, 

and the synthesis of plasma proteins (Godoy et al., 2013, Gomez-Lechon et al., 

2014). Therefore, they are considered to be the gold standard for in vitro drug 

metabolism and toxicity testing (Ruoss et al., 2020b, Bachmann et al., 2015). 

However, these cells rapidly lose their morphology and liver-specific functions in 

culture, a phenomena which often make it impossible to detect metabolism-mediated 

hepatotoxicity of drugs (Schyschka et al., 2013). In addition to the rapid de-

differentiation, the limited availability of PHH is another drawback that prevents the 

use of these cells as a standard model for drug in vitro testing (Ruoss et al., 2020b, 

Zeilinger et al., 2016). In contrast to the in vivo situation in which a massive 

proliferation of PHH occurs after an injury, there is no appreciable proliferation in 

vitro (Garnier et al., 2018, Fausto and Campbell, 2003). This reason underlies why 

in recent years the suitability of other cell types including cancer cell lines or different 

kinds of stem cells as an alternative to PHH for in vitro toxicity evaluation has been 

tested (Gomez-Lechon et al., 2014, Zeilinger et al., 2016). The sections below 

describe some attempts that have been developed to increase the metabolic 

properties of these cells (Snykers et al., 2009, Steenbergen et al., 2018, Seeliger et 

al., 2013, Lin et al., 2012).  

1.3 Usage and optimization of various cell types as alternative to PHH 

for the use in drug metabolism and toxicity testing 

In contrast to PHH, stem cells and hepatic cancer cell lines have the great advantage 

of unlimited availability (Godoy et al., 2015, Guo et al., 2011, Lin et al., 2012). Cell 

lines in particular have the further advantage of a high degree of standardization 

because there are no donor-related differences (Lin et al., 2012). Various cell types 

have been evaluated as a model for drug metabolism and toxicity testing; their 

advantages but also their limitations are described below. 
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1.3.1 Use of stem cells as a model for drug metabolism and toxicity testing 

Different kinds of stem cells, including embryonic stem cells, induced pluripotent 

stem cells (iPSCs), or mesenchymal stem cells (MSCs), can be differentiated into 

hepatocyte-like cells (HLCs) (Wei et al., 2018, Hu and Li, 2015). 

Embryonic stem cells (ESCs) have the best pre-conditions for a successful 

differentiation into HLCs because there is no expected disturbance of the 

differentiation, due to an incomplete trans-differentiation or a further existing 

expression of the transfected pluripotency genes (Esrefoglu, 2013, Cieslar-Pobuda 

et al., 2017, Palakkan et al., 2017). However, for ethical reasons, the use of 

embryonic stem cells is controversial. In various countries, including Germany, 

experiments with this cell type are prohibited or severely restricted, a factor which 

makes the use of alternatives, including the above-mentioned cell types, necessary 

(Brewe, 2006, Lo and Parham, 2009).  

iPSCs have nearly the same genetic and functional properties as ESCs (Liang and 

Zhang, 2013). They are derived from somatic cells, and thus the ethical issue of the 

destruction of an embryo is not required (Zacharias et al., 2011). However, the 

transfection of somatic cells with pluripotency genes results in extensive cell 

alterations, including subtle changes in gene regulation (Liang and Zhang, 2013, 

Palakkan et al., 2017). In addition, viral transduction results in a non-specific 

insertion pattern that may be associated with uncontrolled proliferation as well as 

abnormal development and differentiation of the cells (Cieslar-Pobuda et al., 2017). 

The usage of MSCs as a source for differentiation into HLCs has several 

advantages. They can be isolated without ethical concerns, e.g., from adipose 

tissue, which can be easily removed during routine surgeries (Kim and Park, 2017). 

Furthermore, MSCs can proliferate in vitro, a factor that allows an increase in the 

number of cells that are available for experiments. Moreover, these cells show high 

plasticity, a factor that allows them to differentiate not only in cells of the 

mesenchymal lineage but also to cells of the other germ layers, including HLCs 

(Puglisi et al., 2011). Caused by already existing epigenetic marks this trans-
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differentiation is only possible to a limited extent (Kim et al., 2011, Godoy et al., 

2015). However, it is possible to partially remove these marks by using epigenetic 

modifiers such as 5-azacytidine (5-AZA) and trichostatin A (TSA) to facilitate 

differentiation toward HLCs (Snykers et al., 2009, Seeliger et al., 2013). 

Regardless of the origin of the utilized stem cells, differentiation of the cells in the 

direction of mature hepatocytes is required. For this purpose, several differentiation 

protocols have been developed (Godoy et al., 2015, Godoy et al., 2013). 

Differentiation occurs through the addition of cytokines and growth factors, most of 

which are known to play a crucial role in embryonic development of the liver (Seeliger 

et al., 2013, Vosough et al., 2013). Although many different approaches for the 

differentiation of stem cells into HLCs have been developed in recent years, 

complete differentiation to PHH has not yet been achieved (Godoy et al., 2015, 

Godoy et al., 2016). Rather, different studies have shown that there are still 

significant differences between HLCs and PHH (Godoy et al., 2018, Hurrell et al., 

2018, Kratochwil et al., 2017). 

1.3.2 Use of different hepatoma cell lines as a model for drug metabolism and 

toxicity testing 

Different liver tumor cell lines are already being used during in vitro screening of new 

drugs, although their drug-metabolizing activity is significantly reduced compared to 

PHH (Lin et al., 2012, Sison-Young et al., 2015, Guo et al., 2011). The major 

advantages of hepatic cell lines are the unlimited availability of the cells and the 

extensive standardization of the culture conditions (Sison-Young et al., 2017, Castell 

et al., 2006). This unlimited availability results from their replicative immortality, 

which is an important characteristic of tumor cells (Zeilinger et al., 2016). Along with 

these changes in cellular energetics, genomic stability and epigenetics are also 

altered in these cells, phenomena that partially explain the above mentioned low 

metabolic activity (Hanahan and Weinberg, 2011).  

The frequently used hepatoma cell lines are inter alia HepG2, Huh7, and HepaRG 

(Guo et al., 2011, Sison-Young et al., 2015). While HepaRG cells express many 
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drug-metabolizing enzymes similar to hepatocytes, the metabolic activity of HepG2 

and Huh7 cells is significantly lower (Guo et al., 2011, Poloznikov et al., 2018, 

Kratochwil et al., 2017). However, the metabolic activity of HepG2 is still at a 

comparable level to what could be achieved with commercially available iPSC-

derived hepatocytes (Kratochwil et al., 2017). In addition, HepG2 cells are, despite 

their low metabolic activity, a more sensitive model for predicting drug-induced liver 

injury compared to HepaRG. This feature may represent one explanation for why 

they are currently the most widely used as a model for toxicity studies (Sison-Young 

et al., 2017). Another explanation for the frequent use of HepG2 as well as Huh7 

cells may be the fact that a costly and time-consuming differentiation phase is not 

required, in contrast to HepaRG cells and particularly stem cells (Guillouzo et al., 

2007, Godoy et al., 2015, Sison-Young et al., 2017). 

In recent years, many approaches have been tested to improve the metabolic activity 

of hepatoma cell lines (Zeilinger et al., 2016). Some of these approaches try to 

partially reverse the tumorigenic alterations of these cells in order to reactivate their 

metabolic activity (Gailhouste et al., 2018). The so-called epithelial-mesenchymal 

transition (EMT) is one example of such a modification that occurs in the course of 

tumor progression (Sajadian et al., 2016, Hanahan and Weinberg, 2011). During this 

process, epithelial cells convert into a mesenchymal phenotype, a phenomenon that 

is accompanied by a de-differentiation of the cells associated with the loss of their 

metabolic activity (Roche, 2018). A key player during this process is the transcription 

factor Snail, which is a transcriptional repressor of the epithelial marker gene E-

cadherin (Wang et al., 2013b). The downregulation of E-cadherin is associated with 

invasive growth and metastasis in hepatocellular carcinoma (HCC) (Sajadian and 

Nussler, 2015). In addition, Snail affects the expression of the hepatic key regulator 

HNF4α, which is related to a loss of metabolic function of the cells (Cicchini et al., 

2006, Kamiyama et al., 2007). 

Epigenetic alternations that occur during tumor progression also affect the 

expression of the epithelial marker and hepatic function genes, including E-cadherin 

and HNF4α (Stadler and Allis, 2012, Ruoß et al., 2019). Such epigenetic alternations 
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occur at three different stages: on the positioning of the nucleosome, by modification 

of the histones, or by methylation of the DNA (Sajadian and Nussler, 2015). In all 

these stages, the accessibility to the DNA and thus the expression of the 

corresponding genes is regulated. Epigenetic changes in HCC include, for example, 

increased acetylation of histones as well as global hypermethylation of the DNA 

(Wahid et al., 2017, Egger et al., 2004). These modifications lead to silencing of 

tumor suppressor genes as well as to inhibition of genes involved in hepatic function 

(Esteller, 2006, Peng and Zhong, 2015, Ingelman-Sundberg et al., 2013). 

Several studies have investigated whether these epigenetic changes can be 

reversed through the use of epigenetic modifiers (Snykers et al., 2009, Sajadian and 

Nussler, 2015). Among others, the histone deacetylase inhibitor TSA and the DNA 

methylation inhibitor 5-AZA have been used for this purpose (Snykers et al., 2009, 

Ruoß et al., 2019). The use of these substances leads to the desired epigenetic 

changes, which are associated with a reduction in proliferation and an increased 

expression of hepatic functional genes (Sajadian et al., 2015, Freese et al., 2019, 

Snykers et al., 2009). Another study also showed that the use of 5-AZA in 

combination with vitamin C leads to epigenetic changes in the cells and positively 

influences their EMT status (Ruoß et al., 2019, Sajadian et al., 2016). This result 

demonstrates the close correlation between EMT status and epigenetics in cancer 

cells. 

Overall, the epigenetic reactivation of tumor cells is an interesting approach for 

improving their metabolic activity. However, until now it remains unclear to what 

extent such a reactivation is possible in comparison to PHH. Moreover, the mode of 

action of the utilized epigenetic modifiers is relatively non-specific, a factor that could 

also adversely affect the differentiation-state and the functionality of the cells 

(Dannenberg and Edenberg, 2006). 

In addition to the above-described approaches to increase metabolic activity by 

partially reversing tumorigenic alterations, various other approaches have been 

tested in recent years for this purpose. Many of them aim to improve the culture 
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conditions of the cells (Steenbergen et al., 2013, Camp and Capitano, 2007, 

Damania et al., 2018, Nishikawa et al., 2017). These techniques are not limited to 

cell lines: They are also used to maintain the function of PHH over a longer period 

of time. This approach is described in the next section. 

1.4 Optimization of the culture conditions for the cultivation of PHH and 

HCC lines by mimicking the in vivo situation 

Over the last 40 years, many attempts have been made to cultivate hepatocytes over 

a longer period of time while preserving their functionality. Despite the development 

of many different—sometimes very complex—approaches and the publication of 

more than 14,000 manuscripts on this topic since 1980 (found in PubMed using the 

keywords “hepatocyte culture”), this goal has not yet been sufficiently achieved 

(Ruoss et al., 2020b). Still, by the usage of various approaches that often aim to 

mimic the in vivo situation, it is possible to slow down the de-differentiation of PHH 

and thus maintain their functionality over a limited period (Bachmann et al., 2015, 

Burkhardt et al., 2014, Soldatow et al., 2013). Some of the most promising 

approaches, which often also aim to improve the function of hepatic cell lines, are 

described below and summarized in Figure 2 
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Figure 2 Optimization of culture conditions for freshly isolated human hepatocytes (PHH) and hepatocellular 
carcinoma cell lines, adapted from (Ruoss et al., 2020b). This figure was produced using Servier Medical Art 
(http://smart.servier.com/). 

1.4.1 Influence of the culture medium and media supplements on the 

functionality of the cells 

In order to ensure optimal functionality of the cells, they are incubated in a medium 

that contains all necessary nutrients, cytokines, and growth factors. For the 

cultivation of hepatocytes, a specially developed medium, the so-called Williams 

medium, is often used, to which fetal calf serum (FCS), HEPES, sodium pyruvate, 

non-essential amino acids, glutamine, hydrocortisone, and insulin are added (Kegel 

et al., 2016). Insulin helps to maintain the morphology of the cells in culture while 

hydrocortisone is necessary to maintain the functionality of the hepatocytes 

(Kinoshita and Miyajima, 2002, Michalopoulos and Pitot, 1975). In contrast, 

Dulbecco’s modified Eagle’s medium (DMEM) is often used for the cultivation of cell 

lines; it contains only FCS (Lin et al., 2012). Different studies have shown that the 

metabolic activity of cell lines is increased by modifying the culture medium or by 

adding other factors. In the case of hepatocytes, functionality is maintained over a 

period of time by modifying the culture medium (Ahn et al., 2019, Burley and Roth, 
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2007, Choi et al., 2009, Steenbergen et al., 2018). Further, some studies have 

shown that the addition of various factors also increases the viability and metabolic 

function of hepatocytes in culture (Sun et al., 2019, Donato et al., 1991, Katsura et 

al., 2002). Table 1 summarizes approaches that have been tested to improve the 

culture conditions of hepatocytes or hepatic cell lines by modification of the culture 

media. To improve the reproducibility of in vitro studies and for animal welfare 

reasons, alternatives to the commonly used FCS, e.g., platelet rich plasma or human 

serum, have been tested in various studies with hepatocytes and cell lines 

(Johansson et al., 2003, Katsura et al., 2002, Pramfalk et al., 2016, Steenbergen et 

al., 2018). One reason for this is that FCS contains a complex mixture of proteins 

and growth factors, of which not all ingredients are known. Another reason is that 

the origin of FCS makes its standardized production impossible, a factor that 

severely hinders the reproducibility of results (van der Valk and Gstraunthaler, 2017). 

As various studies have shown, other factors, such as glucose concentration within 

the media, also influence the metabolic activity of hepatocytes and hepatic cell lines 

(Davidson et al., 2016, Ferretti et al., 2019). 
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Table 1 Tested approaches to modify and improve the culture media of PHH and hepatic cell lines  

  Aim 
Used additive/ modified media 
ingredient 

Results Ref. 

H
e
p

a
to

c
y
te

s
 

 
Different glucose 
concentrations and 
their effect on the 
metabolic activity of 
PHH  

 
PHH were cultivated over 18 days 
using different glucose 
concentrations. In addition to the 
physiological glucose 
concentration, hypo- and 
hyperglycemia were mimicked. 

 
Under hypoglycemic conditions, the expression of the hepatic 
key regulator gene HNF4α and the activity of CYP3A4 
increased compared to the physiological glucose concentration 
at all measured time points. On day 18, there was increased 
gene expression of albumin. In contrast, CYP1A2 activity was 
increased under hyperglycemic conditions; there was no 
positive effect under the hypoglycemic condition. 

(Davidson et 
al., 2016) 

Comparison of five 
different media 
compositions  

Nicotinamide, branched-chain 
amino acids (such as isoleucine), 
various other amino acids, 
galactose, and pyruvate were 
added to the culture medium in 
different concentrations; their 
effect on CYP activity of cultured 
hepatocytes was studied. 

The addition of nicotinamide to a serum-free medium (Ham's 
F12, hormone supplemented) increased CYP activity. An 
increase in the concentration of branched-chain amino acids 
led to a slight additional increase in CYP activity. By increasing 
the concentration of various amino acids, galactose, and 
pyruvate, there was a further increase in CYP activity. 

(Donato et 
al., 2008b) 

Maintenance of PHH 
functions in long-term 
culture 

PHH were cultivated within a 
medium supplemented with 
keratinocyte-stimulating factor and 
human serum. 

Keratinocyte-stimulating factor supplementation maintained 
albumin synthesis over ≥ 28 days. The additional replacement 
of FCS with human serum maintained albumin production until 
day 56. 

(Katsura et 
al., 2002) 

PHH were treated with a small 
molecule cocktail to prevent 
mechanical-tension-induced 
hepatocyte dedifferentiation by 
targeting actin/actomyosin 
dynamics. 

The treatment of hepatocytes with the small molecule cocktail 
maintained the activity of various CYP enzymes such as 
CYP3A4 over a period of 3 weeks. Hepatocytes pretreated for 
3 weeks were able to repopulate Fah-/- mouse livers and allow 
the survival of these animals in a manner comparable to the 
use of freshly isolated hepatocytes. 

(Sun et al., 
2019) 
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Enhancement of the 
metabolic activity of 
HepaRG cells 

HepaRG cells were treated with 
CHIR99021, which is an inducer of 
the Wnt/β-catenin signaling. 

There was a concentration-dependent increase in gene 
expression and CYP1A2, CYP3A4, and CYP2E1 activity, 
accompanied by a higher sensitivity to acetaminophen. 

(Ahn et al., 
2019) 

Enhancement of the 
metabolic activity of 
HepG2 cells 

HepG2 cells were cultured over 7 
days using various concentrations 
of retinoic acid.  

Treatment with retinoic acid slowed down the proliferation of 
the HepG2 cells. This effect was combined with a higher gene 
expression of hepatic transcription factors such as HNF1α and 
HNF4α. In addition, there were higher albumin and urea 
secretion rates in retinoic-acid-treated cells. 

(Burley and 
Roth, 2007) 

Enhancement of the 
metabolic activity of 
Huh7 cells 
 

Confluent Huh7 cells were treated 
over 20 days with 1% DMSO. 

The DMSO-treated Huh7 cells showed higher expression of 
several phase I/II enzymes. The expression of some hepatic 
transcription factors like HNF4α could be increased to a level 
which is comparable to human hepatocytes. In addition, there 
was an increased metabolic activity of the some CYP 
enzymes—CYP3A4 and CYP2C9—and some phase II 
enzymes—UGT2B7. 

(Choi et al., 
2009) 

FCS was replaced by human 
serum. 

Huh7 cells cultured in human-serum-containing-media result in 
a growth arrest after one week in culture. By further culturing 
the cells in human-serum-containing media over 27 days, there 
was increased expression and activity of several CYP 
enzymes. The metabolic profile of the cells and their 
morphology also changed in the direction of hepatocytes.  

(Steenbergen 
et al., 2018) 

CYP, cytochrome P450; DMSO, dimethyl sulfoxide; FCS, fetal calf serum; PHH, freshly isolated human hepatocytes; 
UGT, Uridine diphosphate-glucuronyltransferase 
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1.4.2 Influence of extracellular matrix (ECM) proteins for the culture of PHH 

PHH are usually cultivated in cell culture plates coated with type I collagen 

(Knobeloch et al., 2012). Although this coating allows PHH to adhere, it only reflects 

the in vivo situation in a very rudimentary way. The extracellular matrix of the human 

liver mainly comprises fibronectin in addition to the already mentioned collagen type 

I. It also contains lower amounts of collagen types III, IV, V, and VI as well as other 

ECM proteins such as elastin (Martinez-Hernandez and Amenta, 1993, Kanta, 2016, 

Klaas et al., 2016). These proteins form the subtle and very complex ECM network 

of the liver (Ruoss et al., 2020b). Together with the numerous fenestrations and gaps 

in the sinusoidal endothelial cells, this structure enables polarization of the PHHs as 

well as the rapid bidirectional exchange of macromolecules between PHHs and 

plasma (Gissen and Arias, 2015, Treyer and Musch, 2013). 

Various studies have attempted to better mimic the natural ECM. For example, it has 

been shown that fibronectin coating is superior to collagen in promoting cell 

adherence in PHH as well as the expression of certain liver-specific genes and the 

synthesis of albumin in Huh7 cells (Wang et al., 2016, Ruoss et al., 2020b). 

Furthermore, a combination of fibronectin and collagen—which corresponds more 

to the natural ECM composition—has been successfully used for the cultivation of 

PHH (Donato et al., 2008b). In addition to the usage of specific ECM proteins, a 

complex mixture of various ECM proteins shows positive effects during the 

cultivation of hepatocytes. These include the commercially available Matrigel—

which is obtained from Engelbreth-Holm-Swarm mouse sarcoma and contains 

growth factors in addition to various ECM proteins (Kleinman et al., 1982). Moreover, 

as shown by another study, differentiated pre-adipocytes can be used to produce a 

complex mixture of ECM proteins and growth factors that can be used for the 

cultivation of hepatocytes. Primary rat hepatocytes cultured on this so-called 

adipogel maintain their metabolic functions (urea production and albumin synthesis) 

at a higher level compared to cells plated on Matrigel (Sharma et al., 2010). Another 

promising approach is the use of natural liver ECM as a coating material (Ruoss et 

al., 2020b, Mazza et al., 2017). In order to obtain these ECM proteins, the liver tissue 
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must first be decellularized; the remaining matrix can then be pulverized into a 

powder and enzymatically cleaved with pepsin. The resulting ECM solution can then 

be used to coat culture plates as well as hydrogel or a scaffold ingredient in a three-

dimensional (3D) culture approach (Lee et al., 2014a, Damania et al., 2018). Due to 

its origin, this ECM mixture best represents the in vivo situation. As has been shown 

in various studies, such a coating positively affects the functionality of PHH and 

improves differentiation of stem cells (Lee et al., 2014a). Another interesting 

approach is the use of synthetic ECM proteins. The usage of different compositions 

of these proteins allows one to mimic disease-specific ECM changes in vitro 

(Huettner et al., 2018). Synthetic ECM proteins are much more suitable for such a 

model than their natural counterparts because each parameter can be standardized. 

Overall, the use of synthetic polymers is not limited to the use as a coating material 

for the 2D culture. These ECM proteins can also be used in 3D hydrogel or scaffolds, 

for example, as components of the ink in a 3D printing approach (Huettner et al., 

2018, Heydari et al., 2020). 

1.4.3 Influence of matrix stiffness on the metabolic function of PHH  

The substrate’s stiffness influences various cellular processes, such as cell 

proliferation and differentiation status as well as the metabolic activity of the cells 

(Wells, 2008a, Perez Gonzalez et al., 2018). One study showed that stem cells can 

be differentiated in distinct directions by only modulating matrix stiffness, which 

indicates the importance of stiffness for cell behavior (Engler et al., 2006). In primary 

hepatocytes, there are stiffness-dependent changes in cell morphology as well as 

the expression and activity of hepatocyte-specific enzymes. Overall, a softer surface 

that corresponds to a healthy liver is advantageous compared to a stiffer surface or 

cell culture plastic (Natarajan et al., 2015). Depending on the measurement method 

employed, there are different values given in the literature for the stiffness of the 

healthy liver. These values range from 150 Pa, measured with atomic force 

microscopy (AFM), to 6 kPa, measured by Fibroscan (Wong et al., 2010, Mueller 

and Sandrin, 2010, Desai et al., 2016). It is difficult to judge which measurement 

method better reflects the actual stiffness of the liver because both approaches have 
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their limitations. In the case of the Fibroscan measurement, the stiffness of the liver 

is measured from the outside, which means that the stiffness of the liver capsule, 

which is stiffer than the tissue itself, is also taken into account (Mueller and Sandrin, 

2010). On the other hand, AFM-based measurement requires freezing the liver 

tissue during sample preparation, a process that results in damage to the tissue and 

thus affects the determination of the stiffness (Desai et al., 2016). 

However, stiffness is not only an important parameter in vitro: There is an association 

between metabolic activity and liver stiffness in the clinic. One study evaluated the 

metabolic capacity of chronic alcoholics with different liver stiffness. Patients with 

liver stiffness below 8 kPa showed induction of cytochrome P450s (CYPs) and drug 

transporters, while the group with stiffness above 8 kPa showed inhibition of CYP 

enzymes (Theile et al., 2013). Such stiffness-dependent differences in drug 

metabolism are interesting not only for the individual patient, where inhibition of 

certain CYP enzymes can lead to a toxic overdose of a drug, but also for risk 

assessment before the approval of a new drug (Ruoss et al., 2020a). 

1.4.4 Approaches for the cultivation of hepatic cells on a 3D matrix  

PHH are arranged in the liver lobules to form a polarized epithelium (Gissen and 

Arias, 2015). This organization, as well as the interaction with the ECM and the other 

cell types found in the liver, are essential for the functionality of PHH (Vinken et al., 

2006, Godoy et al., 2013). Such a complex structure cannot be mimicked in 

conventional 2D monoculture; thus, some attempts have been made to develop cell 

culture models that better represent the in vivo situation (Bachmann et al., 2015).  

The cultivation of cells in a 3D matrix is one such approach. In contrast to the usual 

2D culture, the cells can be cultivated embedded in a 3D matrix, which is more similar 

to the in vivo situation. Depending on the choice of matrix, factors such as stiffness 

and ECM proteins can also be adapted to the in vivo situation (Ruoss et al., 2020b, 

Jain et al., 2014).  

In recent years, several matrix-based 3D models made from a variety of natural and 

synthetic materials have been developed. These include, in addition to hydrogels, 
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various types of scaffolds. Some of the most promising approaches are described in 

more detail below and are summarized in Table 2. 

1.4.4.1 Hydrogels 

Hydrogels consist of natural or synthetic polymers, which have a high swelling 

capacity and together with liquid form a 3D matrix (Bachmann et al., 2015). 

Depending on the hydrogel used, the cells can either be applied directly on top of it 

or resuspended in it. A sandwich culture, in which the cells are cultivated between 

two hydrogel layers, is also a commonly used (Ruoss et al., 2020b).  

Frequently used natural polymers include the above-described Matrigel as well as 

collagen, which can be isolated from rat tails, among other sources (Knobeloch et 

al., 2012). PHH cultivation in a collagen sandwich culture results in a phenotype that 

resembles the in vivo situation (De Bruyn et al., 2013). This is associated with the 

re-establishment of cell-cell contacts and longer maintenance of liver-specific 

functions (CYP activities, activity of transport proteins, and urea and albumin 

synthesis). These factors lead to a greater sensitivity to drugs such as paracetamol 

(Bachmann et al., 2015, Schyschka et al., 2013).  

In contrast to rat tail collagen, which contains almost exclusively type I collagen, 

Matrigel comprises a mixture of various ECM proteins, mainly laminin, collagen IV, 

nidogen, as well as several growth factors (Hughes et al., 2010). This complex 

mixture seems to be more beneficial for the culture of PHH compared to collagen 

because a comparison of both Matrigel and collagen sandwich cultures showed that 

rat hepatocytes cultured on Matrigel maintain their metabolic function better than 

those cultured in collagen (Borlak et al., 2015). However, Matrigel’s complex 

composition also has its drawbacks: The exact composition is still unknown and 

significant differences occur among batches, a phenomenon which makes 

standardization difficult (Hughes et al., 2010). In addition, Matrigel cannot represent 

the natural ECM of the liver, since several ECM proteins found in the liver are not 

contained in it (Ruoss et al., 2020b).  
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Another approach is the usage of ECM from decellularized tissue for the production 

of hydrogels. Such hydrogels made from decellularized liver contain an ECM that is 

similar to the in vivo situation. Rat hepatocytes cultured on such a hydrogel show 

from day 7 onward higher CYP1A1 activity compared to cells cultured in collagen 

type I (Nakamura and Ijima, 2013). However, standardization is also difficult with this 

condition. Besides, the availability of human material, which would be the best 

choice, is limited. 

Various synthetic materials such as polyethylene glycol (PEG) are suitable for the 

production of hydrogels. In contrast to natural hydrogels, these materials per se do 

not have the optimal properties to facilitate cellular attachment and cultivation. 

Instead, they can form a well-defined basic structure (Zhu and Marchant, 2011, Jain 

et al., 2014). This structure can be modified in various ways that enable cell 

attachment and allow a broad range of possible applications (Ye et al., 2019). For 

example, crosslinking with poly-(N-isopropyl acrylamide) allows detaching the cells 

from the hydrogel after cultivation only by a change in temperature (Nagase et al., 

2018).  

1.4.4.2 Scaffold culture 

In contrast to the cultivation of cells on hydrogels, cells cultured on a scaffold are not 

entirely enclosed by or embedded in the matrix. Instead, a scaffold provides a porous 

structure that allows the adherence of the cells in a 3D matrix. To provide the cells 

with an ideal environment, the porous structure of the scaffold should allow a good 

supply of nutrients to the cells and sufficient removal of waste products (O'Brien, 

2011). This requires a good permeability of the scaffold matrix and specific size of 

the pores (Heydari et al., 2020). As different studies have shown, a pore size of 80-

100 µm seems to be ideal for the cultivation of hepatocytes (Ruoss et al., 2020b). 

This pore size allows the adherence of several of the 20-30 µm large hepatocytes 

(Kegel et al., 2016) within one pore, and thus the cells can form cell-cell as well as 

cell-matrix contacts. In general, various natural and synthetic materials are used for 

the fabrication of the scaffold matrix (Heydari et al., 2020, Bachmann et al., 2015). 

The methods used to create scaffolds are also diverse. Some examples are 
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described in Table 2. Besides the use of decellularized tissue, scaffolds made with 

a 3D printer or electrospinning are often used for hepatocyte cultivation (Ruoss et 

al., 2020b). In addition, so-called cryogels are suitable for the cultivation of 

hepatocytes. To produce these cryogels, the individual scaffold components, which 

are present as monomers/polymers within an aqueous solution, are frozen. While 

the water forms ice crystals in the frozen state, the remaining scaffold components 

polymerize and form the scaffold matrix. After thawing, interconnected pores remain 

at the places where the ice crystals were before; these pores are responsible for the 

porous structure of the cryogel (Hixon et al., 2017, Ruoss et al., 2020a). In contrast 

to scaffolds that are produced using, for example, a 3D printer, the possible variation 

of cryogels concerning their pore size—and in particular to their geometric shape—

is limited. However, this type of scaffold production has the great advantage that, 

compared to the other methods mentioned, no expensive equipment is required for 

scaffold manufacturing (Heydari et al., 2020). 
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Table 2 Examples of 3D cultivation approaches 

 
Manufacturing 
technique 

Matrix composition/  
scaffold manufacturing 

Results Ref. 

H
y
d

ro
g

e
l 

 

Collagen 
sandwich 

Collagen isolated from rat tails (mainly 
consists of type I collagen) 

There was better maintenance of the gene expression 
of some hepatic genes including the CYP enzymes; 
enhanced sensitivity to acetaminophen in sandwich 
cultured hepatocytes. 

(Godoy et 
al., 2016, 
Knobeloch 
et al., 
2012, 
Schyschka 
et al., 
2013) 

Matrigel 
A complex mixture of ECM proteins, mainly 
laminin, collagen IV, and enactin, extracted 
from mouse Engelbreth-Holm-Swarm sarcoma 

Rat hepatocytes cultured in Matrigel showed a higher 
expression of the hepatic key regulator HNF4α 
compared to cells cultured in a collagen sandwich. In 
addition, the activity and protein expression of several 
CYP enzymes were higher. Matrix-related effects but 
not cell-cell interactions preserved cell functions of 
Matrigel-cultured cells. 

(Hughes 
et al., 
2010, 
Borlak et 
al., 2015, 
Moghe et 
al., 1997) 

Decellularized 
extracellular liver 
matrix 

The solubilized extracellular matrix of 
decellularized rat livers was used. 
 

The culture of rat hepatocytes on a liver-ECM-based 
hydrogel increased cellular function compared to cells 
cultured on a collagen gel. This positive effect on 
albumin secretion, urea synthesis, and CYP1A1 
activity was further increased by enrichment of ECM 
proteins, especially collagen within the hydrogel. 

(Nakamur
a and 
Ijima, 
2013, Bual 
and Ijima, 
2019) 
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Cryogel 
PEG-6000, sodium alginate, and gelatin were 
cross-linked to the cryogel using 
glutaraldehyde and CaCl2.  

Albumin synthesis, urea production, and CYP1A1 
activity of HepG2 and Huh7 were measured. These 
metabolic functions were increased in the 3D 
compared to the 2D culture. This positive effect could 
be further increased by using PNIPAAm for 
hepatosphere formation. 

(Kumari et 
al., 2016) 

Salt leaching 
method 

Salt particles were dissolved in an aqueous 
silk fibroin solution. Due to the saturation of the 
solution, most of the salt was retained as solid 
particles. Around these salt particles, the silk 
fibroin formed a stable porous matrix.  

Rat hepatocytes that were mixed with Matrigel prior to 
seeding on the silk scaffold showed an increased 
hepatic function (CYP, urea, and albumin) as well as a 
higher expression of hepatic function genes, e.g., 
HNF4α, especially when the hepatocytes were co-
cultured with stellate cells. 

(Kim et al., 
2005, Wei 
et al., 
2018) 

Electrospinning 
 

The application of a strong electric field to a 
PLGA polymer solution creates fibers that are 
then spun to the 3D PLGA scaffold. ECM 
proteins (collagen type I or fibronectin) were 
chemically linked in different concentrations to 
the scaffold to provide the cells with a more in 
vivo–like environment. 

Human hepatocytes cultured on the PLGA electrospun 
scaffold, which contains collagen, exhibited higher 
albumin, CYP3A4, and CYP2C9 gene expression 
compared to sandwich cultured cells. Also, the 
production of urea and the synthesis of albumin were 
increased. The activity of the measured CYP enzymes 
was comparable to the sandwich culture. 

(Bhardwaj 
and 
Kundu, 
2010, 
Brown et 
al., 2018) 

3D printing 
 

3D-printed scaffolds were fabricated using a 
heated gelatin solution; this solution was 
printed onto pre-cooled glass slides. Scaffolds 
were printed 6-layers high using a strut 
spacing of 700 µm and a strut diameter of 200 
µm. Two different angles (60 or 90°) between 
neighboring layers were tested. To stabilize 
the scaffolds, the gelatin was cross-linked 
using EDC and NHS. 

Huh7 cells cultured on the 3D printed scaffolds 
showed higher CYP3A4 and CYP2C9 activity 
compared to 2D cultured cells. Also, the number of 
formed bile canaliculi was increased in comparison to 
the 2D culture. Overall, the cells cultured on scaffolds 
with a strut angle of 60° between neighboring layers a 
higher metabolic function than the cells which were 
plated onto the scaffolds which a strut angle of 90°.  

(Lewis et 
al., 2018) 

Decellularized 
liver 

Human liver tissue was perfused with PBS and 
frozen. Subsequently, the tissue was cut into 
small cubes. These cubes were decellularized 
using a multi-step decellularization protocol. 
Prior seeding of the human liver scaffolds they 
were sterilized followed by the seeding of the 
cells on top of the scaffolds. 

HepG2 cells plated on the human liver scaffolds 
showed increased expression of albumin and UGT1A1 
in comparison to cells plated in 2D prior to a cultivation 
time of 14 days. The scaffolds were also tested in a 
dynamic perfusion culture system: The albumin 
production increased over a period of 7 days. 

(Mazza et 
al., 2017) 

 
2D, two dimensional; 3D, three dimensional; CYP, cytochrome P450; ECM, extracellular matrix; 
EDC, 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride; PBS, phosphate-buffered saline; 
PLGA, poly-(lactic-co-glycolic acid); NHS, N-hydroxysuccinimide; UGT, Uridine diphosphate-glucuronyltransferase 



20 
 

1.4.5 Scaffold-free 3D culture of hepatic cells 

The cultivation of liver cells in a 3D environment is also possible without the use of 

foreign materials. This may be achieved by the self-organization of the cells and their 

formation of small cell aggregates. Depending on the cell type and utilized culture 

method, these scaffold-free 3D micro tissues can be divided into spheroids and 

organoids, which are separately described below. 

1.4.5.1 Spheroid culture 

The natural tendency of many cells to aggregate has been exploited for the 

generation of spheroids (Pampaloni et al., 2007). In contrast to the generation of 

organoids, mature cells such as cancer cells or primary hepatocytes are used for the 

generation of the spheroids (Godoy et al., 2013). For spheroid generation, it is 

necessary that the cells cannot adhere to the culture plate. To achieve this goal, 

different methods have been developed, including the use of non-adherent cell 

culture plates, culturing cells on materials such as agarose, which do not allow cell 

adherence, and the so-called hanging drop technique where the spheroids are 

generated in a drop of the medium that hangs on the underside of culture plate lids 

(Tung et al., 2011, Nath and Devi, 2016). There are many other techniques available 

for generating spheroids. For example, spheroids can also be generated using 

magnetic levitation. Therefore, it is necessary that magnetic nanoparticles are 

incorporated into the cells before the spheroids are generated by exposing the cells 

to a magnetic field (Kim et al., 2013, Nath and Devi, 2016). The cultivation of 

hepatocytes in spheroid culture results in prolonged maintenance of the metabolic 

function compared to conventional 2D culture. For example, PHH cultured as 

spheroids retain stable activity of several CYP enzymes between day 8 and day 35. 

Also, there is stable production of albumin during this period (Bell et al., 2016). 

Another study, which compared spheroid cultures of hepatocytes to sandwich 

cultured cells, showed a higher level of ADME proteins in the case of spheroid 

cultures. There was also higher activity of several CYP enzymes. Furthermore, there 

was higher sensitivity to known hepatotoxins like diclofenac and troglitazone in the 

spheroid cultured hepatocytes within this study (Bell et al., 2018). 
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1.4.5.2 Organoid culture 

In contrast to spheroid cultures, stem cells instead of mature cells are used to 

generate organoids (Ruoss et al., 2020b). In addition to embryonic stem cells, the 

usage of IPSCs and organ-restricted adult stem cells are possible (Prior et al., 2019, 

Clevers, 2016). The addition of cytokines and growth factors, as well as the self-

organization of the cells within the 3D environment, allow recapitulation of cellular 

processes that take place in the organism during embryonic development or tissue 

repair (Clevers, 2016, Lancaster and Knoblich, 2014). These differentiation 

processes lead to the generation of an organ-like mini tissue that can be further used 

for in vitro studies. 

The generation of liver organoids involves mimicking mechanisms that are 

responsible for liver regeneration after injury (Clevers, 2016, Lancaster and 

Knoblich, 2014). Depending on the type of liver injury, two fundamentally different 

mechanisms for liver regeneration are known. Chronic liver damage leads to the 

proliferation and differentiation of liver precursor cells (oval cells), which are located 

near the bile duct tree. By contrast, acute damage of the liver—for example, during 

partial liver resection—leads to a massive proliferation of the remaining hepatocytes. 

Both cellular mechanisms can be used for the generation of liver organoids. 

Regardless of the employed mechanism, organoid generation requires an expansion 

of the cells in a 3D environment (Hu et al., 2018, Huch et al., 2013, Huch et al., 

2015). Through the addition of cytokines and growth factors as well as self-

organization, the cells grow and differentiate into mature organoids with, to a certain 

extent, the functions of human hepatocytes (Prior et al., 2019). One study 

demonstrated that the differentiated liver organoids produce albumin and store 

glycogen. The differentiation also increases CYP3A4 activity (Hu et al., 2018). 

Additionally, alpha-fetoprotein is highly expressed. Since this protein is the fetal 

precursor of albumin, it is assumed that the organoids are more likely to be a fetal 

precursor of hepatocytes, not to mature hepatocytes. Therefore, it is necessary to 

improve the differentiation protocols in the future to be able to differentiate the 

organoids completely into the mature state. 
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1.4.6 Mimicking the in vivo environment by using co-culture models  

The liver is composed of individual liver lobules, which consist of hepatocytes and 

non-parenchymal cells. Hepatocytes make up 80% of the liver volume and are 

responsible for most of the liver functions. Non-parenchymal cells, such as 

sinusoidal endothelial cells, Kupffer cells, hepatic stellate cells, and Ito cells, make 

up only about 6.5% of the liver volume but are still crucial for the maintenance of 

hepatocyte function. In addition, these cells play a decisive role in pathological 

processes as well as in substance-induced damage to the liver (Kmiec, 2001, Arias 

et al., 2020). Notably, hepatic stellate cells are mainly responsible for the excessive 

production of extracellular matrix proteins, a phenomenon that occurs in the 

development of liver fibrosis (Wells, 2008a). Besides, Kupffer cells, as well as other 

immune cells, play a significant role in the development of an immune-mediated liver 

injury (Adams et al., 2010). Therefore, it is not surprising that such processes cannot 

be mimicked in vitro using a hepatocyte monoculture. For this reason, a wide variety 

of co-culture models have been established in recent years; they either aim to better 

mimic immune-mediated drug-induced hepatotoxicity in vitro or maintain the function 

of cultured hepatocytes for a more extended time (Bhatia et al., 1999, Rose et al., 

2016, Khetani and Bhatia, 2008). Also, when using hepatic cell lines, there is a 

beneficial effect on the metabolic function and/or a better prediction of immune-

mediated hepatotoxicity when using co-culture models (Granitzny et al., 2017, 

Wewering et al., 2017, Cui et al., 2018). Examples for co-culture approaches using 

hepatocytes or hepatic cell lines are descried in more detail below. 

1.4.6.1 Using co-cultures to improve the metabolic functions of hepatic cells 

One study revealed that 3T3-J2 cells but not primary human liver sinusoidal 

endothelial cells or umbilical vein endothelial cells can maintain metabolic activity 

(urea and albumin production and CYP 3A4 activity) of primary human hepatocytes 

cultured within a micro-patterned approach over a period of 21 days. Culturing 

primary human hepatocytes in a triple co-culture model, along with 3T3-J2 cells and 

human liver sinusoidal endothelial cells, further improves the metabolic function of 

the hepatocytes. In addition, there is stable expression of several endothelial genes 

over this time period (Ware et al., 2018). In the case of HepG2, a number of 
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researchers have reported a positive effect on metabolic activity using a co-culture 

together with 3T3-J2 cells. This type of co-culture leads to increased urea production 

and improved albumin synthesis (Cui et al., 2018, Cui et al., 2019, Shao et al., 2019). 

In one of those studies, there was increased CYP3A4 activity. Within this study, they 

also tested a triple co-culture (HepG2, 3T3-J2, and human umbilical vein endothelial 

cells). HepG2 cell metabolic activity was further increased by the additional use of 

human umbilical vein endothelial cells (Shao et al., 2019). There was a positive effect 

on the gene expression of several CYP enzymes and the activity of CYP 3A4 by co-

culture of HepG2 cells with bovine pulmonary artery endothelial cells in another 

study (Ohno et al., 2008).  

1.4.6.2 Using co-culture models for the prediction of immune-mediated 

hepatotoxicity  

The influence of immune mediated factors on the hepatotoxicity of drugs has been 

described in several studies. For this reason, recent attention has focused on 

providing co-culture models that can reproduce such interactions between immune 

cells and hepatic cells in vitro. One study established a co-culture model with rat 

hepatocytes and Kupffer cells. Endotoxin stimulation in co-culture, but not in 

hepatocyte monoculture, led to a higher sensitivity toward substances associated 

with immune-mediated hepatotoxicity such as trovafloxacin. In addition, there were 

lipopolysaccharide (LPS)- and co-culture-dependent changes in cytokine profiles 

and Cyp3A activity that reflect the mode of action of the tested substances in vitro 

(Rose et al., 2016). In another study, a co-culture of HepG2 and THP1 cells used to 

predict immune mediated hepatotoxicity of drugs. In that study, the co-culture 

showed an increased cytotoxicity to troglitazone and a hormetic response to 

diclofenac and ketoconazole; both effects are known for idiosyncratic drug-induced 

liver injury-positive substances (Granitzny et al., 2017). 
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Chapter 2: Aim of the study 

Innovative approaches for the further development of in vitro studies are necessary 

in order to increase their predictive power while significantly reducing the number of 

animal experiments during the pre-clinical testing of new drugs. Such in vitro models 

must be permanently available on a sufficient scale to allow reliable screening of 

new substances. PHH are actually the most suitable cell-type for such a model 

because they have a comparable metabolism to the in vivo situation (Dambach et 

al., 2005). So far, the use of these cells in routine testing has been restricted due to 

their limited availability and metabolic stability (Godoy et al., 2013). The insufficient 

availability is partly due to the fact that the cells can only be isolated in special clinics 

that perform major liver surgeries. Furthermore, the indications for such operations 

where sufficient residual tissue is available for the isolation of PHH are limited and it 

is not plannable if and when cells can be isolated (Ruoss et al., 2020b). In addition, 

the transport of the isolated cells to the user, e.g., as a cell suspension on ice, is 

associated with a massive loss of living cells as well as a reduction in the metabolic 

activity of the remaining cells. (Ruoss et al., 2018). A further limitation in the use of 

PHH is the fact that these cells lose their metabolic activity after only a few days in 

culture, a phenomenon that significantly limits their use in long-term experiments 

(Bachmann et al., 2015). By optimizing the cultivation conditions, for example, by 

using a more in vivo –like 3D environment, it is possible to slow down the de-

differentiation process and thus increase the time for possible experiments. 

(Soldatow et al., 2013, Bachmann et al., 2015). However, cultivation of functionally 

active PHHs over several weeks is currently not possible. 

For the abovementioned reasons, hepatic cell lines are currently also used for the 

pre-clinical testing of new drugs (Donato et al., 2008a, Lin et al., 2012, Sison-Young 

et al., 2017). The advantage of these cells is their availability in sufficient quantities 

at any time. In addition, the use of cell lines allows a high degree of standardization 

of the results. A decisive disadvantage of these cells is their limited metabolic 

activity, which is in some cases many times lower than that found in PHH (Kratochwil 

et al., 2017, Rodriguez-Antona et al., 2002). Various studies have attempted to 
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overcome this drawback and increase the metabolic activity of hepatic cell lines. 

Promising approaches include epigenetic reactivation of the tumor cells or the 

cultivation of the cells in a 3D culture (Snykers et al., 2009, Kumari et al., 2016, 

Luckert et al., 2017). 

The adverse effects of drugs are often based on complex interactions of the cells 

with their environment; hence, it is necessary to be able to simulate such interactions 

in vitro. This includes interactions with other cells within the liver, which can be 

mimicked by using a co-culture model (Bale et al., 2016, Rose et al., 2016). In 

addition, the interaction with the extracellular matrix can be mimicked by using a 3D 

culture approach (Bachmann et al., 2015, Ruoss et al., 2020b). An ideal cultivation 

system in this context would be a model that can represent the physiological situation 

of the human liver as well as mimic disease-specific changes (Huettner et al., 2018, 

Ruoss et al., 2020a). This approach is important, because such differences as 

increased liver stiffness in the clinical entity of liver fibrosis, also influence the 

metabolism of drugs in vivo (Theile et al., 2013). However, the successful 

establishment and application of such models, as well as the development of even 

more complex disease specific 3D co-culture models, requires that the results can 

be meaningfully evaluated and normalized. Common methods, which are 

successfully used in two dimensional (2D) culture, are only minimally applicable 

because they can neither analyze the different cells separately in a co-culture nor be 

reliably used in a 3D culture (Ruoß et al., 2020). 
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2.1 The objectives for this thesis are: 

· Establish a carrier that allows the transport of human hepatocytes without 

a significant loss in cell viability and their metabolic function; 

· Extend the cultivation time of functionally competent primary human 

hepatocytes by cultivating them on a 3D scaffold; 

· Test different approaches to increase the metabolic activity of the hepatic 

cell line HepG2: 

o by epigenetic reactivation and 

o by cultivation in a 3D culture; 

· Establish a scaffold-based 3D model that represents the stiffness of the 

healthy liver and the fibrotic liver; 

· Establish a quantification method that allows the cell-type-specific 

quantification of scaffold based 3D co-cultures 
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Chapter 3: Publication I 

Ruoß, M.; Häussling, V.; Schügner, F.; Olde Damink, L.H.H.; Lee, S.M.L.; Ge, L.; 

Ehnert, S.; Nussler, A.K. A Standardized Collagen-Based Scaffold Improves 

Human Hepatocyte Shipment and Allows Metabolic Studies over 10 Days. 

Bioengineering 2018, 5, 86.  

3.1 Synopsis: 

Animal experiments are considered to be the gold standard for testing new drugs. In 

contrast to cell culture experiments, the effects of a substance on the whole 

organism can be investigated (Ferreira et al., 2019). However, human metabolism 

differs considerably from that of commonly used experimental animals. Hence, the 

toxic effects of new drugs that occur in humans often cannot be predicted in animal 

models (Dambach et al., 2005). To exclude such effects at the early stage of drug 

development, it is necessary to provide predictive in vitro models. Given that freshly 

isolated primary human hepatocytes have a metabolism comparable to the in vivo 

situation, they are considered to be the gold standard for such a predictive in vitro 

toxicity model for testing new drugs (Bachmann et al., 2015). Due to various factors, 

their use in this field is limited. The main reasons are the limited availability of the 

cells and the fact that they lose their metabolic activity after only a few days in culture. 

It is in principle possible to freeze hepatocytes to allow the transport of the cells and 

their constant availability; however, the cryopreservation of the cells results in a 

massive loss of viability and reduced metabolic activity, factors that limit the 

usefulness of cryopreserved hepatocytes (Godoy et al., 2013). Alternatively, it is 

possible to send the cells in suspension on ice, which reduces cell damage 

compared to cryopreservation, but also leads to a significant loss of living cells. In 

order to minimize the loss of cells and their metabolic activity during the transport, 

this study aimed to develop a carrier that allows the shipment of cells from point A 

to point B as gently as possible. We tested whether the Optimaix-3D Scaffold from 

Matricel is suitable for this purpose. We also investigated whether it is possible to 

maintain the metabolic activity of hepatocytes over 10 days by cultivating them on 

the Optimaix-3D scaffold; cells cultured in 2D were used as a control.  



28 
 

The scaffold characterization results showed that the Optimaix-3D Scaffold is ideally 

suited for the cultivation of hepatocytes. It has a pore size of 88.9 ± 21 µm and a 

high porosity and permeability, factors that ensure a good supply of nutrients to the 

cells. Besides, the scaffold has a stiffness comparable to that of the human liver. 

Furthermore, the Optimaix-3D Scaffold consists of collagen, which is also an 

essential component of the ECM in the human liver. 

Our data showed that the loss of hepatocyte viability caused by shipment can be 

significantly reduced by direct plating before shipment compared to shipment as a 

cell suspension. This outcome was the same for hepatocytes plated in 2D or on the 

Optimaix-3D Scaffold. However, the Optimaix-3D Scaffold's porous structure and 

the resulting increased surface area allows the transport of a higher cell number in 

the same area. 

We also showed that the cultivation of hepatocytes on the Optimaix-3D Scaffold has 

a positive effect on their metabolic activity. Compared to the conventional 2D culture, 

there is significantly higher albumin production and urea detoxification capacity. In 

addition, CYP enzymatic activity is more stable over 10 days. 

In summary, we demonstrated that the Optimaix-3D Scaffold is suitable for the 

transport of hepatocytes from point A to point B as well as their cultivation over a 10-

day period. In addition, the scaffold fits into the hole of a 96-well plate, a factor which 

also makes it interesting for high-throughput applications. However, the use of the 

Optimaix-3D Scaffold is also subject to limitations. For example, we could not get 

the cells off the scaffold without significant loss of viability. This factor makes it 

impossible for the user to plate the hepatocytes again. On the other hand, there is a 

low viability loss during transport. In addition, there is good potential standardization 

for this model, and thus it is interesting for numerous applications. 
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Abstract: Due to pronounced species differences, hepatotoxicity of new drugs often cannot be

detected in animal studies. Alternatively, human hepatocytes could be used, but there are some

limitations. The cells are not always available on demand or in sufficient amounts, so far there has

been only limited success to allow the transport of freshly isolated hepatocytes without massive loss of

function or their cultivation for a long time. Since it is well accepted that the cultivation of hepatocytes

in 3D is related to an improved function, we here tested the Optimaix-3D Scaffold from Matricel for

the transport and cultivation of hepatocytes. After characterization of the scaffold, we shipped cells

on the scaffold and/or cultivated them over 10 days. With the evaluation of hepatocyte functions

such as urea production, albumin synthesis, and CYP activity, we showed that the metabolic activity

of the cells on the scaffold remained nearly constant over the culture time whereas a significant

decrease in metabolic activity occurred in 2D cultures. In addition, we demonstrated that significantly

fewer cells were lost during transport. In summary, the collagen-based scaffold allows the transport

and cultivation of hepatocytes without loss of function over 10 days.

Keywords: drug-induced hepatotoxicity; pre-clinical drug testing; cells shipment; natural collagen

scaffolds

1. Introduction

Drug-induced hepatotoxicity is the leading cause of acute liver failure and post-marketing

withdrawal of drugs. Thus, a major challenge when developing new drugs is their assessment of

undesired side effects in humans [1]. In order to ensure the highest degree of safety and efficacy

of a potential drug, many time-consuming and expensive pre-clinical tests must be performed.

Consequently, to limit developmental costs there is an enormous demand for predictive in vitro

test systems in order to discriminate, as early as possible, between promising and inadequate drug

candidates. Pre-clinical drug testing is typically done using animal models; however, animal models

used by the pharmaceutical industry are, so far, not very representative for the human situation [2–4].

Because of the poor predictive power of current preclinical models, 90% of the drugs approved for
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the clinical phase do not enter the market or must be taken off the market on the basis of long-term

experience in humans [5]. The development of an in vitro test system that allows the early detection of

hepatotoxicity would not only reduce time and costs for drug testing but also increase human safety

and reduce animal tests.

It is widely accepted that reliable predictions could only be made with a human in vitro models to

exclude or further develop new drugs [6]. However, all of these models show several limitations. So far,

many different cell types including (fresh, cryopreserved, and immortalized) primary hepatocytes [7–9],

hepatic cell lines [10], and stem cell-derived hepatocyte-like cells [11] have been tested. However,

only freshly isolated primary human hepatocytes (PHHs) show a metabolic profile that is comparable

to the in vivo situation [12], making them the currently used ‘gold standard’. However, usage of PHHs

has also its disadvantages.

Firstly, the origin of these cells is mostly from already medicated tumor patients. Therefore,

the cells could have an altered metabolism, which does not represent the situation in the disease the

drug is designed for. Furthermore, the dependence on human donors implies that the cells are not

available in sufficient quantities anytime and anywhere [13].

Secondly, cryopreservation of the cells is also a limited alternative, because it is frequently

associated with an enormous loss in number and function of the PHHs [14]. Therefore, PHHs are

mostly shipped as a cooled suspension on ice [15]. However, this kind of transport also damages the

cells by hypothermia. Thus, the viability of the PHHs decreases during transport and the remaining

cells show impaired cell attachment and reduced function [16]. In general, transportation of PHHs at

37 ◦C, where cells remain largely intact, is possible but this form of transport is logistically unwieldy:

(i) before cells can be shipped it is mandatory to wait until cells attach onto the culture plastic; (ii) plates

have to be sealed tightly and packages have to be handled carefully not to spill the medium, as loss of

medium (dry wells) stresses the cells and increases the risk for contaminations; and (iii) additionally,

plated cells require much more space compared to the transport in suspension.

Last but not least, hepatocytes lose their metabolic activity in the conventional 2D culture after a

few days [15,17]. Therefore, in recent years, an increasing number of approaches have been focused

on the cultivation of hepatocytes in 3D culture systems, as a 3D environment is supposed to improve

the metabolic function of the cells. In these systems, different matrices, either derived from natural or

synthetic compounds, were used to mimic a 3D environment. From these studies it is known, that an

ideal scaffold should have an interconnected pore structure and a high porosity to ensure penetration

of the cells, as well as adequate diffusion of nutrients to cells and of waste products away from the

cells within the scaffold [18].

Cells interact with scaffolds mainly via chemical groups (ligands) on the material surface. Scaffolds

synthesized from natural extracellular materials (e.g., collagen) naturally have these ligands in the form

of Arg-Gly-Asp (RGD) binding sequences. The ligand density is determined by the specific surface area

(within a pore) to which cells may adhere. Thus, the mean pore size of a scaffold represents another

key component defining cell attachment, survival, and function [19,20]. In addition to the pore size,

porosity and the water-uptake capacity of the scaffold are also important parameters in cell-scaffold

interaction. They determine the interconnectivity of the pores, how deep the cells can penetrate into

the scaffolds and whether the cells inside the scaffold can be supplied with nutrients [21]. Besides,

the stiffness of the surface also has a huge influence on the functionality of the cells [22]. Especially in

liver the stiffness is often associated with different disease states. While a healthy liver has a stiffness

of approximately 6 kPa, a fibrotic and cirrhotic liver is much stiffer (>12.5 kPa to 75 kPa) [23].

Besides using 3D matrices, fluid-flow systems were also established to preserve the metabolic

function of PHHs over a long time period [15]. Although these attempts were able to maintain the

metabolic activity of the cells a bit longer than in 2D cultures, up until now all of these recent 3D

scaffolds had limitations [18]. The increasing complexity of a model in combination with the high

variance of human material makes standardization almost impossible. Additionally, these scaffolds

are often not suitable for 96-well plates. Thus, these systems can barely be used for high-throughput
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methods. In addition, these systems have been explored so far mainly with rat hepatocytes instead of

human ones [24–26], which makes the translation extremely difficult for testing of new drugs.

Thus, the aim of this study was to test the well standardized Optimaix-3D Scaffold, which can be

used for several standard plate formats, including 96-well plates, for its suitability for PHHs transport

and long-term functional culture. The physical characterization of the novel collagen-based scaffold

includes the determination of its pore size, porosity, permeability, water-uptake capacity, and stiffness.

It was further tested whether the 3D cultivation allows the cells to be sent more gently and to be

cultivated over 10 days without loss of viability. In addition, the influence of the scaffold cultivation

on the main metabolic functions (CYP activities, urea, and albumin synthesis) of PHHs was measured

for up to 10 days and compared to conventional 2D cultures.

2. Materials and Methods

2.1. Scaffold Manufacturing

The collagen scaffolds (Optimaix-3D) used in these studies were produced by the company

Matricel. The scaffold manufacturing process is based on a so-called directional solidification

method [27]. In brief, the developed method for scaffold manufacturing starts with the preparation

of a homogeneous aqueous dispersion of collagen. In the subsequent controlled freezing process,

finger-shaped ice crystals that grow through the dispersion are generated, so that the collagen

fibers are not trapped within the ice crystals but concentrate in the interstitial space. During

the subsequent freeze-drying, the ice sublimes and the open porous collagen structure remains.

This basic collagen scaffold structure is further cross-linked with 1-ethyl-3-(3-dimethylaminopropyl)

carbodiimide hydrochloride (EDC) in order to adapt the stability against degradation by cells that are

cultivated within the scaffold.

2.2. Physical Characterization of Scaffolds

2.2.1. Pore Size

To analyze the pore size, the organic matrix components of the scaffold were stained with

sulforhodamine B (0.08% SRB in 1% acetic acid), which binds to protonated amino acids under acidic

conditions. Unbound SRB was removed by washing the scaffolds three times with 1% acetic acid

solution. With the red fluorescent signal of the bound SRB, the porous structure of the cryogels could be

visualized with a fluorescence microscope (EVOS FL AF 4301, life technologies, Darmstadt, Germany).

Using the ImageJ software, version 1.5 (National Institutes of Health, Bethesda, MD, USA), the shape

and size of the pores were determined [21].

2.2.2. Porosity

The porosity of the scaffold was calculated using a method published by Shimizu et al. [28].

The porosity in percent was determined using the equation:

Porosity (%) = (1 −

(

(scaffold wet weight (g)− scaffold dry weight (g))

(scaffold volume (mm3)/density of water (g/mm3))

)

× 100%,

The volume of the scaffolds was calculated based on its diameter (5 mm) and height (1.5 mm)

to be 29.5 mm3. The dry weight of the scaffolds in grams was determined with an analytical balance.

Scaffolds were then submerged in sterile water for 1 h and were weighed to obtain the wet weight of

the scaffolds in grams.

2.2.3. Permeability

The permeability of the scaffold was calculated by a method published recently [29]. Briefly,

a stable hydrostatic pressure was applied to the top surface of the porous scaffold. The quantity
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of water permeated through the scaffold per minute was weighed and then used to calculate the

permeability according to Darcy’s law.

Porosity
(

µm2
)

=
viscosity water (Pa × s)×

water passed through the scaffoldmm3

min
cross sectional area of the scaffold (mm2)×constant pressure (Pa)

length of the scaffold (mm)

,

To determine the volume of water that passed through the scaffold per minute, the water was

collected and weighed (g) using an analytical balance. Multiplication with the specific density of water

(0.997 g/cm3) gave the required volume in mm3.

To determine the constant pressure applied, the height of the water column (90.1 mm) was

multiplied by the cross-sectional area of the scaffold (78.5 mm2). The weight of the resulting water

volume (in average 2.5 g/s) was calculated to be 150 cm3/min by multiplying the water volume with

the specific density of water (0.997 g/cm3). By dividing with the gravitational force (~9.8 m/s2) the

constant pressure applied was determined to be 881 Pa.

2.2.4. Water-Uptake and Swelling Ratio

The water-uptake and swelling ratio were obtained according to a previously described method [30].

The water-uptake as well as the swelling ratio was calculated according to the following equations:

Swelling ratio (%) =
(scaffold wet weight (g)− scaffold dry weight (g))

scaffold dry weight (g)× 100
,

Water uptake (%) =
(scaffold wet weight (g)− scaffold dry weight (g))

scaffold wet weight (g)× 100
,

The dry and wet weights (in grams) of the scaffolds were determined with an analytical balance

as described above.

2.2.5. Matrix Stiffness

The scaffold stiffness is defined by the Young’s modulus, which describes the ratio of stress

σ and strain ε independent of the size or the shape of samples. Briefly, Optimaix-3D scaffolds

(3 mm height × 10 mm diameter) are compressed four times uniaxial, by a cyclic compression of

10% height, with a velocity of 5 mm/min, using a ZwickiLine Z 2.5TN (Zwick GmbH & Co. KG, Ulm,

Germany). The required load is measured real-time by a Xforce HP 5N sensor (Zwick GmbH & Co. KG

(Ulm, Germany) The resulting load-deformation curve is converted into a stress-strain curve, using the

area and initial sample height. In the region of linear elastic deformation, the Young’s modulus [31] is

then calculated, using the following formula:

Young′s modulus (MPa) =
applied force (N)× initial scaffold height (mm)

area of the scaffold (mm2)× change in height (mm)
,

2.3. Hepatocyte Isolation, Shipment, and Culture

PHHs were isolated from liver resections by a two-step EDTA/collagenase perfusion technique as

described previously [32,33]. Double-coded liver pieces used for PHHs isolation were provided by the

Biobank of the Department of General, Visceral and Transplantation Surgery in Ludwig-Maximilians

University (LMU). This Biobank operates under the administration of the Human Tissue and Cell

Research (HTCR) Foundation. The framework of HTCR Foundation [34], which includes obtaining of

written informed consent from all donors, has been approved by the ethics committee of the Faculty

of Medicine at the LMU (approval number 025-12) as well as the Bavarian State Medical Association

(approval number 11142) in Germany.
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PHHs were shipped overnight as a cell suspension with up to a maximum of 5 × 107 viable cells

per mL Cold Storage Solution (Hepacult GmbH, Martinsried/Planegg, Germany), in cryo-vials on

ice [32].

Upon arrival, cells were washed once with PBS. The cell number and viability was determined by

Trypan blue exclusion method, using a Neubauer counting chamber. To improve the viability, a Percoll

density gradient centrifugation was performed for 20 min at 1300 g (Percoll solution was diluted with

PBS to obtain a total density of 1.0675 g/L). The PHHs were washed once with PBS and resuspended

in Williams Medium E supplemented with 10% fetal bovine serum, 100 U/mL penicillin, 0.1 mg/mL

streptomycin, 15 mM HEPES (pH 7.0–7.6), 1 mM Glutamine, 1 mM sodium pyruvate, 1 mM human

insulin, 0.8 µg/mL hydrocortisone and 1% nonessential amino acids. Cells were counted again and

seeded onto culture dishes or the Optimaix-3D scaffolds from Matricel.

Both in 2D and 3D 0.3 × 106 million cells were plated. For better cell adherence 24-well culture

dishes that were used for 2D culture were coated with rat tail collagen as described [9]. For cell seeding

on the scaffold, the so called ‘Drop-on’ seeding method, recommended by the manufacturer, was

used [35]. Therefore, cells were re-suspended in the medium at a concentration of 10 million PHHs/mL.

30 µL of this cell suspension was pipetted onto the scaffold to achieve nearly complete rehydration.

After an attachment period of 2 h, additional medium was added (500 µL/well, 24-well-plate) to the

scaffolds. The scaffolds fit also into a single well of a 96-well plate; however, in order to increase

the comparability between 2D and 3D (same amount of medium), 24-well plates were also used for

metabolic activity measurements of the 3D culture. To test whether the scaffold was also suitable

for the shipping of the PHHs, cells were plated after isolation as described above in 2D and onto

Optimaix-3D scaffolds. The exact procedure is schematically shown in Figure 1. Both cultures as well

as cells in suspension were sent at 37 ◦C overnight. At the next day cells were purified as descripted

before and plated out in 2D or onto Optimaix-3D scaffolds at the same concentration as described

before. For comparison of the viability of each condition a measurement of resazurin conversion was

carried out as described in Section 2.4.4.

Figure 1. Schematic illustration of the transport schemes: on day 1, the primary human hepatocytes

(PHHs) were purified and sent either in suspension or directly plated onto 2D culture plates and

Optimaix-3D scaffold. Then, cells were sent at 37 ◦C (plated cells) or at 4 ◦C (cells in suspension)

overnight. On day 1, the medium was changed in the plated cultures, while the cells in suspension were

purified and plated out (2D, Optimaix-3D scaffold). Two days after isolation, a viability determination

of all conditions was carried out by measuring resazurin conversion.
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2.4. Functional Testing

Main metabolic functions, like urea and albumin production and activities of CYP enzymes were

measured on days 3 and 10 of culture. For normalization, Resazurin conversion was determined.

2.4.1. Urea Measurement

The cells were washed once with PBS. Subsequently, the urea quantification was carried out, using

a protocol described by Seeliger et al. [11]. Briefly, cells were incubated for 24 h with medium without

additives, in the presence or absence of 5 mM NH4Cl or 5 mM NH4Cl and 0.1 M ornithine. 80 µL

of the supernatant was mixed with 60 µL of O-phthalaldehyde solution (1.5 mM O-phthalaldehyde,

4 mM Brij-35, 0.75 M H2SO4) and 60 µL of NED reagent (2.3 mM N-(1 Naphthyl) ethylenediamine

dihydrochloride, 0.08 M boric acid, 4 mM Brij-35, 2.25 M H2SO4) and incubated for 1 h at 37 ◦C.

The absorbance was measured at 460 nm and compared to a urea standard curve (0–100 µg/mL) on

the same plate.

2.4.2. Albumin ELISA

The produced albumin was quantified with the human albumin ELISA kit (E80-129 from Bethyl

Laboratories, Montgomery, USA) according to the manufacturer’s instructions. Briefly, 96-well-plates

were coated with the primary antibody for 1 h at room temperature (RT). After washing five times with

washing buffer (50 mM Tris, 140 mM NaCl, 0.05% Tween 20), unspecific binding sites were blocked

with blocking solution (50 mM Tris, 140 mM NaCl, 1% BSA) for 1 h at RT. After another 5 washes,

albumin standard and sample (diluted 1:50 in sample conjugate buffer) were applied to the plate and

incubated for one hour at RT. After another 5 washes, the secondary antibody was added to each

well and incubated for 1 h at RT. After the last 5 washes, the luminescence solution (100 mM Tris,

125 nM Luminol, 200 nM p-Coumaric acid, 0.08% 30% H2O2 solution) was pipetted into the wells and

the luminescence was measured in the Omega plate reader BMG LABTECH, Ortenberg, Germany.

The albumin quantity was calculated using a standard curve.

2.4.3. CYP Activity Measurement

CYP enzyme activities of CYP2B6, CYP2D6, CYP2C9 and CYP3A4, being responsible for the

metabolism of most drugs [36], were measured as recently described [37]. Briefly, the chosen substrates,

the selected concentrations, the incubation times and the measured metabolites are summarized in

Table 1. Methanol, which was the initial solvent of the CYP substrates, was removed before use by

evaporation, and the substrates were dissolved in culture medium. The cells were incubated with

500 µL of the respective reaction solution. After the described incubation times, the supernatants

were removed and frozen at −80 ◦C until measurement. The enzymatic activity was measured by the

company Pharmacelsus (Saarbrücken, Germany) using a LC-HPLC/MS-based methodology [37].

Table 1. Substrates, concentrations, conditions, and measured reactions of the CYP activity measurement.

Substrate Isoenzyme Incubation Time in h Concentration Reaction

Bupropion CYP 2B6 1 100 µM Bupropion-hydroxylation
Diclofenac CYP 2C9 1 9 µM Diclofenac-4′-hydroxylation

Testosterone CYP 3A4 1 50 µM testosterone-6β-hydroxylation
Bufuralol CYP 2D6 2 9 µM Bufuralol-1-hydroxylation
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2.4.4. Resazurin Conversion

After each functional test, the wells/scaffolds were washed once with PBS and then incubated

with a 0.0025% resazurin solution (in medium) for 1 h at 37 ◦C. The fluorescence of the produced

resorufin was measured at 544 nm/590-10 nm using the Omega Plate Reader [38].

2.4.5. Statistic

Statistical significance of differences between two groups was evaluated by non-parametric

Mann-Whitney-U-test. For comparison of the differences between more than two groups,

non-parametric Kruskal-Wallis H-test followed by Dunn’s multiple comparison test was performed

(GraphPad Prism 5.00 Software, San Diego, CA, USA). Data are represented as means ± SEM of at

least three independent experiments (N ≥ 3). All statistical comparisons were performed two-sided

in the sense of an exploratory data analysis using p < 0.05 (*), p < 0.01 (**), and p < 0.001 (***) as level

of significance.

3. Results

3.1. Characterization of the Optimaix-3D Collagen Scaffold

Optimaix-3D scaffolds were prepared by a so-called directional solidification method, which

includes subsequent freeze-drying cycles [27]. Scaffold properties are summarized in Table 2.

Table 2. Characteristics of Optimaix-3D scaffold.

Optimaix-3D
Scaffold

Pore Size
(Mean Diameter/µm)

Porosity
(%)

Permeability
(µm2)

Water-Uptake
(%)

Swelling-Ratio
(%)

Average 88.9 96.3 54.5 97.1 3386.6
Standard
Deviation

21.1 0.3 4.0 0.1 127.2

The pore size (mean diameter) of the scaffold, which was measured from four independent

scaffolds with the ImageJ software (five pores/scaffold were analyzed), ranged from 55–140 µm,

with the most pores being between 80 µm and 100 µm (Figure 2a,c). The porosity of the scaffold that

were measured four times independently was approximately 96%. Together with the high permeability

of 54 µm2, which was measured from three independent scaffolds (three times each scaffold), this is an

indicator for a high interconnectivity of the pores [39]. This high porosity even allows visual analysis

(light microscopy) of the plated PHHs. Normally, in a scaffold culture, it is not possible to take light

micrographs, but the high porosity of the Optimaix-3D scaffolds (height = 1.5 mm) allows enough

light to penetrate the scaffold for light microscopy (Figure 2d). The water-uptake of the Optimaix-3D

scaffold was >97%. Together with the swelling ratio of 3387%, this represents the strong hydrophilic

nature of the scaffold. The dry Optimaix-3D scaffold has a high stiffness of 148 kPa, which allows

easy handling of the scaffolds. When soaked with medium, the wet Optimaix-3D scaffold showed

a stiffness of nearly 7.5 kPa (Figure 2b) which is comparable to the stiffness of the healthy human

liver [23].
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Figure 2. Physical characteristics of the Optimaix-3D scaffold: (a) pore size distribution was determined

with the ImageJ software. (N = 4, n = 5). (b) The stiffness of the scaffold was measured with the help of

a Zwick material testing machine (N = 4, n = 3). (c) Representative fluorescent microscopic picture of

the pore structure in the Optimaix-3D scaffold. For visualization Optimaix-3D scaffolds were stained

with SRB. (d) Microscopic image of the scaffold colonized with PHHs.

3.2. Loss of PHHs During Transport Is Significantly Reduced When Shipped on Optimaix-3D Scaffold

So far, it has not been possible to send PHHs on ice or cryopreserved without a massive loss of

function and viability [40,41]. Therefore, we investigated if it is possible to ship PHHs plated onto

Optimaix-3D scaffolds (Matricel) compared to conventional 2D culture plates overnight. Nowadays

nearly half of the PHHs shipped in suspension in cold storage solution get lost during transport [41],

as can be seen in Figure 3a, which include data of nine shipments. An actual comparison that includes

data of the 2D/3D shipment experiments can be found in Table 3. This was partly due to the decreased

viability of the cells upon arrival (Figure 3b), which raised the need for additional purification step, as

the proteases released from the dead PHHs may damage the healthy cells and adversely affect their

adherence. Thus, for purification, a Percoll density centrifugation was typically performed, which

resulted in increased viability of the cells (Figure 3b) but decreased significantly the number of viable

cells (Figure 3a).
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Figure 3. Effect of shipment on the viability and adherence of PHHs. Freshly isolated PHHs were

shipped overnight in cold storage solution. Total cell numbers and the viability of the cells were

measured before shipping, before and after Percoll purification. (a) Amount of living PHHs decreased

during transport and purification. (b) Viability of PHHs can be increased by using Percoll density

purification. (c) Viability (Resazurin conversion) of PHHs shipped overnight either adherent or in

suspension (with purification and plating upon arrival). Data shown represent an average of N = 9

(PHH were shipped and purified nine times independently (a,b). (c) (N = 3, n = 20) cells were shipped

three times independently, cultured both directly on scaffold and onto plates (2D) or in parallel in

suspension and then plated after shipment. (d) shows long time viability of PHH plated out on scaffold

over 10 days that were quantified by measurement of the resazurin conversion (values of 3D were

normalized to the values of 2D on the same day N = 3, n = 3 (mean ± SEM). * p ≤ 0.05; ** p ≤ 0.01;

*** p ≤ 0.01).

Although the loss in viability resulting from shipment was compensated by the Percoll density

purification, the cells that were sent in suspension and subsequently plated showed significantly lower

adherence compared to cells directly cultured onto Optimaix-3D scaffolds or on collagen-coated plates

(2D) (Figure 3c). When comparing PHHs sent in 2D with those on the Optimaix-3D scaffolds, it is

remarkable that the cells on the Optimaix-3D scaffolds survive the shipping better than the cells in

2D-culture (Figure 3c). As shown in Figure 3d, approximately 80% of the cells adhere on the scaffold

surface compared to 2D, which can be explained by the fact that some cells are rinsed off after 2 h

when medium is added. However, the relative viability on the scaffold is close to the cells cultured

in 2D.
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Table 3. Loss of living hepatocytes by shipping and subsequent purification.

Amount of Living
Cells before

Shipment (in mio)

Viability before
Shipment

Amount of Living
Cells after Percoll

Purification (in mio)

Viability after
Percoll

Donor 1 119 80% 54 76%
Donor 2 111 85% 43 74%
Donor 3 78 83% 25 80%
Average 103 82% 40 77%

3.3. Metabolic Function of PHHs on the Optimaix-3D Collagen Scaffold

The next step of the present study was to monitor the hepatic function of the PHHs cultured on

this new scaffold in comparison to the conventional 2D culture. It is well recognized that cultured

PHHs rapidly lose their metabolic function in vitro [12]. Therefore, to investigate if PHHs cultured on

Optimaix-3D scaffolds maintain their metabolic function longer than in 2D cultures, we analyzed the

main hepatic functions like CYP activity, urea, and albumin synthesis on days 3 and 10 of culture.

3.3.1. 3D Environment by the Optimaix-3D Scaffolds Supports Urea Production in PHHs

The basal urea production of PHHs cultured on Optimaix-3D scaffolds was approximately 50%

higher compared to PHHs in 2D cultures. Furthermore, basic urea production of PHHs in 2D cultures

rapidly declined within 10 days. In contrast, the basic urea production in 3D cultures remained constant

over 10 days (Figure 4a). Upon addition of ammonia, cells in a 3D culture produced significantly

more urea on day 3 and day 10 than in 2D cultures, clearly demonstrating an improved detoxification

capacity in 3D cultures (Figure 4b). In 2D cultures, however, this could only be obtained on day 3,

when cultures were supplemented with the co-factor ornithine (Figure 4c).
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Figure 4. Urea production and ammonia detoxification. (a) Basic urea production by PHHs over 24 h

in 2D (bright bars) and 3D (dark bars) cultures. (b) Urea production by PHHs after 24 h following

the incubation with NH4Cl in 2D (bright bars) and 3D (dark bars) cultures. (c) Urea production by

PHHs after 24 h incubation with NH4Cl plus ornithine in 2D (bright bars) and 3D (dark bars) cultures.

Data were normalized to the resazurin conversion (viable cells). Data represent an average of N = 3

independent experiments (n = 3). Bars represent mean ± SEM ** p≤ 0.01; *** p ≤ 0.001 as indicated.

3.3.2. 3D Environment of the Optimaix-3D Scaffolds Favors Albumin Synthesis in PHHs

Another important function of the liver is the synthesis of albumin [42]. As depicted in Figure 5,

after 3 days of culture, twice as much albumin production by PHHs was measured in Optimaix-3D

cultures compared to the same PHHs cultured in 2D. On day 10, albumin production drops in 2D

cultures by approximately 38% compared to day 3. On the contrary, in Optimaix-3D cultures, albumin

synthesis even increased with increasing culture time, resulting in a 16-fold higher albumin production

in Optimaix-3D cultures compared to 2D cultures.

38 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Bioengineering 2018, 5, 86 11 of 19

Albumin

2D 3D 2D 3D
0

2

4

6

8

10

Day 3

***

Day 10

x-
 f

o
ld

 a
ct

iv
it

y
 o

f 
2D

/ 
d

ay
 3

Figure 5. Synthesis of albumin by PHHs in 2D and 3D culture. Supernatants after 24 h incubation time

were collected on day 3 and 10 of culture. Albumin production was measured by human Albumin

ELISA. Results of 2D cultures are given as bright bars, results of Optimaix-3D cultures are given in

dark bars. Data were normalized to the resazurin conversion (viable cells). Data represent an average

of N = 4 independent experiments (n = 3). Bars represent mean ± SEM. *** p ≤ 0.001 as indicated.

3.3.3. The Activity of CYP Enzymes was Constant in 3D over 10 Days

Basal activities of CYP3A4 and CYP2D6 in PHHs were relatively low when cultured in 2D, thus no

significant drop in activity was detected over 10 days. In contrast, both enzyme activities were more

than doubled when PHHs were cultured on Optimaix-3D scaffolds. CYP3A4 activity remained more or

less constant over the culture period of 10 days (Figure 6a). On the contrary CYP2D6 activity showed a

time-dependent decrease over 10 days in 3D culture but remained higher than in 2D when PHHs were

cultured on Optimaix-3D scaffolds (Figure 6d). At day 3 in culture CYP2C9 and CYP2B6 activities

were comparable between PHHs in 2D and in 3D (Optimaix-3D scaffolds). While their activity strongly

declined in 2D cultures, they remained stable in 3D (Optimaix-3D scaffolds) cultures over 10 days

(Figure 6b,c).

For all measured CYP activities, a high donor variance was detected, which is in agreement with

the literature [43]. For a better overview, activities of each donor are also presented in a heat map in

Figure 6e.

Figure 6. Activity of CYP enzymes, which are involved in drug metabolism. Supernatants were

collected after incubation with specific substrates as indicated in Materials and Methods at days 3 and

10 of culture. (a–d) shows the CYP activities of CYP 3A4, 2C9, 2B6 and CYP 2D6. Values of 2D cultures

are summarized in bright bars. Values of 3D cultures are summarized in dark bars. Bars represent

mean ± SEM of three independent experiments (N = 3, n = 3) * p ≤ 0.05 as indicated. (e) Overview of

the individual donor differences is represented in a heat map showing the CYP activities in 3D cultures

compared to 2D cultures.
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4. Discussion

For many years, it has been known that due to large inter-species differences in metabolism,

animal models are not able to predict hepatotoxicity in humans reliably [4]. Although great efforts

have been made to overcome this deficit in the past 20 years, so far no reproducible system exists to

predict in vitro metabolism in humans. It is widely accepted that neither hepatic cell lines nor stem

cell-derived hepatocyte-like cells are able to mimic the metabolism of drugs in vitro [15]. The only

exception is the so-called ‘gold standard’ of PHHs, which show a metabolic profile comparable to

the in vivo situation for a limited time. However, the use of PHHs as a routine test system for the

pharmaceutical industry is limited because of several reasons.

First, the cells are not always or at any time available in sufficient (large) quantities. Additionally,

they can only be isolated in specialized centers from liver capsules, which are obtained during large

tumor operations. Besides, the fact that the cells’ metabolism might be affected due to the medication

of the patients, the isolated cells need to be distributed to academic, regulatory affairs or industrial

research institutions. Thus, PHHs need to be shipped from point A to point B. Nowadays, there are

three standard methods for this procedure: (i) either the cells are cryopreserved; (ii) sent in suspension

at 4 ◦C; or (iii) directly plated onto culture plates [15]. Each of these procedures has advantages

and disadvantages. While experiments using cryopreserved PHHs can be planned ahead, the cells

show a massive loss of viability associated with a reduced metabolic activity after thawing [40,41].

As also demonstrated in the present manuscript, transport of PHHs at 4 ◦C in suspension causes

a massive loss of cell viability. Although the viability could be significantly improved by Percoll

density gradient centrifugation, the overall cell numbers were strongly reduced. Furthermore, their

adherence and consequently metabolic activity was affected, which is in line with our laboratory

observations and other published reports [40,41]. In order to prevent this, many attempts have been

made to improve cryopreservation and thawing of PHHs [15], or to optimize the solution, in which

the cells are transported in cell suspension [16]. Despite all efforts that have been made in recent years,

the shipping results remain unsatisfactory, with a frequently high loss of cell viability, cell attachment

and function [14,44].

Another limitation is the conventional monolayer culture technique for PHHs, which is far from

its natural environment and results in a reduced and limited metabolic capacity [12,45]. According

to PubMed in the past 10 years over 600 papers on hepatocytes and 3D culture were published. This

research led to substantial improvement in the field of bioengineering with the aim to culture PHHs in

an environment that resembles the liver [18]. Nevertheless, direct comparison among the different

scaffolds and systems is barely possible due to the various technologies used. Custom-made scaffolds

frequently lack reproducibility. Thus, we have chosen here a scaffold, named Optimaix-3D, which

is reproducibly manufactured (by Matricel) in a controlled freezing process from a defined collagen

dispersion. This procedure results in an even pore structure (mean pore diameter of 88.9 µm) [46].

Studies have shown that PHHs require the interaction with Extracellular matrix (ECM) components,

such as collagen, to maintain their specific functions [47]. The ECM protein collagen plays an important

role in the maintenance of organs and tissues [48]. It is therefore often used as a biomaterial in medical

application and in bioengineering [49]. It is biodegradable and in contrast to albumin or gelatin only

weakly antigenic [48]. Collagen is also one of the important ECM proteins of the heathy liver [50].

As such, the Optimaix-3D scaffold, which is made of collagen, could potentially be an ideal carrier for

PHHs for transport purposes and/or metabolic studies.

In our hands, the hydrated Optimaix-3D scaffold showed a stiffness of approximately 7.5 kPa.

This stiffness is in the range of a healthy liver, which has a stiffness between 2.9 kPa and 6 kPa,

depending on individual differences and the method used for measurement [23,51,52]. Compared

to plastic, which has a stifness in the gigapascal range [22], the scaffold is in terms of the stiffness

within the physiological range of a healthy human liver [23,53]. The stiffness of the scaffold seems to

be important not only for in vitro studies [22] but also in vivo, as studies have clearly shown that liver

stiffness negatively influences the drug metabolism in patients [53].
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There are not many studies regarding the ideal pore size of scaffolds for the cultivation of PHHs.

However, Ranucci et al. described that cell adherence as well as albumin production is particularly high

at pore sizes of 10 µm and 80 µm, but not at a pore size of 18 µm. The authors explain their findings

with the fact that the cell morphology seems to be best preserved in cultures with a pore size of 10 µm,

while cell-cell contacts might be best formed in 80 µm pores [20]. Optimal cell-cell-interaction might be

responsible for the improved functionality of the Optimaix-3D scaffold which has a pore size of 88 µm.

As the authors of this study further explained, the effects of 80 µm pores is particularly high in terms

of functionality, when the cell concentration is relatively high to form cell-cell contacts [20]. This is also

the case in the Optimaix scaffold, on which 300,000 cells are cultured at a scaffold volume of 30 mm3.

From physical scaffold characterization as well as microscopic analyses of cryogels, it is well known

that interconnected pores allow better cell migration and deliver an optimal nutrient supply [21].

Compared with other cryogels described in the literature for the cultivation of various cell types,

including liver cells e.g., Damania et al. 2018, Amirikia et al. 2017, and Galperin et al. 2010 [54–56],

Optimaix-3D scaffolds have a very ordered and directed pore structure, which is most likely the reason

for the very high permeability and high flow rates measured. Since hepatic cord structures are also

composed of microscale alignments of linear unit structures [57], the Optimaix-3D scaffolds might

imitate this natural environment as seen in Figure 2c.

We first tested if Optimaix-3D scaffolds could serve as an alternative approach for commonly

used cryopreservation PHHs or shipping in cell suspension at 4 ◦C. We and others have clearly

shown [15,44] that the shipment of PHHs in suspension results frequently in a significant loss in

quantity and viability of cells. Although the percentage of viable cells can be largely restored by Percoll

density gradient centrifugation, the damage caused by the cooling cannot be compensated, resulting in

a lower cell attachment and reduced function [58,59]. It is noteworthy that PHHs shipped on scaffold

survived the transport much better than PHHs plated directly onto conventional culture plates in the

monolayer technology (Figure 3c) and have a better metabolic function. A comparison of different

shipment methods which also include cryopreservation of the cell could be find in Table 4. On an

Optimaix-3D scaffold, with a height of 3 mm, 500,000 PHHs can be seeded. This scaffold easily fits into

a cavity of a 96-well-plate. In contrast, to plate the same amount of cells in 2D requires 20–25 cavities of

a 96-well-plate. The seeding efficiency on the scaffold is approximately 80% compared to 2D, which is

comparable to that of other scaffolds described in the literature [60].

Table 4. Comparison of various shipment methods.

Shipment
Method

Survival of the
Cells after
Shipment

Adherence
Time before

Shipment
Advantages Disadvantages Ref.

Suspension Low No
Cells can be plated out by
the recipient on demand

Cell loss during
shipment, Reduced cell
attachment metabolic
capacity in culture

[14,44,59]

Cryopreserved
hepatocytes

Low No
Cells can be used anytime,
anywhere

Massive cell loss during
freezing/thawing, Low
metabolic activity

[14,40]

2D culture High 4 h
Cells can be plated in the
different well-plate formats

Cell shipment requires
a large volume.
Risk of contamination

[15,17]

Optimaix-3D
Collagen
Scaffold

High 2 h

Seeding large cell numbers
in a low volume

Cell detachment difficult This work
Cells maintain metabolic
functions over 10 days

Furthermore, it is possible that the cell amount, which can be loaded on the scaffold, can be further

improved by applying a fluid flow. A study carried out by Thevenot et al., which compared various

seeding methods, showed that the dynamic seeding methods allowed a higher loading capacity [61].
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So far, it is extremely difficult to detach cells quantitatively from scaffolds without a substantial

cell loss [62]. Therefore, the methods for cell de-attachment from scaffolds should be improved in

the future.

Our data of cultured PHHs on Optimaix-3D scaffolds showed significantly improved cell viability

and an increased metabolic activity of cells over a culture period of 10 days.

With regard to the urea production in 2D cultures, we observed that urea production remains

largely constant between day 3 and day 10. It is noteworthy that PHHs cultured onto the Optimaix-3D

showed a continuous higher basal urea formation than 2D cultures over ten days. In 2D cultures, the

addition of ammonium chloride plus ornithine results in an increased urea production, on day 3 but not

on day 10. However, the addition of ammonia alone is not metabolized by primary human hepatocytes.

It is well known that cellular ATP is necessary for ammonia uptake into the urea cycle to form

urea [63]. Therefore it is conceivable, that a high cellular loss of ATP during liver cell transportation in

suspension [14] is responsible for the lack and/or delayed urea formation. In the same line of evidence

Liu et al. clearly showed that cold storage of cells reduces the metabolic testing capacity, including the

ammonia detoxification capacity [64]. Based on these data, it seemed that hepatocytes recover faster in

3D than in 2D cultures, suggesting a lack of additional cofactors necessary to fully transform ammonia

into urea.

In the case of albumin synthesis, there is even an increase in albumin production between day

3 and day 10, when PHHs are cultured on Optimaix-3D scaffolds, while in 2D a drop in albumin

production was observed. This finding supports ours and others hypotheses that the 3D environment

in general and the Optimaix-3D scaffold in particularly maintains the metabolic function of PHHs [18].

An explanation for this high basal urea and albumin synthesis observed in our Optimaix-3D cultures

could be the naturally occurring zonation of the liver. Cells that receive high levels of nutrients and

oxygen (periportal cells) are more involved in urea detoxification and albumin production, while

perivenous cells (low oxygen) are involved in drug metabolism [65]. The open pore structure of

Optimaix-3D scaffolds may result in better oxygen and nutrient supply for liver cells. This effect

may be dominant at the beginning of the experiment, while the cells in 2D are still in a differentiated

state. In the course of the experiment, the cultivation of cells on a scaffold leads to a slowdown of

de-differentiation, which would be another key advantage over 2D cell cultivation [15].

Thus, it is not surprising that the effect of the 3D cultivation on CYP activity was not as pronounced

early in the culture period, when CYP activities in 3D were only slightly higher than in 2D cultures.

However, over a 10-day culture period, the CYP activities remained fairly constant in the PHHs

cultured on the Optimaix-3D scaffolds, while CYP activities in 2D rapidly declined. This is in line

with another report, showing that a 3D environment has a positive effect on the CYP activities [18].

When we compare our results to already published data, the CYP enzyme activities in 2D confirm

or previous findings. As shown by Lin et al. the RNA expression of CYP2B6 and CYP2C9 has

been declined after a period of five days. In case of CYP3A4 there is almost no RNA and Protein

expression after 7 days [10]. In recent years, much has happened to improve the cultivation of

hepatocytes, especially the cultivation of hepatocytes in spheroids or on scaffolds show positive results.

For example, the culture of rat hepatocytes on a silk scaffold showed an increase in albumin production

over 10 days, however, only in co-culture with hepatic stellate cells. The urea production at later

time points is also higher both in 3D and in the 2D co-culture. The metabolic activity of the CYP

enzymes (CYP3A, CYP1A2) was only measured after 5 days. However, at this time point the cells

in co-culture seemed to improve the metabolic function more than in the 3D system. However, the

authors have not normalized these data, therefore, it cannot be ruled out that the positive effects

seen in the 2D co-culture is only due to an improved survival of the hepatocytes [24]. Damania et

al. have published a cryogel coated with extracellular liver matrix which should mimic the natural

ECM of the liver. These authors observed an improved functionality of human hepatocytes plated

on coated scaffolds, including albumin and urea production, especially on day 3. Unfortunately,

a comparison with the corresponding 2D culture was not performed [54]. In the same line of evidence,
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Bell et al. showed a significantly improved maintenance of hepatocyte function by cultivating liver

cells in a spheroid culture. Depending on the investigated CYP enzymes, maintenance of the activity

was possible over 10–14 days. In this publication, liver cells in spheroids were compared with cells

cultured in a Matrigel sandwich. Interestingly, Bell et al. performed their experiments in a 96-well

format using ultra-low attachment plates with very low cell numbers (1500 viable cells per well),

which allows the use of high-throughput methods to a certain extent. Since the formation of spheroids

takes approximately 7–10 days, a direct comparison with 2D and the same primary hepatocytes is

impossible, because of declining enzyme activity in 2D. Therefore, the authors have normalized their

results to the amount of seeded cells [66] which does not really represent the cell number on the day of

the measurement. Siltans et al. used another method to form hepatocyte spheroids: microcapsules

with a liquid core and poly-(ethylene glycol) gel shell that allowed to form spheroids with only 150

cells per capsule. However, several capsules were plated per well, to obtain measurable results [5].

While the encapsulated hepatocytes showed an increased albumin production between day 4 and

day 6, the corresponding 2D culture showed a decrease in albumin production. These authors claim

that urea production on day 8 is highest in the encapsulated hepatocytes compared to the controls,

but no comparison to other time points has been performed. In addition, the authors have executed

co-cultures with murine fibroblasts, which slightly improved the metabolic function of the hepatocyte

spheroid culture. The albumin production of the co-culture setup showed a continuous increase over

12 days. A direct comparison among different papers of other metabolic functions is again difficult

since these authors have chosen only one particular time point [67].

In summary, many other 3D cultivation methods have been published with partly very complex

compositions, which makes a controlled standardization and comparison to other models almost

impossible. However, the scaffold described in this manuscript is characterized by a high degree

of reproducibility. In addition, Optimaix can be applied to routine 96-well-plates that allows a

high-throughput process. Other recent work with spheroid/organoid 3D cultures seems to be similar

to standardize to 96-well formats; however, the normalization of results to the applied cell number

and a direct comparison with 2D is difficult [68,69]. The reason is that the spheroid formation takes

time, which does not allow a direct comparison with the basal PHH metabolic activities [70]. Finally,

there is also evidence showing no metabolic improvement of hepatocytes cultured onto 3D spheroids

compared to conventional 2D culture [71].

5. Conclusions

Our results clearly show that the viability of the cells can be maintained significantly better by

transport on the Optimaix-3D Scaffold from Matricel compared to the conventional shipment as a

cooled suspension. Additionally, it is possible to utilize this scaffold to maintain the main hepatic

functions, such as drug metabolism, urea production, and albumin synthesis over a period of 10 days.

Furthermore, the scaffold has nearly the same stiffness as a healthy liver. With its high porosity

and permeability, it is not only ideal for supplying the cells with nutrients, but also for use within

a bioreactor. Due to the good biocompatibility of the collagen used for the scaffold, it might be also

possible to use a scaffold seeded with PHHs in regenerative medicine.
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Abbreviations

PHH Primary human hepatocytes

NIH National Institutes of Health

RGD Arginylglycylaspartic acid

CYP CYP450 monooxygenase

ECM Extracellular matrix

EDC 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride
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Chapter 4: Publication II 

Ruoß, M.; Damm, G.; Vosough, M.; Ehret, L.; Grom-Baumgarten, C.; Petkov, M.; 

Nadalin, S.; Ladurner, R.; Seehofer, D.; Nussler, A.; Sajadian, S. Epigenetic 

Modifications of the Liver Tumor Cell Line HepG2 Increase Their Drug 

Metabolic Capacity. Int. J. Mol. Sci. 2019, 20, 347. 

4.1 Synopsis: 

In addition to PHH, different hepatic tumor cell lines are used as in vitro model within 

the first stages of drug development. (Lin et al., 2012). In contrast to PHH, these 

cells have the advantage that they are available in sufficient quantities at any time 

and in any place (Donato et al., 2015, Sison-Young et al., 2017). The fact that all 

cells of a cell line have the same genetic background allows a high degree of 

standardization of the results. The major disadvantage of using hepatic cell lines is 

their low metabolic activity compared to PHH. This factor results inter alia from de-

differentiation processes that occur during tumor development, including epigenetic 

changes as well as processes such as the so-called EMT, which can also be 

observed during tumor progression in a wide variety of tumors (Hanahan and 

Weinberg, 2011, Ingelman-Sundberg et al., 2013, Sciacovelli and Frezza, 2017). 

However, as various studies have shown, it is possible to partially reverse these 

existing epigenetic changes (Snykers et al., 2009, Seeliger et al., 2013). 

Furthermore, halting proliferation as well as a shift of the EMT status toward a more 

epithelial phenotype, can be achieved. This phenomenon is possible by treating the 

cells with the epigenetically active agents such as the chemotherapeutic agent 5-

AZA and vitamin C (Sajadian et al., 2016). Trans-differentiation of mesenchymal 

stem cells to hepatocyte-like cells can also be improved by the use of 5-AZA 

(Seeliger et al., 2013).  

This study aimed to investigate whether it is possible to epigenetically reactivate 

hepatic tumor cells by using 5-AZA in combination with vitamin C to increase their 

metabolic activity. At the same time, we tested whether the addition of insulin and 

hydrocortisone to the culture medium is suitable to further increase the cells’ 

metabolic activity. Insulin and hydrocortisone are usually added to the culture 
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medium during the cultivation of hepatocytes, but not for the cultivation of hepatic 

cell lines. (Michalopoulos and Pitot, 1975, Kinoshita and Miyajima, 2002). 

In this study, we first investigated how the expression of different chromatin-

modifying enzymes differs between human hepatocytes and different hepatic cell 

lines (HepG2, Huh7, HLE, and AKN1). At the same time, we tested the influence of 

the treatment of the cells with 5-AZA and vitamin C on the expression of different 

chromatin-modifying enzymes of the individual cell lines. All tested cell lines differ 

significantly from PHH in the expression of various chromatin-modifying enzymes. A 

comparison of the different cell lines revealed that the expression profile of the 

hepatoma cell line HepG2 is most similar to the PHH and differs significantly from 

the expression profile of the other tested cell lines. In contrast to these cell lines, the 

expression of the different chromatin-modifying enzymes in HepG2 cells is generally 

downregulated compared to PHH, whereas the opposite occurs in the other cell 

lines. Due to the fact that HepG2 cells are most similar in their expression profile to 

the PHH, we used these cells for additional experiments. 

We demonstrated that the expression profile of genes known to play an essential 

role in the metabolism of human hepatocytes can be influenced positively by 

treatment with vitamin C alone, but especially in combination with 5-AZA. We 

obtained these results using an Epigenetic Chromatin Modification Enzyme PCR 

Array and confirmed them mainly by quantitative polymerase chain reaction (qPCR). 

The use of different housekeeping factors can explain some deviations between the 

array and the qPCR. The qPCR-based gene analysis also showed that insulin and 

hydrocortisone do not influence the expression of chromatin-modifying enzymes. 

In subsequent experiments, we showed that treatment with 5-AZA and vitamin C 

positively influences the expression of different epithelial genes (E-cadherin, CK18, 

and HNF4α) and leads to a downregulation of the EMT marker gene Snail. Additional 

treatment with insulin and hydrocortisone exerted a positive influence on the 

expression of the epithelial marker genes E-cadherin and CK18. 
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Furthermore, the expression and activity of various CYP enzymes involved in the 

metabolism of drugs tended to be increased by treatment with 5-AZA and vitamin C, 

especially when we treated the cells with insulin and hydrocortisone. However, it 

became clear that the measured gene expression, as well as the measured CYP 

activity of HepG2, differed several fold from PHH. A possible cause for the significant 

differences in the expression and activity of CYP enzymes may be the massive 

deregulation of various genes, such as SUV39H1, SMYD3, SETDB2, ESCO2, and 

AURK A and B, all of which we identified using the Epigenetic Chromatin 

Modification Enzyme PCR Array. We did not identify an influence of these genes on 

the metabolic activity of PHH, but is very likely that their expression is de-regulated 

in comparison to fresh isolated PHH in all tested cell lines and, to a lesser extent, in 

de-differentiated PHH on day 7 in culture. Besides, we found that regardless of the 

tested cell line, treatment with 5-AZA and vitamin C shows no or only a slight positive 

effect on these genes. 

In summary, this study showed that treatment with 5-AZA and vitamin C positively 

influences the expression of certain chromatin-modifying enzymes as well as the 

EMT status of the HepG2 cells. However, this alteration did not significantly improve 

the expression and activity of the CYP enzymes. We consider the massive 

deregulation of various other chromatin-modifying enzymes as a possible cause for 

this discrepancy. For the first time, we also identified a possible association between 

these enzymes and the metabolic activity of hepatocytes. 
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Abstract: Although human liver tumor cells have reduced metabolic functions as compared to

primary human hepatocytes (PHH) they are widely used for pre-screening tests of drug metabolism

and toxicity. The aim of the present study was to modify liver cancer cell lines in order to improve

their drug-metabolizing activities towards PHH. It is well-known that epigenetics is strongly modified

in tumor cells and that epigenetic regulators influence the expression and function of Cytochrome

P450 (CYP) enzymes through altering crucial transcription factors responsible for drug-metabolizing

enzymes. Therefore, we screened the epigenetic status of four different liver cancer cell lines (Huh7,

HLE, HepG2 and AKN-1) which were reported to have metabolizing drug activities. Our results

showed that HepG2 cells demonstrated the highest similarity compared to PHH. Thus, we modified

the epigenetic status of HepG2 cells towards ‘normal’ liver cells by 5-Azacytidine (5-AZA) and Vitamin

C exposure. Then, mRNA expression of Epithelial-mesenchymal transition (EMT) marker SNAIL

and CYP enzymes were measured by PCR and determinate specific drug metabolites, associated

with CYP enzymes by LC/MS. Our results demonstrated an epigenetic shift in HepG2 cells towards

PHH after exposure to 5-AZA and Vitamin C which resulted in a higher expression and activity of

specific drug metabolizing CYP enzymes. Finally, we observed that 5-AZA and Vitamin C led to

an increased expression of Hepatocyte nuclear factor 4α (HNF4α) and E-Cadherin and a significant

down regulation of Snail1 (SNAIL), the key transcriptional repressor of E-Cadherin. Our study

shows, that certain phase I genes and their enzyme activities are increased by epigenetic modification

in HepG2 cells with a concomitant reduction of EMT marker gene SNAIL. The enhancing of liver

specific functions in hepatoma cells using epigenetic modifiers opens new opportunities for the usage

of cell lines as a potential liver in vitro model for drug testing and development.

Keywords: tumor cells; epigenetic reprogramming; drug metabolism; hepatoma cell lines; primary

human hepatocytes
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1. Introduction

Drug metabolism is understood to mean the biochemical process which describes the modification

of drugs, which has the purpose to inactivate a substance and excrete it from the body. Changes in

the gene expression of enzymes specialized in drug metabolism may result in altered metabolism of

the respective substance [1]. In recent years, it has been shown in many studies that the epigenetic

regulation of drug-metabolizing enzymes is an important mechanism here. Epigenetic regulation

occurs in three stages: 1. nucleosome positioning 2. histone modification 3. DNA methylation [2].

Recent studies have revealed that epigenetic factors regulate the expression of drug-metabolizing

enzymes and the drug transporter [1,3]. Over recent years, modifying the epigenetic status of genes

responsible for increasing Cytochrome P450 (CYP) enzyme activities attracted more attention [4].

Epigenetic modifications are closely linked to the so-called Epithelial-mesenchymal transition (EMT) [5].

The EMT process not only has a pronounced influence on cell metabolism but also plays an important

role in the degree of differentiation of the cells, embryogenesis, liver fibrosis and metastasis of cancer

cells [6,7]. EMT additionally enables an increased immunosuppression and drug resistance, which

correlates with the epigenetic status of the tumor cell [8]. EMT in hepatocytes is associated with an

overexpression of Snail1 (SNAIL), which downregulates the key epithelial marker gene E-Cadherin

and other hepatic differentiation key factors such as HNF4α [8,9]. It was shown that the most important

hepatic genes like Hepatocyte nuclear factor 4α (HNF4α) are influenced by epigenetic regulators

such as HDACi (Histone deacetylase inhibitors) and DNMTi (DNA methyltransferase inhibitors) [10].

Epigenetic modification promotes growth arrest and up-regulates the expression of the hepatic key

regulator gene HNF4α in various hepatoma cells which induces increased CYP expression and Albumin

production [11]. Therefore, modifying and triggering the epigenetic state of hepatoma cell lines may

change the expression of genes responsible for CYP activities. Recently, we have demonstrated that the

cytidine analogue 5-Azacytidine (5-AZA) and Vitamin C reduce the gene and protein expression of

SNAIL in the Hepatocellular carcinoma (HCC) cell lines Huh7 and HLE [12]. Various studies focused

on the effect of DNMTi such as 5-AZA and 5-Aza -2′-deoxycytidine (5-AZA-dC) on the expression

of crucial phase I and II biotransformation genes and some of them suggested improvement of the

CYP3A4, CYP3A7, CYP1B, UDP-Glucuronosyltransferase-2B15 and Glutathione S-transferase P1 gene

expression [10]. Additionally, it is known that insulin contributes to the preservation of hepatocytes

morphology and the glucocorticoids support the maintenance of differentiation which is crucial for the

function of CYPs [13,14].

Therefore, the overall aim of this study was to improve the metabolic function of liver tumor

cell lines towards primary human hepatocytes (PHH) by modifying their epigenetic status. First,

we have examined the expression level of epigenetic modifying enzymes in four hepatoma cell lines

(HepG2, Huh7, HLE and AKN1) that have been reported having less liver metabolic functions [15,16]

than freshly isolated PHH. The cell line HepG2 shows the highest similarity in its epigenetic profile

compared to PHH was used for further testing. Here we have shown how the expression levels of

metabolic related genes and enzyme activities change after treatment with Vitamin C in combination

with 5-AZA. Moreover, we investigated the influence of these changes on the EMT and the hepatic key

regulator genes. Finally, we tested the effect of classical media supplements from hepatocyte culture

media, such as insulin and hydrocortisone on CYP activity in hepatoma cell lines, that are usually not

included in the maintenance medium of these hepatoma cell lines [15] may further improve the hepatic

metabolic function of liver tumor cells.

2. Results

2.1. The Regulation of the Epigenetic Enzymes in HepG2 is Most Closely Comparable to the Expression of
Primary Human Hepatocytes

For epigenetic characterization of the investigated liver cell lines, we investigated the expression of

chromatin remodeling enzymes and compared to the results to PHH. For the characterization, we used
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the Human Epigenetic Chromatin Modification Enzymes PCR Array from QIAGEN. The analysis of

the real-time PCR results revealed that each individual tumor cell line showed an individual profile of

chromatin-modifying genes compared to human hepatocytes (Figure 1, Supplementary Figure S1).

The largest differences in the pattern of chromatin modifying proteins were seen in the Huh7 cells

compared to PHH, whereas HepG2 cells showed the highest similarity to PHH among all tested liver

tumor cell lines. Therefore, in the further course of the study we have focused on the usage of the

cell line HepG2. Then, we tested the possibility whether or not 5-AZA and/or Vitamin C incubation

reduces existing epigenetic differences compared to PHH and whether these epigenetic modifications

result in an increase of the metabolic function of the HepG2 cell line.

Figure 1. Summary of Human Epigenetic Chromatin Modification Enzymes PCR Array. The expression

of 84 chromatin modification genes of four different hepatic cell lines in comparison with fresh isolated

primary human hepatocytes (PHH) was shown as a heat map. The green color shows an upregulation

of epigenetic modifier genes compared to PHH whereas the red color shows a downregulation of the

corresponding genes compared to PHH.

2.2. Treatment of HepG2 with Epigenetic Modifying Compounds Revealed a Positive Impact on the Expression
of Genes From Xenobiotic Metabolism

Since the HepG2 cell line showed epigenetically the highest similarity to PHH, this cell line

was chosen for further investigations. Exposure of HepG2 cells to 5-AZA and Vitamin C resulted in

dramatic changes in the expression of chromatin-modifying enzymes (Figure 2) that are known for

their significant role in the maintenance of metabolic properties of hepatocytes. The stimulation with

Vitamin C alone also leads to changes, but to a lesser extent, and therefore the combination of 5-AZA

plus Vitamin C was used for the further experiments. The expression of all 84 measured genes can be
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found in the Supplementary Materials section (Supplementary Figure S2). As shown in Figure 2 the

treatment of the cells with 5-AZA plus Vitamin C has an effect on the expression level of most of the

investigated genes.
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Figure 2. Expression of chromatin modifying genes in HepG2 cells before and after stimulation with

Vitamin C alone or in combination with 5-Azacytidine (5-AZA) was measured by using the Chromatin

Modification Array. Genes responsible for the maintenance of metabolic properties of primary human

hepatocytes (PHH) are selected. (a) Expression of chromatin modification genes in HepG2 compared to

PHH (b) Changes in the expression of chromatin modification genes in HepG2 caused by treatment

with Vitamin C compared to non- stimulated HepG2 cells. (c) Changes in the expression of chromatin

modification genes in HepG2 caused by 5-AZA in combination with Vitamin C compared to non-

stimulated HepG2 cells.

2.3. Stimulation of HepG2 Cells with Epigenetic Modifying Compounds Result in Changes in Gene Expression
of Epigenetic Modifying Enzymes

The results of the Chromatin Modification Array have been validated by qPCR. Additionally,

it was tested, whether insulin and hydrocortisone show a positive effect on the expression of the

measured genes. These two substances were chosen because it is well known that they play an

important role in hepatic differentiation and maintenance of the function of PHH in vitro.

As shown in Figure 3 The treatment of cells with 5-AZA and Vitamin C with/without insulin

and hydrocortisone changed the expression of all measured genes compared to non-treated one.

The treatment decreased the level of the mRNA expression of histone deacetylase (HDAC) 1 and 2,

which reached the level of PHH.

In contrast, lysine demethylase 6B (KDM6B) gene expression increased significantly by 5-AZA

and Vitamin C, although the expression level didn’t reach the level of PHH. The addition of insulin and

hydrocortisone to the treatment showed a further improvement for lysine demethylase 4C (KDM4C)

compared to treatment with only 5-AZA and Vitamin C stimulated cells. All other investigated genes

are not affected by additional treatment.
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Figure 3. Effect of epigenetic modifying compounds on the expression of Chromatin Modifying

enzymes. The expression levels of different chromatin modifying enzymes were measured by qRT-PCR.

Unstimulated HepG2 cells (grey bars), as well as HepG2 cells after 48 h stimulation with 10 µM 5-AZA

plus 0.5 mM Vitamin C with (dark bars)/without (black bars) Insulin and hydrocortisone, were used.

As a control, freshly isolated hepatocytes were used, (red line). Values were normalized to GAPDH and

represent the mean of N = 3, n = 3. For the positive control a pooled sample of five different primary

human hepatocyte (PHH) donors was used. Bars represent mean ± SEM * p ≤ 0.05 as indicated.

2.4. Stimulation of HepG2 Cells with 5-AZA Plus Vitamin C Led to the Downregulation of the EMT Marker
Gene SNAIL, an Increase of Epithelial Marker Genes and the Hepatic Key Regulator HNF4α

In our previous study, we have shown, treating hepatoma cell lines with 5-AZA and Vitamin C

decreased SNAIL expression which is associated with an increased expression of the epithelial marker

gene E-Cadherin [12]. As shown in Figure 4, we found similar results in the hepatoblastoma cell line

HepG2. Interestingly, adding insulin and hydrocortisone to the medium enhance the expression

E-Cadherin more than threefold compared to PHH. The expression of the epithelial gene Cytokeratin 18

(CK18) was increased by the treatment with 5-AZA plus Vitamin C and almost reached the level of

PHH by further addition of insulin and hydrocortisone. Furthermore, we observed a slight change

in HNF4α gene expression after incubation of HepG2 cells with 5-AZA plus Vitamin C, which was

not further increased after insulin and hydrocortisone supplementation. Although the treatment with

5-AZA and Vitamin C significantly increased HNF4α expression, it was still less than 10% of HNF4α

expression observed in PHH.
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Figure 4. Effect of epigenetic modifying compounds on the expression of epithelial and EMT marker

genes. Treatment of the cells with 10 µM 5-Azacytidine (5-AZA) plus 0.5 mM Vitamin C dark bars) and

in the presence of insulin plus hydrocortisone (black bars) resulted in significant changes of epithelial

and EMT marker genes. The expression level of the EMT marker Snail1 (SNAIL), the epithelial marker

genes E- Cadherin and Cytokeratin 18 (CK18) and the hepatic key regulator gene Hepatocyte nuclear

factor 4α (HNF4α) were measured by qRT-PCR. Unstimulated HepG2 cells (grey bars) as well as PHH

(red line) served as control and reference culture. Values were normalized to GAPDH and represent the

mean of N = 3, n = 3. As positive reference served a pool of five different primary human hepatocyte

(PHH) donors. Bars represent Mean ± SEM, * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001 as indicated.

2.5. Treatment of HepG2 Cells with 5-AZA Plus Vitamin C in Combination with Insulin and Hydrocortisone
Resulted in an Increased CYP450 Gene Expression and Enzyme Activity

The next aim was to verify if the above described molecular changes after AZA plus Vitamin C

incubation had any positive impact on CYP450 gene expression and enzyme activity. Additionally,

we wanted to test if the supplementation with insulin and hydrocortisone leads to a further increase of

gene expression and activity of the CYP450 enzymes. Therefore, we investigated the gene expression

of the following CYPs: CYP1A2, CYP3A4 and CYP2C9. As depicted from Figure 5 we observed an

upregulation of all three CYP genes after incubation of HepG2 cells with 5-AZA, Vitamin C, insulin

and hydrocortisone. It is noteworthy that incubation of HepG2 with 5-AZA plus Vitamin C alone

did not result in any CYP3A4 upregulation, but supplementation of insulin and hydrocortisone did.

Nevertheless, although we observed an increased CYP gene expression following 5-AZA, Vitamin C,

insulin plus hydrocortisone in HepG2 cells, the gene expression of the cell line is still much lower than

in freshly isolated human hepatocytes.
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Figure 5. Incubation of HepG2 cells with 10 µM 5-Azacytidine plus 0.5 mM Vitamin C (dark bars) and

in the presence of insulin plus hydrocortisone (black bars) increased basal Cytochrome P450 (CYP)

gene expression. The gene expression of CYP1A2, 3A4 and CYP2C9 were measured by qRT-PCR after

48 h of incubation. Unstimulated controls (grey bars) as well as primary human hepatocytes (PHH)

(red line) were also cultured for 48 h. The values were normalized to GAPDH. Data represent the mean

of N = 3, n = 3. As positive reference served a pool of five different PHH donors.
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Next, we measured the CYP450 enzyme activity after incubation with epigenetic modifiers.

Using LC /MS technology the metabolization of specific drugs was carried out [17]. The results of the

activity measurements (Figure 6) showed only a modest increase of CYP3A4, CYP2D6 and CYP2C9

enzyme activities in HepG2 cells stimulated with 5-AZA and Vitamin C. Additional supplementation

of insulin and hydrocortisone to the medium resulted in a further modest increase. However, the shown

increases are not significant and are still far from the activities of PHH. For CYP1A2 no activity could

be measured in HepG2.
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Figure 6. Activities of Cytochrome P450 (CYP) enzymes involved in drug metabolism are slightly

increased after treatment with 5-Azacytidine (5-AZA) and Vitamin C. Supernatants were collected

after incubation with specific substrates as indicated in materials and methods (4.4.6). Unstimulated

HepG2 cells (grey bars) as well as HepG2 cells after 48 h stimulation with 10 µM 5-AZA plus 0.5 mM

Vitamin C with (dark bars)/without (black bars) insulin and hydrocortisone were used. For control,

freshly isolated primary human hepatocytes (PHH) from three donors were used, shown as red line.

Bars represent mean ± SEM of three independent experiments; supernatants of at least three wells

were pooled.

The result of our study indicated that 5-AZA and Vitamin C change the expression of some

epigenetic markers that affect some crucial genes in terms of hepatic functions. These alterations are

associated with an increase in the expression of epithelial marker genes such as HNF4α and E-Cadherin

as well as a decrease of the EMT marker gene SNAIL. However, there is no significant increase in the

expression or activity of drug metabolizing enzymes. So as to identify chromatin-modifying genes that

may be associated with low gene expression and activity of the CYP enzymes we looked again at the

chromatin array data to see if there are any genes that are de-regulated in hepatoma cell lines but have

not yet been linked to the metabolic activity of PHH. As shown in Figure 7, these criteria apply to the

genes SUV39H1, SMYD3, SETDB2, ESCO2, AURK A and AURK B. As the results show, these genes are

massively de-regulated in all tested cell lines. However, the gene expression profile of the cell line

HepG2 is still the closest to PHH, compared to the other tested cell lines. A change in the expression

of these genes can also be found, to a lesser extent, in de-differentiated PHH at day 7 after plating.

Stimulation with 5-AZA and Vitamin C has no significant effect on the expression of these genes in

HepG2. The expression of all 84 measured genes after treatment with Vitamin C alone or with 5-AZA

plus Vitamin C can be found in the Supplementary Materials section (Figure S2).
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Figure 7. Chromatin modifying enzymes which are dramatically de-regulated in all tested cell lines and

also de-regulated during primary human hepatocyte (PHH) de-differentiation in culture. Genes which

are significantly de-regulated were selected. Expression of Chromatin Modification genes in hepatoma

cell lines and PHH (day 7 after plating) were measured by using the Chromatin Modification Array.

3. Discussion

The culture of PHH, as well as hepatoma cell lines, are two of the most common in vitro liver

models to evaluate drug metabolism and hepatotoxicity. Unfortunately, cultured primary hepatocytes

lose their drug metabolic capacity rapidly in culture and they have large batch-to-batch variations.

In contrast, hepatoma cell lines have an unlimited life span and they consist of a more stable phenotype

than primary hepatocytes. Additionally, hepatoma cell lines are constantly available, but they show

low CYP activities [18]. One of the main causes of the reduced metabolic activity of tumor cell lines are

epigenetic changes, which might be associated with a so-called EMT. Recently we could clearly show

that the treatment with a combination of 5-AZA and Vitamin C not only leads to a stop of proliferation

but also results in a positive effect on EMT in HCC cell lines [12]. Moreover, we have shown that

epigenetic changes of Ad-MSCs increased the metabolic capacity of differentiated hepatocyte-like

cells. An increased gene expression and activity of CYP 450 (CYP1A2, CYP2E1, CYP3A4/7, CYP2D6,

CYP2B6) enzymes were achieved by treatment with the epigenetic modifiers 5-AZA plus Vitamin

C [19]. The aim of this study was to investigate whether epigenetic modifications in human hepatoma

cell lines used to study drug metabolism would increase their metabolic capacity.

Our results clearly show that all of the tested liver tumor cell lines that are commonly used

for drug metabolism show large differences in their epigenetic profile compared to PHH. Among

the tested cell lines, it is striking that the hepatoblastoma cell line HepG2 differ significantly in the

expression of epigenetic modifying enzymes from other tested HCC cell lines. In addition, our results

showed that HepG2 cell line is most comparable in their epigenetic profile to PHH, which was the

reason for continuing our research for this manuscript with this cell line. Despite the highest similarity

of epigenetic profile between HepG2 and PHH, there are still significant differences. For example,
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the expression of HDAC2 is up-regulated in HepG2 compared to PHH, this upregulation was also

found in HCC tissue [20]. The overexpression of this HDAC correlates with the dedifferentiation state

and increased proliferative activity of tumor cells [20]. Our results also demonstrated that PRMT1 is

upregulated in HepG2 cells. This correlates which the findings of Gou et al. who found an upregulation

of PRMT1 in several liver cancer cells as well as in HCC tissue. Furthermore, the authors have shown

that knockdown of PRMT1 reverses EMT in HCC cell lines underlining the important role between

PRMT1 and EMT and proliferation [21]. The downregulation of KDM4C which we have found in

untreated HepG2 cells is also an important finding since it has diverse targets in oncogenic or tumor

suppressor functions [22]. The reduction of KDM4C gene expression in HepG2 most likely causes the

methylation of E-Cadherin promoter [23]. Additionally, we found a low basic KDM6B gene expression

in HepG2 cells compared to PHH that is in line with findings in various cancers, including liver

carcinoma [24]. KDM6B is of particular importance because its function as a histone demethylase that

specifically demethylates Lys-27 of histone H3 tri- and dimethyl (me3/2) [25] and therefore explains

the low basal HNF4α levels observed in HepG2 cells. The hepatic key regulator HNF4α showed

only minimal levels of H3K27me3 enrichment at these promoters in primary hepatocytes. In other

cells, removal of H3K27me3 from the HNF4α promoter resulted in transcriptional activation and

expression of liver enrichment transcription factors [26]. A degradation of this methylation in HepG2

could be associated with an increased expression of HNF4αwhich can be attributed to the activity of

KDM6B [25]. The literature data for the expression of HDAC1 and 8 as well as CARM1 indicating that

these genes also have influence on tumorigenesis, EMT and the hepatic function [4,10,27,28] but they

are not de-regulated in HepG2 however, we have found a de-regulation in the other tested HCC cell

lines, which was another reason for using the cell line HepG2 for the further experiments.

In the second part of our study, we investigated whether the epigenetic modifications in HepG2

could be altered by treatment with 5-AZA plus Vitamin C towards PHH. Our results clearly show that

HepG2 treatment with 5-AZA plus Vitamin C led to a significant reduction of the EMT marker gene

SNAIL and a significant increase of E-Cadherin gene expression, which is in line with other human

cancer cell lines [29]. Interestingly, additional stimulation of cells with insulin plus hydrocortisone

further enhances E-Cadherin expression which confirms observations by Zhaeentan et al. showing that

glucocorticoids increased E-cadherin gene expression [30]. The increased expression of HNF4α which

results from the treatment with 5-AZA plus Vitamin C could be explained by the downregulation of

SNAIL [9]. Moreover, HNF4α is essential in liver development and differentiation, lipid homeostasis,

bile acid synthesis, as well as the expression of phase I, II, and III drug metabolizing genes. Aberrations

in HNF4α functionality are known from the development of severe cirrhotic livers, alcoholic liver

disease, tumor necrosis factor-α-induced hepatotoxicity, and hepatocellular carcinoma where HNF4α

has an anti-proliferative effect and serves as a tumor suppressor [31]. We have also found a strong

increase of CK18 gene expression following the incubation with 5-AZA, Vitamin C, insulin and

hydrocortisone. CK18 is one of the crucial epithelial markers and was expressed after treatment

comparable to PHH [32]. Since treatment with 5-AZA plus Vitamin C results in a positive change

of the expression of epigenetic modifiers and in downregulation of the EMT marker gene SNAIL

along with an increase of epithelial gene expression markers, we hypothesized an increased metabolic

activity of CYP enzymes. However, our results only show a slight, but not significant, increase in

CYP gene expression and activity compared to PHH. This is in line with data of Dannenberg et

al. showing especially for CYP3A4 a 1.8-fold increase after the treatment with 5-aza-dC in HepG2

cells. Moreover, this study also demonstrated that additional treatment with the HDAC inhibitor

TSA did not contribute to an improvement in metabolic activity [33]. However, based on our earlier

results, the question arises why a positive change on the expression and activity of CYP enzymes

can be achieved in Ad-MSCs, which were differentiated under treatment with 5-AZA [19], but not in

hepatoma cells. One possible explanation could be given by the results of Weng et al. showing that the

profile of epigenetically modifying enzymes from embryonic stem cells was much closer to the profile

of PHH [34]. Most striking was the de-regulation of the DNA methyltransferase 3B (DNMT3B) gene
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and the depletion of DNMT3B from soluble fraction after 5-aza-dC treatment, resulted in an enhanced

differentiation of Ad-MSCs [35]. Although HepG2 cells have the closest epigenetic profile to PHH

from all investigated liver cell lines, which was even further improved after 5- AZA and Vitamin C

treatment, the overall improvement of metabolic activity in HepG2 cells remained bleak. Therefore,

for a substantial improvement of the metabolic profile in hepatoma cell lines, further studies are needed

to identify additional key regulators. Nevertheless, our results are important because they clearly

show that also other as the known epigenetic modifying enzymes such as HDACs or DNMT [10]

influence the metabolic profile of hepatoma cell lines. The function of these genes with respect to drug

metabolism was until now unknown. In summary, our findings support earlier results suggesting that

drug induced epigenetic alteration of HCCs might be useful, for example, with combination therapy

with 5-AZA and Vitamin C, as it increases expression of epithelial genes and as described by Sajadian

et al. to stop or at least reduce tumor proliferation and reverse EMT [12]. However, as shown in our

data presented here, additional inhibition of genes such as Aurora kinases A and B or ESCO2, which are

still strongly de-regulated, might be useful to increase the expression of known hepatic functional

genes such as HNF4α to the level of hepatocytes [9]. It may also be possible to increase other genes

such as KDM4C or KDM6B which, as already described, also have an influence on the expression of

hepatic genes on the expression level of hepatocytes [22,25]. Overall, this could also be accompanied

by an increase in the expression of the CYP enzymes, which would then make the epigenetic modified

cells to an interesting in vitro test system for the development of new drugs.

4. Materials and Methods

4.1. Tissue Samples

Liver cells were isolated from macroscopically tumor free tissue that remained from resected

human liver of patients with primary or secondary liver tumors or benign local liver tissue. The liver

capsules, were collected at the clinic of General, Visceral and Transplant Surgery (Tübingen) and

the clinic of Hepatobiliary Surgery and Visceral Transplantation (Leipzig). Informed consent of the

patients for the use of tissue for research purposes was obtained according to the ethical guidelines

of the Ethic commission of the medical faculty of the University of Tübingen, Tübingen, Germany

project number: 368/2012BO2 (02 August 2012) and the Ethic commission of the medical faculty of the

University of Leipzig, Leipzig, Germany project number: 177/16-IK (12 July 2016).

4.2. Isolation of Primary Human Hepatocytes

PHH were isolated using a two-step EDTA/collagenase perfusion technique as described

elsewhere [36,37]. The cells were shipped overnight in ChillProtect Plus solution (Biochrom, Berlin

Germany). Upon arrival, the cell number and viability were determined in a Neubauer counting

chamber using Trypan blue. If the viability of the isolated cells as determined by Trypan blue staining

was below 70%, density gradient centrifugation was performed to remove non-viable cells. In brief,

the cell pellet containing the PHH fraction was subjected on a 25% Percoll solution (total density:

1.0675 g/L) and centrifuged at 1250 × g, 20 min, 4 ◦C without brake. The resulting PHH fraction was

washed with PBS (w/o Mg2+, Ca2+) and re-suspended in PHH culture medium (Williams Medium E

supplemented with 10% Fetal bovine serum, 100 U/mL Penicillin, 0.1 mg/mL Streptomycin, 15 mM

HEPES, 1 mM Glutamine, 1 mM Sodium pyruvate, 1 mM human Insulin, 0.8 µg/mL Hydrocortisone

and 1% Nonessential amino acids).

4.3. Culture of Primary Cells and Cell Lines

4.3.1. Primary Cells

For adherence, culture dishes were coated with rat tail collagen as described elsewhere [9].

Cells were seeded in a density of 1.5 × 105 cells/cm2 and cultured in PHH culture media.
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4.3.2. Cell Lines

The common liver cancer cell lines HepG2, Huh7 and HLE as well as the cell line AKN1 were

used in this study. HepG2 and HLE cell line were purchased from ATCC, Huh7 from JCRB (Japanese

Collection of Research Bioresources Cell Bank, Osaka, Japan). The cell line AKN1 was isolated and

developed as described elsewhere [16]. The cell lines were cultured as described [38]. An overview of

the cell lines used can be found in Table 1.

Table 1. Description of the used cell lines.

Cell Line Origin/Disease Donor Reference

HepG2 hepatoblastoma 15 year old Caucasian male [39]
Huh7 HCC 57 year old Japanese male [40]
HLE HCC 68-year-old patient [41]

AKN1 Healthy 10 year old male [16]

The absence of mycoplasma contamination was regularly confirmed using a commercially

available test kit (Mycroalert Detection Kit Cat. No: LT07, Lonza, Basel, Switzerland). The HCC cell

lines were plated on day 0 in a density of 8 × 103 cells/cm2. On day 1, the medium was removed and

the cells were washed once with PBS. Subsequently, the cells were incubated for 48 h in a stimulation

medium. The stimulation medium contained 5-AZA and Vitamin C (see Condition 1). Additional

incubation with hydrocortisone and insulin was achieved by adding these compounds to the medium

containing 5-AZA, and Vitamin C (see Condition 2) at day 2. The schedule of the stimulation is shown

below in Table 2.

Table 2. Compounds of stimulation medium, and timeline of stimulation.

Supplement Concentration Day Unstimulated Condition 1 Condition 2

FCS 10% 0–3 + + +

P/S 1% 0–3 + + +

5-Azacytidin 10 µM 1–3 - + +

Vitamin C 0.5 mM 1–3 - + +

Human
Insulin

1 mM 2–3 - - +

Hydrocortisone 0.8 µg/mL 2–3 - - +

4.4. Epigenetic Modification Array

To investigate the variation of chromatin modification among HCC cell lines and PHH, a Chromatin

Modification array was used. Huh7, HepG2, HLE, AKN1 were investigated and compared to PHH.

RNA of 5 different passage numbers of HCC cell lines and 5 different donors of PHH were isolated.

RNA of different passage numbers/different PHH donors were pooled. The pooled RNA was purified

with Rneasy Lipid Tissue Mini Kit according to manufacturer’s instruction (QIAGEN, Germantown,

MD, USA).

RT2 First strand synthesis kit was used in order to eliminate genomic DNA contamination and

reverse transcription was performed according to manufacturer’s protocol (QIAGEN). RT2 SYBR

Green mastermix (QIAGEN) was used for performing real-time PCR for RT2 PCR array according to

manufacturer’s protocol, in brief: denaturation for 10 min at 95 ◦C, amplification with 40 cycles and 15 s

at 95 ◦C, 1 min at 60 ◦C and 15 s at 72 ◦C (Step One PlusTM Real -Time PCR System, (Life Technologies,

Carlsbad, CA, USA). The Human Epigenetic Chromatin Modification Enzymes RT2 Profiler™ PCR

Array (Cat. No: 33231 PAHS-085ZA, QIAGEN). The array measures the expression of 84 genes which

encode for epigenetic key enzymes responsible for modifying histones as well as the packing of

DNA strands into chromosomes and are consequently linked to the regulation of gene expression.
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The array includes genes acting as DNA methyltransferases, enzymes that catalyze histone acetylation,

methylation, phosphorylation, ubiquitination and histone deacetylases and demethylases.

4.5. cDNA Synthesis and RT-PCR

Real-time RT-PCR for detection of mRNA expression was performed as described previously [38].

In brief, for the mRNA expression studies, total RNA was extracted using TriFast reagent (Peqlab,

Erlangen, Germany). Complementary DNA (cDNA) was synthesized by First Strand cDNA Synthesis

Kit (Thermo Scientific, Waltham, MA, USA). For quantitative real-time PCR (qRT-PCR), 40 ng of

template cDNA was used for the expression level of each target gene (Gene sequences of the primers

which were used can be found in Table 3 using SYBR Green qPCR (Thermo Scientific) and the Step

One Plus®Real-Time PCR System Kit (Life Technologies). All genes examined were normalized to

a housekeeping gene encoding GAPDH. Relative expression values were calculated from Ct values

using the ∆∆CT method with freshly isolated hepatocytes as a control. Fold induction was calculated

according to the formula 2(Rt−Et)/2(Rn−En) [42]. PCRs were performed as follows: denaturation for

10 min at 95 ◦C, amplification with 40 cycles and 15 s at 95 ◦C, 40 s at a primer specific annealing

temperature (as shown in Table 3), and 15 s at 72 ◦C. Each sample was set up in triplicates, and the

experiment was repeated at least twice. Statistical significance of difference in target genes expression

level between different treatments was assessed by One-way ANOVA.

Table 3. Primers which were used for qRT-PCR.

Gen Forward/Reverse Sequences Annealing Tm
Product

Length (bp)
GenBank
Accession

hHNF4A
CAGGCTCAAGAAATGCTTCC
GGCTGCTGTCCTCATAGCTT

59 101 NM_001287184.1

hCK18
GAGTATGAGGCCCTGCTGAACAT

GCGGGTGGTGGTCTTTTGGAT
65 150 NM_199187.1

hHDAC1
AACTGCTAAAGTATCACCAGAGGGT

CCGGTCCGTGGTGTAGAAGG
62 92 NM_004964.2

hHDAC2
TGAAGGAGAAGGAGGTCGAA

GGATTTATCTTCTTCCTTAACGTCTG
59 124 NM_001527.3

hCYP1A2
GCTTCGGACAGCACTTCCCT

AGAAGTCCAGGGGGTTCCCG
63 105 NM_000761.4

hCYP3A4
AGCCCAGCAAAGAGCAACAC

TCCATATAGATAGAGGAGCACCAGG
60 147 NM_017460.5

hCYP2C9
GACATGAACAACCCTCAGGACTTT

TGCTTGTCGTCTCTGTCCCA
62 145 NM_000771.3

hKDM4C
TGGATCCCAGATAGCAATGA
TGTCTTCAAATCGCATGTCA

59 110 NM_001304340.1

hKDM6B
GGAGGCCACACGCTGCTAC

GCCAGTATGAAAGTTCCAGAGCTG
63 112 NM_001348716.1

hSNAIL
ACCACTATGCCGCGCTCTT

GGTCGTAGGGCTGCTGGAA
60 115 NM_005985.3

hGAPDH
TGCACCACCAACTGCTTAGC

GGCATGGACTGTGGTCATGAG
59 87 NM_002046.3

4.6. CYP Activity Measurement

CYP enzyme activities of CYP2B6, CYP2D6, CYP2C9, and CYP3A4, were measured, as described.

Briefly, the chosen substrates, the selected concentrations, the incubation times, and the measured

metabolites are summarized in Table 4 Methanol, which was the initial solvent of the CYP substrates,

was removed before use by evaporation, and the substrates were dissolved in culture medium. The

cells were incubated with 100 µL of the respective reaction solution. After the described incubation

times, the supernatants were removed and frozen at −80 ◦C until measurement. The enzymatic

activity was measured by the company Pharmacelsus, Saarbrücken, Germany using a LC/MS based

methodology [17,43].
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Table 4. Substrates, concentrations, conditions and measured reactions of the CYP activity measurement.

Substrate Isoenzyme
Incubation

Time in Hours
Concentration Reaction

Bupropion CYP2B6 1 100 µM Bupropion-hydroxylation
Diclofenac CYP2C9 1 9 µM Diclofenac-4’-hydroxylation

Testosterone CYP3A4 1 50 µM Testosterone-6β-hydroxylation
Bufuralol CYP2D6 2 9 µM Bufuralol-1-hydroxylation

4.7. SRB Staining for Normalisation of the Results

For normalization of the result from the CYP activity measurement, a Sulforhodamine B (SRB)

staining was performed as described by Skehan et al. [44]. Therefore, cells were fixed to culture plastic

with ice cold fixation buffer (95% Ethanol, 100 µL/well). The cells were incubated for at least 1 h at

−20 ◦C. Then fixation buffer was removed, and cells were washed with H2O. Fixed cells were stained

for 30 min (dark, RT) with 0.4% SRB dissolved in 1% acetic acid (100 µL/well). Then, SRB solution

was removed and cells were washed three times with 1% acetic acid in order to wash out unbound

dye. Plates were air dried and bound SRB was solubilized with 10 mM un-buffered TRIS (pH = 10.5;

100 µL/well) for 10–15 min on a shaker (RT, in the dark). The OD at 565 nm (SRB) and 690 nm

(impurities) were measured with OMEGA plate reader (BMG Labtech, Ortenberg, Germany).

4.8. Statistic Analysis

Statistical significance of differences between two groups was evaluated by non-parametric

Mann–Whitney U-test. For comparison of the differences between more than two groups non-parametric

Kruskal-Wallis H-test followed by Dunn’s multiple comparison test was performed using GraphPad

Prism 5.00 Software, San Diego, CA, USA. Data are represented as means ± SEM of at least three

independent experiments (N ≥ 3). All statistical comparisons were performed two-sided in the sense

of an exploratory data analysis using p < 0.05 (*), p < 0.01 (**), and p < 0.001 (***) as level of significance.

5. Conclusions

Our results show that the epigenetic status of the hepatoblastoma cell line HepG2 shows the

highest similarity with PHH compared to the other tested liver cancer cell lines (Huh7, HLE and

AKN1). Also a shift of the epigenetic status of HepG2 cells, by stimulation with the epigenetic modifiers

5-AZA plus Vitamin C towards a profile characteristic for PHH could be achieved. Although these

modifications lead to a reduction in the expression of the EMT marker gene SNAIL and induction

in the expression of epithelial genes, but not to a significant increase in the expression and activity

of CYP enzymes. As a possible reason, existing epigenetic modifications could be identified, which

are deregulated in all four tested hepatoma cell lines as well as in long-term cultured hepatocytes.

These genes are not linked yet to the metabolic activity of liver cells. Our results suggest that further

epigenetic key players, which were identified in this study, are responsible for the hepatic differentiation

as well as for the activity of the CYP enzymes. Changing the expression of these genes may not only be

an approach to improving the metabolic activity of the cells, but may be additionally potential targets

for tumor therapy.
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Abbreviations

CYP Cytochrome P450

cDNA Complementary DNA

EMT Epithelial–Mesenchymal Transition

PHH primary human hepatocytes

SRB Sulforhodamine B

5-AZA 5-aza-2′-deoxycytidine

CK18 Cytokeratin 18

HNF4α Hepatocyte nuclear factor 4α

SNAIL Snail1

KDM6B Lysine Demethylase 6B

KDM4C Lysine Demethylase 4C

JCRB Japanese Collection of Research Bioresources Cell Bank

5-AZA-dC 5-Aza-2′-deoxycytidine

HCC hepatocellular carcinoma

HDAC Histone deacetylase

HDACi Histone deacetylase inhibitor

DNMT DNA methyltransferases

DNMTi DNA methyltransferase inhibitors
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Chapter 5: Publication III 

Ruoß, M.; Rebholz, S.; Weimer, M.; Grom-Baumgarten, C.; Athanasopulu, K.; 

Kemkemer, R.; Käß, H.; Ehnert, S.; Nussler, A.K. Development of Scaffolds with 

Adjusted Stiffness for Mimicking Disease-Related Alterations of Liver Rigidity. 

J. Funct. Biomater. 2020, 11, 17. 

5.1 Synopsis: 

Drug-induced hepatotoxic side effects are the most common reason why drugs fail 

in clinical trials or have to be withdrawn from the market after approval (Kaplowitz, 

2005). One reason for this failure is the lack of predictive in vivo models, which is 

mainly due to species differences in the metabolism of drugs between humans and 

laboratory animals (Olson et al., 2000). There are also significant intraspecific 

differences in drug metabolism. In addition to age, gender, or genetic background, 

disease-specific changes in the liver also play an essential role (Bachtiar and Lee, 

2013, Soldin and Mattison, 2009, Mangoni and Jackson, 2004, Cheng and Morgan, 

2001). For example, one study showed that changes in liver stiffness, which can be 

found in patients who suffer from liver fibrosis or cirrhosis, lead to altered expression 

of drug-metabolizing enzymes (Theile et al., 2013). Such changes require 

individualized therapies as well as the use of models that can represent these 

individual differences during pre-clinical drug development. In animal studies, such 

changes can be mimicked by using disease models, but this is not yet possible in 

vitro (Liu et al., 2013). The aim of this study was, therefore, to develop such an in 

vitro model that can mimic the in vivo environment of the healthy as well as an altered 

fibrotic liver. For this purpose, we developed pHEMA/BAA-based cryogels, which 

can represent the physiological as well as the pathological liver rigidities that occur 

in healthy subjects and patients who suffer from liver cirrhosis, respectively. 

To provide the cells with an ideal environment, we tested whether the pre-incubation 

of the scaffolds with RGD-rich substances is useful. We demonstrated that pre-

incubation with FCS-containing medium has a positive effect on cell adherence. This 

effect was particularly pronounced in the scaffold representing the healthy liver. At 

this scaffold, the length of pre-incubation influences the number of cells adhered to 
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the scaffold. As demonstrated by SEM images, the pre-incubation of the scaffold 

results in the deposition of particles on the scaffold surface. These depositions alter 

the scaffold surface and may possibly explain the positive effects of the pre-

incubation concerning cell adherence. 

In subsequent experiments, we investigated whether the different stiffness of the 

scaffolds affects the metabolic activity of the cells. Cells plated onto the scaffold—

with a stiffness that corresponds to the human liver—generally exhibit higher 

metabolic activity of the measured phase I/II enzymes compared to cells plated onto 

the stiffer fibrotic liver scaffold. 

When evaluating these promising results, one must consider that we used HepG2 in 

this study. These cells have some of the functions of human hepatocytes and are 

therefore often used as an alternative for them (Lin et al., 2012), but they differ 

significantly from them, especially in their metabolic activity (Rodriguez-Antona et 

al., 2002). 

In addition, it might also be useful to develop further develop the here established in 

vitro model system in such a direction that it can mimic also other aspects of the 

pathology of liver fibrosis besides liver stiffness. Mimicking changes in the ECM 

composition or the imitation of inflammation—which are both also associated with 

liver fibrosis—are possible examples. In addition to hepatocytes, other liver cells 

such as stellar cells or Kupffer cells play a significant role in the pathogenesis of liver 

fibrosis; hence, the development of a 3D co-culture model including also this cell 

types would also be useful. 
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Abstract: Drug-induced liver toxicity is one of the most common reasons for the failure of drugs in

clinical trials and frequent withdrawal from the market. Reasons for such failures include the low

predictive power of in vivo studies, that is mainly caused by metabolic differences between humans

and animals, and intraspecific variances. In addition to factors such as age and genetic background,

changes in drug metabolism can also be caused by disease-related changes in the liver. Such metabolic

changes have also been observed in clinical settings, for example, in association with a change in liver

stiffness, a major characteristic of an altered fibrotic liver. For mimicking these changes in an in vitro

model, this study aimed to develop scaffolds that represent the rigidity of healthy and fibrotic liver

tissue. We observed that liver cells plated on scaffolds representing the stiffness of healthy livers

showed a higher metabolic activity compared to cells plated on stiffer scaffolds. Additionally, we

detected a positive effect of a scaffold pre-coated with fetal calf serum (FCS)-containing media. This

pre-incubation resulted in increased cell adherence during cell seeding onto the scaffolds. In summary,

we developed a scaffold-based 3D model that mimics liver stiffness-dependent changes in drug

metabolism that may more easily predict drug interaction in diseased livers.

Keywords: scaffold culture; stiffness; in vitro model; pre-coating; Arg-Gly-Asp (RGD)-peptides;

cell attachment

1. Introduction

Today the testing of new drugs is mainly performed in animals due to a lack of predictive in vitro

models [1]. However, animal experiments have several limitations in predicting liver toxicity of new

substances, due to differences between the drug-metabolizing enzymes in humans and animals [2].

Therefore, new models that are able to foresee the in vivo situation more accurately are needed. Freshly

isolated human hepatocytes are the gold standard for such models since their metabolic profile is

comparable to the in vivo environment [3,4]. However, the use of human liver cells for the testing

of new substances is limited since human hepatocytes are scarcely available and suffer frequently

from the loss of metabolic function during long-term cultivation [5,6]. In recent years continuously
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available liver cell lines were established as an alternative to human hepatocytes to overcome these

limitations [7].

Furthermore, numerous attempts have been made to improve cultivation conditions to extend

the hepatocytes metabolic activity and to improve the metabolic activity of these cell lines [4,8–10].

Various studies showed that mimicking the in vivo environment improves the metabolic capacity

of primary liver cells and liver cell lines [4,8,11,12]. In addition to the interaction with other cells

that can be provided in a co-culture setup [13], it is also important that the hepatocytes interact with

the surrounding matrix [14]. One reason for the rapid loss of the metabolic properties of primary

hepatocytes in conventional 2D cultures is the lack of adequate interaction with the surrounding

matrix [12]. In recent years, various 3D cultivation methods have been developed, including scaffold

culture systems [12,15]. These 3D culture systems can help to maintain the metabolic activity of cells

over an extended period of time [4,16]. The metabolic activity is sustained because the cultivation of

these cells on scaffolds ensures that cell adherence is not limited to the plane of the cell culture plate

but can take place three-dimensionally. Moreover, the porous surface of the scaffold improves the cell

nutrients’ supply. Although several studies have shown that substrate stiffness greatly influences the

functioning of cells, this parameter has been neglected so far in the development of scaffolds for the

cultivation of hepatocytes. For instance, one study showed that mesenchymal stem cells could be

differentiated into different directions only by using different rigidities [17]. The influence of substrate

stiffness on the functioning of hepatocytes is known [18,19]. In line with these publications, it has been

shown that rat hepatocytes cultured onto a soft 2D matrix (2 kPa) resulted in a more differentiated

and functional hepatocyte phenotype than those cultured directly onto a stiffer surface (55 kPa) or cell

culture plastic. Moreover, on day 7, cytochrome P450 (CYP) activity was 2.7 times higher in hepatocytes

cultured on the softer matrix than those cultured on normal cell culture plastic [11]. Interestingly,

in vivo, the metabolic activity of the hepatocytes is also influenced by liver stiffness. Theile et al.

observed a significant difference between the activity of drug metabolic enzymes in patients with a

liver stiffness lower than 8 kPa compared to patients with a liver stiffness larger than 8 kPa; this result

indicates that the hepatic stiffness directly affects the metabolism of drugs in vivo [20].

Since such metabolic changes caused by different liver rigidities between healthy subjects and

patients with liver fibrosis or cirrhosis may also influence the efficiency and/or toxicity of drugs,

these adverse effects should be considered either during drug development or drug prescription to

patients with liver diseases. Therefore, the first aim of this study was the development of scaffolds

that mimic the stiffness of healthy and fibrotic livers. In addition to stiffness, it is well established that

the extracellular matrix (ECM) influences the properties of liver cells [4,21]. In order to provide cells

with an optimal environment for attachment and during cultivation on the scaffold, we used different

proteinaceous solutions and various incubation intervals to pre-coat scaffolds. We decided to use the

cell line HepG2 for establishing and testing our 3D liver scaffolds since cell line is often used as an

alternative to primary human hepatocytes in drug metabolism studies [22].

2. Materials and Methods

2.1. Production of the Different pHEMA Based Scaffolds

For a successful culture of hepatic cells, it is necessary to generate a matrix whose properties are as

similar as possible to those of the in vivo environment. The ideal matrix allows good cell attachment,

therefore it must have pores of a sufficiently large diameter, high porosity, and permeability to allow

cells to penetrate and adhere [16,23]. Further, a sufficient supply of nutrients must be guaranteed [24].

To achieve this goal, we used poly-(2-hydroxyethyl methacrylate) (pHEMA)/bisacrylamide (BAA)-based

cryogels. To increase cell adherence, collagen (self-made rat-tail collagen), concentration 3.5 g/L

prepared as described [25] and gelatin solution (30% cold water fish gelatin in ddH2O) were added to

the scaffolds. Several different cryogel compositions were tested. The various concentrations of cryogel

components that were tested during the development of the scaffolds are shown in Table S1. The four
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that most closely met the above-mentioned criteria regarding the scaffold architecture, which could in

addition be reliably reproduced, were selected for further testing. The exact ingredient compositions

of the four different scaffold prototypes are listed in Table 1.

Table 1. Quantities of the substances used for cryogel formation.

Substance

Concentration
Scaffold 1 Scaffold 2 Scaffold 3 Scaffold 4

ddH2O 5.78 mL 3.78 mL 7.11 mL 5.03 mL
pHEMA 98% 500 µL 500 µL 1 mL 1 mL

BAA 2% 250 µL 250 µL 170 µL 10 µL
Gelatin 30% 2 mL 4 mL 250 µL 2 mL

Collagen 3.5 g/L 1 mL
TEMED 20 µL
APS 10% 200 µL

Glutaraldehyde 25% 250 µL

poly-(2-hydroxyethyl methacrylate), 2-hydroxyethyl methacrylate; BAA, bisacrylamide; TEMED,
tetramethylethylenediamine; APS, aminoperoxodisulfate.

The cryogels were prepared as shown in Figure 1. In brief, the gels were prepared by thoroughly

mixing collagen, ddH2O, and gelatin and then incubating on ice for at least 30 min. Then pHEMA and

BAA were added and the solution was thoroughly mixed again. Polymerization was started by adding

tetramethylethylenediamine (TEMED), aminoperoxodisulfate (APS), and glutaraldehyde. Then, 10 mL

of solution, containing all substances listed in Table 1, were immediately pipetted into several 2 mL

syringes, which were placed in a freezer at −18 ◦C for a minimum of 16 h to allow the polymerization

of the scaffold components to form the cryogel. After polymerization, the frozen scaffolds were cut into

3 mm-thick slices. The scaffolds were sterilized in 70% ethanol under agitation for 12 h and then soaked

three times in PBS for at least 2 h, to remove the ethanol and non-polymerized scaffold components.

Preliminary experiments showed that pre-incubation of the scaffolds for 72 h with medium containing

10% fetal calf serum (FCS) increased cell adherence significantly.

2.2. Scaffold Characterization

2.2.1. Pore Size

Analyses of pore size and pore structure were performed as previously described [16]. Briefly,

the scaffolds were stained using a sulforhodamine B (SRB) solution (0.08% SRB in 1% acetic acid).

The scaffolds were washed three times with 1% acetic acid solution to remove unbound SRB. The pore

structure of the cryogels was visualized by using red fluorescence to reveal bound SRB. An EVOS

fluorescence microscope (Life Technologies, Darmstadt, Germany) was used to obtain fluorescent

images. The size and shape of the pores were determined using ImageJ software, version 1.5 (National

Institutes of Health, Bethesda, MD, USA).
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to 4°C on ice

+ APS, TEMED,
Glutaraldehyde

Mix

Scaffold
casting
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B) Cryogel manufacturing

Store at -18°C C) Further procedure for preparing the scaffolds

A) Scheme of cryogel preparation

pHEMA

BAA

Gelatin + APS / TEMED

Collagen

Glutaraldehyde

Figure 1. Schematic overview of scaffold production. (A) Formation of a scaffold matrix through

the cross-linking of the scaffold components. (B) Mixture of the individual scaffold components and

pouring of the scaffolds. (C) Further procedure, cutting the scaffolds, preparation of the scaffolds prior

to cell cultivation, and seeding of the cells.

2.2.2. Porosity

The porosity of the various scaffolds was measured using a modified version of the protocol

published by Fan et al. [26]. Briefly, scaffolds, with a height of about 3 mm and a diameter of 1 cm

that were fully saturated with PBS for at least 30 min were weighed (m1) and placed in a cell strainer.

After centrifugation for 10 min at 4200× g the scaffolds were weighed again (m2). The porosity was

calculated using the following formula:

Porosity (%) =
(m1−m2)

(ρw×V)
× 100%V = sca f f old volume, ρw = density o f PBS.

2.2.3. Scaffold Permeability

The permeability of the scaffolds was determined by measuring the liquid diffusion rate [27].

Briefly, the scaffolds were transferred to a well plate to which enough SRB solution (0.08% in 1%

acetic acid) was added to ensure that the scaffolds were surrounded, but not covered. The diffusion
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of the red-colored SRB solution into the scaffold was measured over 30 min. Microscopic images

were captured every 5 min using a reflected light microscope (Bresser, E122002, Rhede, Germany).

The distance from the scaffold border to the dye front was measured and evaluated using ImageJ. At

each time-point, the distance was asssed at 20 sites per scaffold. The diffusion rate per minute was

calculated. Representative images which illustrate the procedure are shown in Figure S1.

2.2.4. Water Uptake Rate and Swelling Ratio

The water uptake rate and swelling ratio of the scaffold prototypes, with a height of about 3 mm

and a diameter of 1 cm, were measured as previously described [28] and calculated using the following

equations:

Swelling ratio (%) =
(scaffold wet weight (g) − scaffold dry weight (g))

scaffold dry weight (g)
× 100 (1)

Water uptake (%) =
(scaffold wet weight (g) − scaffold dry weight (g))

scaffold wet weight (g)
× 100 (2)

The dry and wet weights (in grams) of the scaffolds were measured with an analytical balance as

described above.

2.2.5. Matrix Stiffness

A microscale mechanical testing system (Microsquisher, CellScale, Waterloo, Canada) was used

to measure the mechanical properties of the various scaffolds [29]. The scaffolds were stored in PBS

before measurement to prevent dehydration. PBS soaked scaffolds were used for compression testing.

Cylindrical samples with a height of about 3 mm and a diameter of 2 mm were cut out of the different

scaffold prototypes. All samples were mechanically compressed with a calibrated tungsten microbeam

(diameter 0.558 mm) with a 3 × 3 mm square compression plate at the end. The samples were uniaxially

compressed by 10% with force and displacement. Details are given in Table 2

Table 2. Measurement parameters for mechanical properties for pHEMA scaffolds.

Magnitude Loading Rate Hold Recovery Rest Repeats

10.0% 10%/100 s 2 s 10 s 0 s 1

These force-displacement data were used to calculate the modulus of elasticity (E) by dividing the

nominal stress value (σ) by the maximal nominal strain (ε) of the samples.

2.3. Scanning Electron Microscope (SEM) Images

2.3.1. Sample Preparation for the SEM Images

The samples of healthy and cirrhotic livers were used for the SEM images from patients that

had undergone tumor resection surgery [6]. The samples were frozen in liquid nitrogen immediately

after removal. Informed, written consent was obtained from patients in accordance with the ethical

guidelines of the Ethics Commission of the medical faculty of the University of Tübingen, Tübingen,

Germany (project number: 298_2012BO1). SEM images of the scaffolds and the liver tissue were

obtained after lyophilization.

2.3.2. Preparation of the SEM Images

SEM investigations were performed using a JEOL JSM-7200 FLV setup with a field-emission source

(JEOL, Freising, Germany). Prior to imaging, the samples were sputtered with gold. The thickness of

the sputter layer was about 20 nm. First, a series of images for each sample was taken to provide an
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overview. The illustrations presented in this report are from characteristic areas selected from these

images. The size of the structures shown can be determined from the scale bars included in the images.

2.4. Culture of HepG2 Cells and Seeding of the Cells on the Scaffold

The HepG2 cells were cultured as previously described [30]; briefly, the cells were cultivated

in a Dulbecco’s Modified Eagle’s Medium (DMEM) high glucose medium containing 10% FCS, 100

U/mL penicillin, and 100 µg/mL streptomycin. All cell culture reagents were purchased from Sigma

Aldrich (St. Louis, MI, USA). The cells were cultured at 37 ◦C in a humidified atmosphere with 5%

CO2. HepG2 cells from passages two to ten after thawing were used for the experiments as previously

described [31]. Before plating, the cells for the experiments were washed with PBS and detached from

the cell culture flask using trypsin/EDTA (0.5 g/L trypsin and 0.2 g/L EDTA). Cell detachment was

checked with the light microscope, and then trypsin digestion was stopped using FCS-containing

culture medium. The cells were centrifuged at 600× g for 10 min, then the supernatant was removed,

and the cells were resuspended using fresh culture medium. Using a Neubauer chamber, the cells

were counted and seeded on the scaffolds in the desired concentration using the “drop-on” seeding

method [16,30]. Scaffolds were placed in a 24-well plate, as much of the medium as possible that had

been used for the pre-incubation was aspirated and 40 µL of the cell suspension were dispensed onto

the central area on the top of the scaffolds. Then, 700 µL of fresh culture medium were added to the

cells after 4 h. This amount of media was required to cover the scaffold completely.

2.5. Measurement of Mitochondrial Activity with Resazurin

To measure Resazurin conversion, the scaffolds were washed once with PBS and then incubated

with a 0.0025% Resazurin solution (in DMEM medium) for 1 h at 37 ◦C. The fluorescence of the

resorufin thus produced was measured at 544 nm/590-10 nm using the Omega Plate Reader (BMG

LABTECH, Ortenberg, Germany) [16].

2.6. Staining of the Cells with Calcein-AM and Hoechst

The cells cultured on the scaffolds were stained with Calcein-AM (final concentration 2 µM)

and Hoechst 33342 (final concentration 2 µg/mL) to enable fluorescence microscopy images to be

captured. Hoechst dye was used to stain double-stranded DNA; it allows cell nuclei to be detected in

the fluorescence microscope channel DAPI (357/447 nm). Calcein-AM was used to stain living cells

and was detected in the green fluorescent protein (GFP) channel (470/525 nm). A mixture of both dyes

diluted in PBS was added to the cell-seeded scaffolds and incubated for 30 min at 37 ◦C, protected

from light. Then, scaffolds were washed at least three times with PBS. Microscopy of stained cells was

performed using the EVOS FL fluorescence microscope (Life Technologies, Darmstadt, Germany).

2.7. Effect of Scaffold Pre-Incubation

2.7.1. Increasing Cell Attachment by Pre-Incubation of Scaffolds

Several solutions were tested to improve the cell adherence by pre-incubation of the scaffolds. We

tested Arg-Gly-Asp (RGD)-rich proteinaceous solutions, such as gelatin and human serum, as well as

culture media with and without FCS. For this experiment, the scaffolds were pre-incubated for at least

7 days with the RGD-containing solutions. As a control condition scaffolds were incubated in PBS for

the same period. The substances used and their concentrations are shown in Table 3. The cells were

seeded on the scaffolds in a density of 2 × 105 cells/scaffold as described before, and the conversion of

Resazurin was measured after 24 h.
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Table 3. Substances used in the pre-incubation experiment.

Substance Concentration Note

DMEM 100% Without additives

DMEM, FCS, P/S 10% FCS, 1% P/S
10,000 units penicillin and 10 mg

streptomycin/mL

Collagen 0.14 g/L in PBS
This concentration is usually used

for plate coating [25]
Bovine serum albumin 5% in PBS -
Coldwater fish gelatin 30% in ddH2O -

Human serum 100% -
FCS 100% -

Gelatin, FCS 50% FCS, 15% Gelatin, ddH2O -

DMEM, Dulbecco’s Modified Eagle’s Medium; FCS, fetal calf serum; P/S, Penicillin/ Streptomycin.

2.7.2. Length of Pre-incubation of Scaffolds with Culture Medium

For this experiment, scaffolds were prepared as described before. Three scaffolds per experiment

were transferred to FCS-containing culture medium at 14, 10, 7, 3, 2, and 1 day(s) before cells were plated

on the scaffolds. The remaining scaffolds continued to be incubated in PBS, and 8 × 104 HepG2 cells

were plated per scaffold (day 0). A reduction of the cell numbers relative to the previous experiment

was required because in this experiment we were not only investigating the cell attachment but also

the viability of the cells over 5 days cultured on the scaffold. Resazurin conversion was measured

24 h as well as on day 5 after seeding. Additionally, living cells were stained for microscopy using

Calcein-AM on day 5.

2.8. Metabolic Tests of the Cells on the Scaffolds

We measured the activity of different phase I/II enzymes as well as the ability of cells to detoxify

ammonia as indicators of hepatic function. Cells were seeded onto scaffolds at a concentration of 2 ×

105 cells/scaffold as described above. Since previous studies revealed that the addition of insulin and

hydrocortisone to the culture medium increases the activity of CYP enzymes in liver cell lines [32],

we supplemented our medium with 1 mM human insulin and 0.8 µg/mL hydrocortisone 24 h after

seeding [32]. Then, cells were incubated on scaffolds for a total time of 72 h since recent studies revealed

maximum metabolic changes at this time point [32]. The subsequent metabolic tests were performed

as follows.

2.8.1. Urea Measurement

The quantification of urea was carried out using a 3D adaptation [16] of a protocol published

by Seeliger et al. [33]. The scaffolds were washed with PBS 72 h after seeding, then the scaffolds

were incubated using an additive-free medium for 24 h in the presence of 5 mM ammonium chloride.

Then, 80 µL of the supernatant were mixed with 60 µL of O-phthalaldehyde solution (1.5 mM

O-phthalaldehyde, 4 mM Brij-35, 0.75 M H2SO4) and 60 µL of NED reagent (2.3 mM N-(1 Naphthyl)

ethylenediamine dihydrochloride, 80 mM boric acid, and 4 mM Brij-35, 2.25 M H2SO4), and incubated

for 1 h at 37 ◦C. The absorbance was measured at 460 nm (Omega Plate Reader) and compared to a

urea standard curve (0–100 µg/mL) on the same plate.

2.8.2. Measurement of Phase I/II Activities

The activity of phase I/II enzymes was measured by fluorescence-based methods, as described

by Ehnert et al. [34]. The activity of phase I enzymes CYP 1A2, CYP 3A4, and CYP 2C9, and phase II

enzymes, uridine diphosphate glucuronosyltransferase (UGT) and glutathione S-transferase (GST), was

measured since these enzymes are essential in the metabolism of several drugs [4,35]. The substrates, the

phase II inhibitors, and the products used, as well as the corresponding wavelengths, are summarized
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in Table 4. Before measuring, the scaffolds were washed once with PBS and then incubated for 30

min in plain medium-containing substrates and inhibitors as indicated. To exclude the interference of

scaffold components with the measurement, scaffolds without cells were used as a background control.

Table 4. Conditions used for phase I/II measurements.

Enzyme Substrate C final
in µM

Measured Product
Phase II

Inhibitors
Measured

Wavelength

CYP 1A2 7-Ethoxycoumarin 25 7-Hydroxycoumarin

1.5 mM
Salicylamid,

2 mM
Probenecid

355/460 nm

CYP 3A4
7-Benzyloxy-4

(trifluoromethyl)
coumarin

5
7-Hydroxy-4

(trifluoromethyl)
coumarin

1.5 mM
Salicylamid,

2 mM
Probenecid

355/520 nm

CYP 2C9 Dibenzylfluorescein 5 Fluorescein
10 µM

Dicumarol
485/520 nm

UGT 2B7 4-Methylumbelliferon 6.25 4-Methylumbelliferon - 355/460 nm

GST Monochlorobimane 50
Monochlorobimane-

glutathione conjugate
- 355/460 nm

2.9. Statistical Analysis

Non-parametric Mann–Whitney U tests were used to assess differences between two groups.

Group comparisons involving more than two groups were carried out with the non-parametric

Kruskal–Wallis H test, followed by Dunn’s multiple comparison test, implemented in GraphPad Prism

5.00 Software (GraphPad Software, San Diego, CA, USA). Data are represented as means ± SEM from

at least three independent experiments (N ≥ 3). All statistical comparisons were two-sided as this was

an exploratory data analysis and significance is denoted as follows: p < 0.05 (*), p < 0.01 (**), and p <

0.001 (***).

3. Results

3.1. Characterization of the Natural ECM of Healthy and Cirrhotic Liver Tissue

To develop scaffolds corresponding to the healthy and fibrotic liver, it is necessary to characterize the

respective in vivo environments and then develop an in vitro model representing these characteristics.

Therefore, we captured SEM images of healthy and cirrhotic liver tissue samples (Figure 2A,B).

The images show that there are differences between the structure of the ECM of the healthy and

cirrhotic liver. The ECM of the healthy liver is, as described before [6], an open-pored, thin-walled

structure (Figure 2A), while the cirrhotic tissue has thicker cell walls and slightly larger pores (Figure 2B).

3.2. Testing of Different Scaffolds for the Cultivation of Liver Cells

To mimic the in vivo environment as closely as possible, we carried out preliminary tests on

various different pHEMA/BAA-based scaffold prototypes, created by systematically varying single

scaffold components. Table 5 and Figure 3 summarize the characteristics of the scaffolds that have a

porous structure, allow cell attachment, and match the criteria for pore size and stiffness best. Therefore,

they were selected for further investigation. Details of the used scaffolds components and their

quantities are given in Table 1. The pore size of the different scaffold prototypes differed significantly

between various scaffolds. Scaffold prototype 1 exhibited the largest pores, with a mean pore diameter

of 115 ± 29 µm, whereas the pores of scaffold prototype 4 had a mean diameter of only 61 ± 41 µm.

Scaffold prototype 1 also had the highest water uptake capacity and highest swelling ratio, followed by

scaffold prototype 3.
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10 µm

Healthy Liver Tissue Cirrhotic Liver Tissue
A B

10 µm

Figure 2. Representative SEM images of the extracellular matrix (ECM) structure of healthy (A) and

cirrhotic liver (B) tissue (scale bar 10 µm).

Table 5. Characteristics of the four scaffold prototypes.

Measured Parameter Scaffold 1 Scaffold 2 Scaffold 3 Scaffold 4

Pore diameter (µm) 115 ± 29 64 ± 13 85 ± 41 61 ± 41
Water uptake (%) 90.4 ± 1.6 83.9 ± 1.9 85.3 ± 4.4 83.4 ± 2.0
Swelling ratio (%) 965 ± 159 528 ± 72 641 ± 207 511 ± 74
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Figure 3. Characterization of the scaffold prototypes. (A) Scaffold stiffness was measured in N = 3, n =

3, since we were not able to measure the stiffness of liver tissue until now, the values were compared

with published data [36] created by Fibroscan measurements. Bars represent mean ± SEM; p < 0.05 (*), p

< 0.01 (**), p < 0.001 (***) as indicated. (B,C) Attachment of cells to the four different scaffold prototypes

was tested. HepG2 cells were plated in various concentrations on four different scaffold prototypes and

cell attachment was evaluated by measuring Resazurin conversion and Hoechst 33342/Calcein-AM

staining 24 h after seeding. The Resazurin conversion data are represented as averages of three

independent experiments (each n = 3). Lines represent mean ± SEM. Hoechst 33342 and Calcein-AM

staining is shown in representative fluorescence microscopy images of 1 × 105 cells/scaffold.
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Scaffold prototype 3, with a stiffness of 2.9± 1.3 kPa, showed rigidities similar to a healthy liver [36,37],

whereas scaffold prototypes 1 and 4 showed the stiffness characteristics of a fibrotic or cirrhotic liver [36,37]

(Figure 3A). As shown in Figure 3B, the adherence of the cells to the different scaffolds was tested by

seeding different amounts of HepG2 cells (between 5 × 104 and 2 × 105 cells) on the scaffolds. Attachment

of living cells was determined 24 h after seeding by measuring the conversion of Resazurin. Additionally,

as shown in Figure 3C, cell attachment to the scaffolds was visualized using Calcein-AM and Hoechst

33342 staining, which causes fluoresce of living cells. Both the microscopic images and the Resazurin

measurements showed that cells attached to all the scaffolds tested. Overall cells seeded on scaffold

prototype 3 showed the highest conversion of Resazurin. Although all the scaffolds presented here could

be used to cultivate HepG2 cells, scaffold prototypes 1 and 3 were deemed the most promising for our

purposes due to their pore size, Resazurin turnover, and especially, stiffness. The stiffness of healthy

livers can be mimicked with scaffold prototype 3 (healthy liver scaffold), while fibrotic/cirrhotic livers are

represented by scaffold prototype 1 (fibrotic liver scaffold).

The selected scaffolds were further characterized in terms of porosity and permeability. The healthy

liver scaffold had significantly higher porosity than the fibrotic liver scaffold (Figure 4A), but the

two scaffolds had a similar permeability (Figure 4B). In addition, the SEM images revealed that both

scaffolds showed a porous structure, with slightly larger pores in the fibrotic liver scaffold. However,

both scaffolds had significantly larger pores than the corresponding human liver tissue (Figure 4C).
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Figure 4. Physical characterization of the pHEMA/BAA-based 3D scaffolds: (A) Determination of the

scaffold porosity (n = 5), three scaffolds were pooled and measured together. (B) Permeability was

measured in a total of 9 scaffolds from three independent scaffold manufacturing days. Bars represent

mean ± SEM; p < 0.01 (**) as indicated. (C) SEM images of healthy liver and cirrhotic altered liver tissue

and both selected scaffolds (scale bar 100 µm).
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3.3. Effect of Scaffold Pre-incubation on Cell Adherence and Their Viability During the Culture

We investigated whether pre-incubation of the scaffolds in culture media containing various

RGD-containing substances can increase the adherence of the cells to the scaffolds. As can be seen

in Figure 5, pre-incubation had a positive effect on cell adherence in both tested scaffolds. However,

the results clearly showed that this effect was much more pronounced in healthy liver scaffolds.

There, pre-incubation increased cell attachment by as much as ten times, but in the case of the fibrotic

liver scaffold, only a 1.4-fold increase in cell adherence was achieved. The results indicate that due

to pre-incubation with FCS-containing medium, the cell adherence to both scaffold types could be

increased, which is why this type of pre-incubation was used for both scaffolds later in the study.
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Figure 5. Effect of pre-incubation with various proteinaceous substances. Scaffolds were pre-incubated

for at least 7 days with the Arg-Gly-Asp (RGD)-containing solutions. Resazurin conversion was

measured 24 h after plating 2 × 105 HepG2 cells/scaffold on pre-coated scaffolds; scaffolds pre-incubated

in PBS were used as a control; N = 3, n = 2. Bars represent mean ± SEM. The significance of differences

between pre-incubation with PBS (control) and proteinaceous substances is denoted as follows: *p <

0.05, **p < 0.01, ***p < 0.001. The difference between the not pre-incubated healthy and fibrotic liver

scaffold is indicated as ##p < 0.01. The difference between the media and FCS pre-incubated healthy

and fibrotic liver scaffolds are indicated as not significant (ns).

In order to provide cells with an ideal environment for attachment on scaffolds and during culture

over several days, we investigated the optimal time period for scaffold pre-incubation. Since previous

results showed that pre-incubation had a more pronounced effect in ‘healthy’ liver scaffolds, this

scaffold type was used to determine the ideal pre-incubation time. To determine the most suitable time

period, the scaffolds were pre-incubated over periods of 1, 2, 3, 7, 10, and 14 day(s) using medium

containing 10% FCS and 8 × 104 HepG2 cells were seeded on the scaffolds. Resazurin conversion was

measured 24 h and five days after seeding. On day five living cells on the scaffold were additionally

stained with Calcein-AM. As shown in Figure 6, the length of the pre-incubation had a huge influence

on cell attachment properties. In addition, the number of living cells cultured on the scaffolds was

significantly influenced after five days by the length of the pre-incubation period. A pre-incubation

period of 24–72 h resulted even after a culture period of five days only in a low number of viable cells

viable on the scaffold (Figure 6C). In addition, we observed a low level of Resazurin turnover after 24 h

(Figure 6A) as well as after five days in culture (Figure 6B). However, using a pre-incubation period

of seven days or more, many more living cells attached to the scaffold (Figure 6C). This result was

accompanied by a significantly higher Resazurin turnover after 24 h (Figure 6A) as well as after five

days (Figure 6B) in culture.
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Figure 6. Effect of the length of pre-incubation on the attachment and the maintenance of HepG2 cells

plated on the healthy liver scaffold. The scaffolds were pre-incubated with FCS-containing media

between 24 h and 14 days. HepG2 cells were seeded on scaffolds. The conversion rate of Resazurin

was measured 24 h (A) and five days (B) after seeding. The graphs show mean ± SEM for N = 3, n = 3;

*p < 0.05, ***p < 0.001 for comparison with a pre-incubation period of 24 h as indicated. Calcein-AM

staining (C) after a culture period of five days; representative images of HepG2 cells plated on scaffolds

using different pre-incubation periods.

As described above, the coating of scaffolds, especially the healthy liver scaffold, significantly

increased cell adherence. SEM images were captured and analyzed to determine whether this

change was accompanied by a modification of the scaffold surface. To do this, both scaffold types

were pre-incubated for seven days in FCS-containing medium or PBS (control condition) and then

freeze-dried to avoid damaging of the surface structure. As seen in Figure 7, the surface structures of

the two types of scaffold differed significantly. The healthy liver scaffold had a rougher surface on

which crystal-like constituents were superimposed, whereas the fibrotic liver scaffold appeared rather
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smooth, with only small crystals superimposed on the surface. Pre-incubation with the FCS-containing

medium did not significantly alter the surface of the fibrotic liver scaffold, but in contrast, resulted in

significant changes in the healthy liver scaffold. Large deposits of agglomerates were observed on the

surface of healthy liver scaffolds incubated in FCS-containing medium.

Figure 7. Effect of pre-incubation on the surface of the scaffolds. Representative SEM images of

the surface of healthy and fibrotic liver scaffolds with and without (w/o) 7-day pre-incubation in

FCS-containing medium (scale bar 1 µm).

3.4. Evaluation of the Functionality of Hepatic Cells Plated on the Scaffolds

After characterizing the scaffolds, we investigated if stiffness variations had an impact on the

metabolic activity of the seeded cells. As depicted from Figure 8, the cultivation of cells on ‘healthy’

liver scaffolds led to increased metabolic activity of CYP 3A4, CYP 2C9, and UGT compared to cells

seeded onto the fibrotic liver scaffold. In contrast, the activity of CYP 1A2, and to a certain extent, GST

was higher in cells seeded onto fibrotic liver scaffolds compared to cells cultured onto ‘healthy’ liver

scaffolds. There was no statistically significant difference in urea production between cells cultured

either on healthy or fibrotic scaffolds.
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Figure 8. Metabolic activity of HepG2 cells plated on the two scaffolds. The activity of phase I

enzymes CYP 1A2, CYP 3A4, and CYP 2C9, and phase II enzymes, UGT and GST, was measured.

The detoxification of ammonia was quantified by measuring the urea production. Values are shown as

multiples of the activity of cells plated on the healthy liver scaffold, N = 3, n = 3; bars represent mean ±

SEM; *p < 0.05, **p < 0.01 as indicated.

4. Discussion

Disease-specific changes in the liver, that can be found in liver fibrosis and cirrhosis, alter the

metabolism of drugs [38]. This not only necessitates individualized therapies but also the use of

models that can represent these individual differences during the development and testing of drugs.

This can be achieved in animal research through the use of certain disease models [39], but it is not

yet possible for in vitro research. Therefore, the aim of this study was the development of such an

in vitro model that mimics the in vivo situation of a “healthy” and a fibrotic altered liver. Scaffolds

are suitable to imitate the in vivo environment since the cells are cultivated in a three-dimensional

environment. It is also possible to imitate the interaction of cells with the ECM. In addition, it is

possible to generate scaffolds that correspond in their stiffness to so-called “healthy” livers and a more

fibrotic altered liver. This is an important issue since ‘healthy’ livers have a stiffness of approx. 6 kPa,

which is much lower compared to the stiffness of cell culture plastics of approx. 100,000 kPa [20,40].

As our results show, it is possible to mimic the rigidity of the human liver and the stiffness of a fibrotic

liver using pHEMA/BAA-based scaffolds. The scaffolds we tested were based on the same substances

but differed in their gelatin content. By increasing the gelatin concentration, more gelatin molecules

were covalently cross-linked by glutaraldehyde to form more stable amide bonds, thus increasing

the stiffness of cryogels [41]. This is of particular interest since gelatin is an irreversibly hydrolyzed

collagen and therefor has similar binding sites for cells [42,43]. Moreover, an increase in collagen

fibers is an important aspect to develop various models of liver fibrosis and cirrhosis [44,45]. Thus, in

addition to rigidity, a high ECM deposition can be mimicked by the fibrotic liver scaffolds [46]. It is

likely that the higher gelatin concentration of the fibrotic liver scaffold is responsible for the fact that

when scaffolds were not subjected to pre-incubation, with medium-containing FCS, cell adherence was

significantly higher for the fibrotic scaffold than the healthy liver scaffold [27]. Pre-incubation with

FCS-containing medium led to the deposition of agglomerates on the surface of ‘healthy’ liver scaffolds,

but not of fibrotic-like liver scaffold surfaces. The accumulation of this agglomerates in the healthy

liver scaffold and changes the surface structure of scaffolds; it seems it therefore may be responsible for

increased cell attachment [47]. Pre-incubation experiments lined-out that culture medium alone was
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able to increase cell adherence. Whether the amino acids content in the medium and/or other medium

components was responsible for this positive attachment effect of cells onto the scaffold surface cannot

be determined from the SEM images. However, as suggested by Amirikia et al., pre-incubation of

scaffolds results in an increase in protein adsorption to the scaffold surface, thus reducing scaffold

roughness and water contact angle, and therefore leading to an increased attachment of cells [47].

The same explanation could also account for the positive effect of pre-incubation which we found in

our “healthy” liver scaffold.

When comparing the physical characteristics of both scaffold types (healthy and fibrotic-like), it

was noticeable that the fibrotic-like liver scaffold had larger pores than the ‘healthy’ liver scaffold. Both

scaffolds had significantly larger pores than the corresponding human liver tissues. Having a larger

pore size relative to the in vivo analog could be desirable because in the in vitro model nutrients are

not supplied to the cells via the bloodstream. This is in line with previous research that suggested that

larger pore size may result in faster cell growth and increased diffusion [16,23,48]. In addition to this,

both scaffolds have similar permeability but show different porosities. However, as can be seen from

the SEM image, under dry conditions, the fibrotic-like liver scaffold also has an open pore structure.

The low porosity value of this scaffold is probably due to water binding to the included gelatin. This

could lead to a swelling of the matrix and in turn, reduce the volume of its pores. The lower porosity of

the fibrotic liver also seems to be affected by the increased ECM deposition [46], as shown in the SEM

images. This scaffold characteristic tends to make the model more similar to the in vivo environment.

Since the scaffolds have similar permeability, one would not expect the difference in porosity to affect

nutrient supply. As described above, the scaffolds were designed to represent liver stiffness of the

healthy as well as the fibrotic human liver [20]. Unfortunately, we were not able to determine the

stiffness of human liver samples using the same method used for the scaffolds. Therefore, the measured

rigidities were compared to literature data determined by other methods [36,37].

Our activity measurements indicate that the cells plated onto softer ‘healthy’ liver scaffolds had

higher levels of activity of phase I enzymes CYP 3A4 and CYP 2C9 and phase II enzyme, UGT 2B7;

whereas the activity of the phase I enzyme CYP 1A2 and the phase II enzyme GST was higher in cells

cultured on fibrotic-like liver scaffolds. The differences between the scaffold types with respect to phase

II metabolism is a very interesting finding as it is already known that in liver cirrhosis, respectively

steatosis, UGT 2B7 activity is reduced whereas GST activity is induced [49,50]. This result is remarkable

since a change in phase II metabolism can lead to the formation of alternative metabolites with different

pharmacological and toxicological potentials [51]. When evaluating these results, it must also be

taken into account that HepG2 cells were used in this study, which have some of the functions of

human hepatocytes, but differ significantly from them, especially in their metabolic activity [31,52].

Further studies are required to rule out that drug and/or substrate compounds might be absorbed to

the scaffold surface and therefore deliver false-positive or false-negative results [53]. Although the

differences between the two scaffolds concerning stiffness, pore size, and surface structure capture the

in vivo differences well, the metabolic differences observed in the clinic cannot be attributed solely

to the difference in stiffness. It might be useful to develop an in vitro model system that represents

other aspects of liver fibrosis pathology, such as the change in ECM composition, oxygen tension, or

inflammation [6,54,55]. Future 3D liver models should include cells like hepatic stellate and/or Kupffer

cells to better mimic liver fibrosis [46].

5. Conclusions

Within this study, we developed scaffolds capturing the stiffness of a healthy and fibrotic-like liver.

The coating of healthy liver scaffolds led to a change in the scaffold surface, which was accompanied by a

significant increase in cell adherence. In addition, a correlation between the length of the pre-incubation

period and the increase in cell adherence was observed. Since there were stiffness-related differences

in the metabolic activity of the cells on the two scaffold types, they can be considered as an excellent

model for studying how fibrotic-like liver alterations affect the metabolism of drugs.
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Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4983/11/1/17/s1,
Figure S1: The diffusion rate of the red-colored SRB solution into the scaffold was used to determinate the
permeability of the scaffolds. The figure shows representative images of the cross-section of the healthy liver
scaffold. These images were used for the analysis of the scaffold permeability, Table S1: Concentrations of cryogel
components which were tested during the development of the scaffolds.
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APS Ammonium persulfate
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Chapter 6: Publication IV 

Ruoß, M.; Kieber, V.; Rebholz, S.; Linnemann, C.; Rinderknecht, H.; Häussling, V.; 

Häcker, M.; Olde Damink, L.H.H.; Ehnert, S.; Nussler, A.K. Cell-Type-Specific 

Quantification of a Scaffold-Based 3D Liver Co-Culture. Methods Protoc. 2020, 

3, 1. 

6.1 Synopsis: 

The in vitro prediction of hepatotoxic effects of new drugs requires the development 

of cultivation methods that maintain the metabolic activity of hepatocytes over a 

longer period of time. For a descriptive prediction of such side effects, it is also 

necessary to mimic interactions of different cell types that play an essential role in 

drug-induced hepatotoxicity (Ruoss et al., 2020b). For these reasons, various 3D or 

co-culture models have been developed in recent years (Soldatow et al., 2013). 

More sophisticated models that combine 3D and co-culture approaches are also 

possible (Wei et al., 2018). However, the increasing complexity of these cultivation 

models also leads to difficulties. For example, one problem is that methods 

commonly used in conventional 2D monoculture for the quantification of cells and 

normalization of the results cannot or can only be partially used in more complex 

cultivation approaches. The reasons for this are, among others, interactions of the 

test reagents with the scaffold matrix and possible influences of the altered 

cultivation conditions on the metabolic activity of the cells, which is the endpoint of 

several quantification techniques (Rai et al., 2018, Ruoß et al., 2020). Until now it 

has only been possible, to a limited extent, to quantify the different cell types in a co-

culture separately. However, since the correct quantification and normalization of the 

results is essential for their evaluation, it is necessary to develop suitable methods 

that allow stable and cell-type-specific quantification of the results. Such a method 

should also work for complex scaffold-based 3D co-cultures.  

Therefore, the first aim of this study was to test different available methods for the 

quantification of 3D cultures. The second aim was to test whether one of these 

methods is also suitable for the cell type-specific quantification of a co-culture 

approach. It turned out that DNA-based methods have the decisive advantage over 



89 
 

other methods, such as the measurement of resazurin turnover, because they are 

working independently of the stress level of the cells and, in contrast to microscopic 

quantification, do not depend on the visibility of the cells on the scaffold surface. We 

also found a method that allows the isolation of DNA from cells plated on the scaffold 

without a significant loss of DNA. This outcome was possible by treating the 

colonized scaffolds with 98°C hot sodium hydroxide (NaOH).  

Comparison of the different DNA-based methods showed that they partially—but 

significantly—differ in their limit of detection. Furthermore, based on our results, one 

can assume that the absorption-based measurement of DNA concentration as well 

as the fluorescence-based measurement using CyQuant are affected by 

interference (e.g.; from scaffold components). In contrast, both the PCR-based 

approach and the fluorescence-based measurement of DNA concentration using 

HOECHST 3342, which were also tested, also allow reliable quantification of the 

cells in 3D culture. The qPCR-based method we tested allows quantification of the 

3D scaffold culture with high sensitivity. In addition, this method has the decisive 

advantage of allowing a cell type-specific quantification of individual cells in a co-

culture by using species-specific primers.  

We also showed that this method can be used for the quantification of co-cultures 

on different scaffold matrices. Also, the usage of conventional PCR delivers reliable 

results for this purpose. In addition, our results clearly show that a separate 

quantification of each cell type in a co-culture model is necessary because the 

adherence or proliferation of cells can differ significantly between the cells plated in 

monoculture or co-culture. 

The only restriction of the developed method is the fact that different cell types must 

vary in at least on one position in their DNA sequence. Such distinctions between 

the sequences of different cell types allow the generation of a cell-type-specific 

primer that target this sequence. The detection of such differences is not only 

possible in the HepG2 (human), 3T3-J2 (mouse) co-culture model used here. It can 

also be applied to other differences, such as the use of transfected and non-

transfected cells or the use of cell lines from males or females.  
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Abstract: In order to increase the metabolic activity of human hepatocytes and liver cancer cell lines,

many approaches have been reported in recent years. The metabolic activity could be increased

mainly by cultivating the cells in 3D systems or co-cultures (with other cell lines). However, if the

system becomes more complex, it gets more difficult to quantify the number of cells (e.g., on a 3D

matrix). Until now, it has been impossible to quantify different cell types individually in 3D co-culture

systems. Therefore, we developed a PCR-based method that allows the quantification of HepG2 cells

and 3T3-J2 cells separately in a 3D scaffold culture. Moreover, our results show that this method

allows better comparability between 2D and 3D cultures in comparison to the often-used approaches

based on metabolic activity measurements, such as the conversion of resazurin.

Keywords: quantification; 3D culture; co-culture; cell number; PCR-based method

1. Introduction

In recent years, both the cultivation of liver cells in 3D cultures and their cultivation in co-culture

with other cell types have been described in various studies [1,2]. These approaches aim to maintain

the metabolic activity of primary hepatocytes or to increase the metabolic activity of liver model

hepatoblastoma cell lines, such as HepG2 cells [3–6]. However, as the cultivation systems become more

complex, difficulties arise. In conventional 2D culture, the quantification of cells can be done relatively

quick in various ways. In addition to counting the cells by the classical trypan blue exclusion method,

quantification of cells can be done by measuring the activity of mitochondrial dehydrogenases using

substrates (e.g., resazurin, MTT, or XTT), ATP levels, total protein content (e.g., by sulforhodamine B

(SRB) staining or Lowry measurement), or the DNA content (e.g., by using DNA staining dyes like

CyQuant or Hoechst 33342) [7–14].
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All these methods cited have their advantages and disadvantages (described in Table 1) [15].

The main disadvantage of most methods is that their use in 3D culture is limited or not possible at all.

Furthermore, cell lysis is needed in all methods, except for the measurement of resazurin turnover.

Additionally, interactions of the test reagent with scaffold ingredients could affect the results of the

quantification between 2D and 3D and such an interference cannot easily be identifie.

Table 1. Comparison of different cell quantification techniques.

Mitochondrial
Activity

(Resazurin, MTT,
or XTT)

ATP
Measurement

LDH Measurement
DNA Staining

(CyQuant)
Protein Staining

(SRB)

Protein
Quantification

(Lowry)

Assay principle

Measurement of
mitochondrial
dehydrogenase

activity

Measurement of
total ATP levels

Measurement of
released LDH

Staining of
total DNA

Staining of
total protein

Measurement of
soluble protein

Advantages

Wide range of
applications,

distinction of dead
and living cells

is possible

Very sensitive
assay, distinction

of dead and living
cells possible, not
affected by stress
level of the cells

Very sensitive assay, not
affected by stress level of

the cells

Very sensitive assay,
not affected by

stress level of the
cells

Favorable and
stable assay for

quantification of
adherent cells, not
affected by stress
level of the cells

Used for adherent
and suspension cells

Disadvantages
Affected by stress
level of the cells

Lysis of cells
necessary

Lysis of cells necessary for
normalization, assay is

susceptible to interference
(e.g., by FCS)

Lysis of cells
necessary, assay is

susceptible to
interference

(e.g., by phenol red
of the medium)

Cannot be used
for quantification

in 3D culture

Lysis of
cells necessary,

assay is susceptible
to interference
(e.g., by FCS or

scaffold ingredients)

No distinction between the different cell types in co-culture possible

References [4,6,16,17] [8] [18] [7] [12,13,19] [11]

Measurement of the mitochondrial activity (e.g., by measurement of resazurin conversion) is

often used for quantification of 3D approaches, but it has its limitations since the results of 2D and

3D approaches are often not comparable [20]. The activity of mitochondrial dehydrogenase in these

assays (resazurin, MTT, or XTT) gives only an estimation of the combination of metabolic activity

and redox potential of the cultured cells [21]. In order to use resazurin conversion for quantification,

the stress level and redox potential of the cells between different conditions have to be constant. When

comparing 2D to 3D culture, surface properties are one factor that can modify the stress level of the

cells [22]. Therefore, constant conditions cannot be assumed. The same is true for matrix stiffness.

Scaffolds often mimic natural organ stiffness (e.g., in the liver ≤6 kPa [23]), while standard tissue

culture plastic with ~100 MPa is much stiffer [24].

Thus, it is necessary to develop a normalization method that is mostly independent of external

factors, such as cell stress, pH, or stiffness. Only then a realistic comparison between 2D and 3D culture

is possible. Since the DNA content in all cells is the same independent of the cultivation condition,

we decided to use DNA to quantify and compare our 2D and 3D results. In this study, we tested

different approaches of DNA quantification of 2D and 3D cultures and compared the results to the

commonly used measurement of resazurin conversion. Additionally, we developed a PCR-based

measurement of the DNA content as a normalization method of our 2D and 3D co-culture assays. We

used murine 3T3-J2 cells in co-culture with HepG2 cells to increase the liver cell metabolic activity.

The 3T3-J2 cells are an established model to increase not only the metabolic capacity of HepG2 cells

but also of hepatocytes [25–27]. By using species-specific primers, we succeeded to quantify the

individual numbers of the different cell types. This approach can be useful to study possible cell–cell

and cell–matrix interactions of different cell types in 3D co-cultures. The aim of the study and the

quantification approaches tested are summarized in Figure 1.
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Figure 1. Comparison of different methods for the quantification of HepG2 and/or 3T3-J2 in mono- or

co-culture. Three-dimensional culture environment Optimaix-3D scaffolds are used. The Optimaix-3D

scaffolds (height 1.5 mm, Ø 5 mm) have a mean pore size of 88.9 ± 21.1 µm and a porosity of 96.3 ± 0.3%

as described before [4]. Representative pictures of HepG2/3T3-J2 cells plated on scaffolds are shown in

Supplementary Figure S1.

2. Materials and Methods

2.1. Cell Culture and Cell Seeding

The cultivation of both cell types used was carried out in an incubator at 37 ◦C and 5% CO2

in a humidified atmosphere. For the cultivation of HepG2 cells, DMEM with high glucose (4.5 g/L)

medium (Sigma-Aldrich, Munich, Germany) containing 10% fetal calf serum (FCS) (Thermo Fisher

Scientific, Waltham, MA, USA) and 1% penicillin-streptomycin (P/S) (10,000 units penicillin and 10 mg

streptomycin/mL) (Sigma-Aldrich) was used [28]. For the culture of 3T3-J2 cells, DMEM medium

containing 10% bovine calf serum (BCS) (Sigma-Aldrich) and 1% P/S was used [26]. For the experiments,

cells cultivated in cell culture flasks were washed once with PBS followed by incubation for 10 min at

37 ◦C with trypsin/EDTA solution (0.5 g/L trypsin and 0.2 g/L EDTA). The detachment of the cells was

checked microscopically. When cell detachment was complete, DMEM medium containing 10% FCS

was added to stop the reaction. The cells were transferred in a reaction tube and were centrifuged

at 600× g for 10 min. The supernatant was removed, and the cells were resuspended in a defined

amount of DMEM medium containing 10% FCS and 1% penicillin-streptomycin. The cell number was

determined using a Neubauer chamber. For the comparison of different quantification techniques, we

used HepG2 and 3T3-J2 cells in mono-culture. HepG2/3T3-J2 cells (1, 0.5, 0.25, and 0.125 × 105) were

plated in 24-well plates for the comparison of the different quantification techniques. For testing our

newly developed co-culture quantification approach, we used constant cell numbers of 0.5 × 105 cells

for mono-culture. In the co-cultures, 0.5 × 105 cells for each cell type were used. All experiments in 2D

and 3D culture were carried out in 24-well plates using high glucose DMEM medium (containing 10%

FCS and 1% P/S).
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For 3D culture, Optimaix-3D scaffolds (Matricel, Herzogenrath, Germany) and self-made cryogels

were used. For optimal cell attachment on the Optimaix-3D scaffold, the so-called “drop-on” seeding

method was used [4]. Therefore, the cell suspension was concentrated by centrifugation to obtain a cell

density of 3.33 × 106 cells/mL. For both cell types, serial dilutions were prepared. For mono-culture,

30 µL of the respective cell solution was added on top of each scaffold (prepared in a well of a 24-well

plate). For co-culture, 30 µL of a cell solution containing both cell types were added on top of the

scaffolds. After an attachment period of 4 h, additional medium was added to obtain a total volume of

500 µL in all conditions. For our self-made cryogels, we increased the volume (but not the cell number)

of the cell solution, since this scaffold was larger (10 mm in diameter). The volume of the cell solution

was increased to 40 µL to achieve a uniform distribution. Furthermore, the total volume of the medium

was adapted to 700 µL.

2.2. Cell Quantification by Optical Methods

The quantification of cell numbers under the different conditions was carried out 18 h after

seeding. For our self-made scaffold, we reduced this period in the course of the study to 12 h to

avoid possible influence due to different doubling times of the cells caused by the culture conditions.

For cell quantification, resazurin conversion and DNA content (absorption- and fluorescence-based

with Hoechst 33342 and CyQuant) were measured. In addition, quantification of the species-specific

DNA content was tested by PCR-based methods.

2.2.1. Resazurin Conversion

As previously described, measurement of mitochondrial dehydrogenase activity is often used to

quantify cells. Resazurin is particularly suitable for the 3D culture since the water-soluble product

is released into the supernatant. To measure resazurin conversion, the scaffolds were transferred

into a new 24-well plate to avoid the influence of cells attached to the plate surface. The medium

of the 2D cultures was also removed. A 0.0025% resazurin solution in medium was added and,

after incubation for 1 h at 37 ◦C, the formed resorufin was quantified (fluorescence) at a wavelength of

544 nm/590–10 nm using the OMEGA Plate Reader (BMG Labtech, Ortenberg, Germany) [4].

2.2.2. DNA Isolation in 2D and 3D Scaffold Cultures

Previous experiments have proven that it is impossible to collect all living cells from the scaffold.

Treatment with trypsin is unsuccessful because FCS from remaining medium (even after washing)

inactivates the enzyme. Therefore, we decided to isolate the DNA directly from the scaffolds, using

a modified protocol developed initially for DNA extraction from tissue [29]. For extraction of DNA

from cells plated on scaffolds, the scaffolds were first washed with PBS. Two scaffolds of each group

were pooled for further DNA isolation. To remove disturbing fluid from the scaffolds, they were

transferred to a cell strainer and centrifuged at 600× g for 10 min before being transferred to a 2 mL

reaction tube. Supernatants were discarded. Detached cells, which can be found after centrifugation

as a pellet in the reaction tube, were resuspended in 250 µL 50 mM NaOH solution, which was then

added to the scaffolds in a new reaction tube. The cells in 2D culture were also washed with PBS and

then detached from the plate by using the same amount of heated (98 ◦C) 50 mM NaOH solution for

5 min. Cell detachment was verified by microscopy. For DNA extraction, the cells/scaffolds were

incubated at 98 ◦C for 30 min. Subsequently, the reaction tubes were vortexed thoroughly and briefly

frozen at –80 ◦C. Vortexing and freezing improved cell lysis. To all thawed samples, 250 µL ddH2O

and 25 µL Tris/HCl (1 M, pH = 8) were added. These DNA lysates were used for all tested DNA-based

quantification methods. Since our self-made scaffold had a higher water uptake, we doubled the

volumes of NaOH solution, ddH2O, and Tris/HCl that were used.
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2.2.3. Absorption Measurement by Using LVIS Micro Drop Plate

For the absorption-based quantification, all samples were measured on the LVIS Plate (BMG

Labtech). One run consists of two steps. For the first part, a blank was measured. In our case, it was 2 µL

of DNA isolation buffer (1mL demineralized water, 1 mL NaOH (50 mM), and 100 µL Tris/HCl (1 M,

pH = 8)). In the second step, 2 µL of each sample was measured in duplicate. The DNA concentrations

were calculated by the BMG Labtech OMEGA (Ortenberg, Germany) analyzation software MARS.

2.2.4. Fluorescence-Based CyQuant Measurement

For the fluorescence-based CyQuant measurement, we adapted the manufacturer’s protocol.

Briefly, the CyQUANT™ Cell Proliferation Assay Dye (Thermo Fisher Scientific, Waltham, USA) was

diluted 1:400 in our DNA isolation buffer, which consisted of 250 µL demineralized water, 250 µL

NaOH (50 mM), and 25 µL Tris/HCl (1 M, pH = 8). The detection range was verified with the DNA

standard from the CyQuant kit. A total of 10 µL of each sample was pipetted into a 96-well plate in

duplicate. Afterwards, 100 µL of staining solution (CyQuant in DNA isolation buffer) was added to

each well. The fluorescence measurements were carried out at an excitation wavelength of 485–12 nm

and an emission wavelength of 520 nm.

2.2.5. Fluorescence-Based Hoechst 33342 Measurement

For the Hoechst 33342 measurement, we used a modified protocol following Richards et al. [30].

Therefore, Hoechst 33342 was diluted in a stock concentration of 2 mg/mL in PBS. This stock solution

was diluted 1:100 in the earlier described DNA isolation buffer. A total of 90 µL of each sample

was pipetted into a 96-well plate in duplicate before 10 µL staining solution was added per well.

The samples were measured (fluorescence) at an excitation wavelength of 355 nm and an emission

wavelength of 460 nm.

2.3. Cell-Type-Specific DNA Quantification

2.3.1. Test of Different Primers for the Usability in a Species-Specific DNA Quantification Method

For species-specific DNA quantification, it is necessary that the used primers are completely

species-specific. An amplicon length of 150 to 250 bp is beneficial because it enables use in both

conventional PCR and qPCR. Additionally, the used primers are not allowed to be exon spanning.

Our criteria-fulfilling primers can be found in Table 2. By using primer blast (National Center for

Biotechnology Information, U.S. National Library of Medicine USA), the species-specificity of the

sequences was ensured. To avoid products on potentially unintended templates in the other species,

we verified the species-specificity experimentally (Supplementary Figure S2). Additionally, we used

the highest cell number of the mono-culture of the respective other cell line as a negative control for

the quantification of our co-culture experiments.

Table 2. Primers used in species-specific DNA amplification.

Gene mIL-11 hUGT1A6

Forward-Sequence 5′-3′ TGCTGACAAGGCTTCGAGTAG TGGTGCCTGAAGTTAATTTGCT
Reverse-Sequence 5′-3′ ACATCAAGAGCTGTAAACGGC GCTCTGGCAGTTGATGAAGTA

Amplicon in bp 156 209
Annealing Temperature in ◦C 62 62

Cycle Number 30 30
Reference Sequence NC_000073.6 NC_000002.12

2.3.2. Conventional Semi-Quantitative PCR

PCR reactions were carried out by using the Red HS Taq Master Mix from Biozym (Vienna, Austria)

according to the manufacturer’s instruction. Briefly, a master mix was prepared that contained 10 µL
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Biozym Red HS Taq Master Mix, 1 µL each of forward primer and reverse primer (final concentration

400 nM), and 4 µL DEPC water for a single 20 µL PCR reaction. After distribution of the master

mix to PCR tubes (16 µL each), 4 µL template DNA was added. The PCR was performed with the

following program: initial denaturation 2 min at 95 ◦C; for the amplification, 30 cycles of the following

steps: 15 s denaturation at 95 ◦C, 15 s annealing (temperature is primer-dependent (see Table 2)),

and 45 s extensions at 72 ◦C, final denaturation 10 min at 72 ◦C. For analysis of the results, 8 µL of

each sample was loaded onto a 2% agarose gel, which contained ethidium bromide for DNA staining.

For separation of the samples, gel electrophoresis was carried out (80 V for 45 min). As referenced

for DNA molecular weights, the DNA-Marker pUC19/Msp I (Carl Roth, Karlsruhe, Germany) or the

Bioline Hyperladder II (Bioline, Memphis, TN, USA) were used. Intensity of the bands was measured

with ImageJ software version 1.5 (National Institutes of Health, Bethesda, MD, USA). To analyze the

PCR products in the logarithmic phase of the amplification, the cycle number and amount of template

were optimized (Supplementary Figure S2).

2.3.3. Quantitative Real-Time PCR

In addition to conventional PCR, quantitative real-time PCR was performed. Therefore, Step One

Plus® Real-Time PCR System (Life Technologies, Carlsbad, CA, USA) and GreenMasterMix, High ROX

(Genaxxon Bioscience, Ulm, Germany) were used [19]. The same primer and DNA concentrations used

for conventional PCR were used here. qPCR was carried out with the following parameters: 15 min at

95 ◦C for initial denaturation; 40 cycles of amplification with the following steps: denaturation for

15 s at 95 ◦C, annealing for 30 s at 62 ◦C, and extension for 30 s at 72 ◦C. Evaluation of the results was

performed using StepOne Software version 2.3 (Life Technologies).

2.4. Cell-Type-Specific Cell Labeling

In addition to resazurin conversion measurement and the isolation of DNA, we took light

microscopy pictures of the cells using the cell concentrations previously described. For better

visualization of the cells in 3D culture and distinction between the two cell types in co-culture,

the 3T3-J2 cells were stained using red fluorescent Cytoplasmic Membrane Staining Kit (PromoCell,

Heidelberg, Germany), according to the manufacturer’s instructions. Briefly, 3T3-J2 cells were detached

by treatment with trypsin/EDTA and diluted to a concentration of 1 × 106 3T3-J2 cells. A total of 10 µL

of cell labeling solution was added per mL of cell suspension. Cells were then incubated for 10 min at

37 ◦C and afterwards centrifuged at 600× g for 10 min. The supernatant was removed, the cells were

washed once with PBS, and then resuspended in pre-warmed medium. Stained 3T3-J2 cells (0.5 × 105)

and 1 × 105 unstained HepG2 cells were seeded in 2D and on the Optimaix-3D scaffold as described

before. After approximately 18 h, the nuclei were stained with Hoechst 33342 (1:1000 dilution, 2 µg/mL

final concentration). Pictures were taken by fluorescence microscopy (EVOS FL, Life Technologies,

Darmstadt, Germany).

Statistics

Statistical significance between two different groups was evaluated by the non-parametric

Mann–Whitney U test. Statistical significance of more than two groups was evaluated by the

non-parametric Kruskal–Wallis H test followed by Dunn’s multiple comparison test (GraphPad

Prism 8.00 Software, San Diego, CA, USA). All data are presented as mean± SEM of at least three

independent experiments (n ≥ 3). All statistical comparisons were performed two-sided using

p < 0.05 (*), p < 0.01 (**), and p < 0.001 (***) as levels of significance.

3. Results

This study aimed to develop a simple and precise method for the quantification of a scaffold-based

co-culture system. For improving the metabolic activity of human hepatic cells (e.g., HepG2 but

also primary hepatocytes), a co-culture with fibroblasts (e.g., murine 3T3-J2 cells) was carried out.
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Planning to continue the work with a combination of these cells, we selected a combination of HepG2

cells and 3T3-J3 cells as a test model. The design of the study will allow a rapid transfer into other

co-culture systems.

3.1. Morphological Differences of HepG2 and 3T3-J2 Cells Can Be Used with Restrictions for Quantification in
2D Co-Culture but Not in 3D Co-Culture

As shown in Figure 2, in principle, the morphological differences of the two cell types in 2D

culture can be used for a cell-type-specific quantification. While the fibroblasts have a spindle-shaped

morphology, HepG2 cells are more hexagonal. The limitation of this eye-based quantification is quickly

reached when cells grow dense or in 3D culture. Furthermore, the microscopic counting of the cells is

very time-consuming. When adding fluorescent dyes into this quantification method, visualization

and distinction of both cell types become easier, and quantification can be automated using software

tools [31–33]. But this method is still not applicable to 3D scaffold cultures since cells inside the scaffold

cannot be counted. Figure 2 shows the microscopic pictures and fluorescent staining of mono- and

co-cultures in 2D and 3D.

 

Figure 2. Light microscopy images of HepG2 cells and 3T3-J2 cells in mono- and co-cultures. HepG2

cells and 3T3-J2 cells were plated out using the cell numbers indicated in the pictures. Images were

taken 18 h after plating the cells. For the fluorescence images, a carbocyanine dye was used to stain the

cell membranes of the 3T3-J2 cells (red). All cell nuclei were stained with Hoechst 33342 (blue) and

100-fold magnification was used for all images. Scale bar is 400 µm.
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3.2. Quantification of Conventional 2D Culture and 3D Scaffold Culture by Measuring the
Mitochondrial Activity

Measurement of resazurin conversion, or similar methods such as MTT or XTT, has been widely

used in the past to quantify cells in 3D scaffold culture [4,6]. As shown in Figure 3 (in detail in

Supplementary Figure S3a, for each cell type separately including error bars), a correlation between

increasing resazurin turnover and increasing cell counts was found in both systems. Therefore,

the conversion of resazurin could be applied to our 2D system as well as in the 3D system. Regardless of

the cell type, a significant difference in the resazurin conversion can be observed between the 2D culture

and the corresponding 3D culture. To compare the different quantification methods, we calculated

the area under the curve (AUC) of the 2D and 3D cultures, which allowed a method-independent

comparison of the different quantification techniques.

****

a)                                                       b)

Figure 3. Shown here are 2D culture and 3D culture quantification by measurement of resazurin

conversion. (a) Resazurin conversion of mono-cultures of HepG2 cells and 3T3-J2 cells in correlation to

the plated number of cells. (b) Calculated area under the curve (AUC) of the resazurin conversion

in HepG2 cells and 3T3-J2 cells (3D culture compared to the conventional 2D culture). n = 3, n = 4

(three independent runs, four technical replicates for each run); mean ± SEM; ** p < 0.01.

3.3. Comparison of Alternatives to Resazurin Conversion for the Quantification of Conventional 2D Culture
and 3D Scaffold Culture

In order to investigate whether the observed differences in resazurin conversion are due to

different metabolic activities or different adherence of the cells in 2D and 3D cultures, we looked for a

quantification approach that is mostly independent of external factors (e.g., cell stress). Since each cell

contains the same amount of DNA and DNA is physically stable, we decided to test the quantification

of cell numbers via quantification of the DNA.

3.3.1. Comparison of Different Approaches for Cell Detachment in 2D and from the
Optimaix-3D Scaffold

In order to quantify the amount of DNA, the cells or the DNA have to be effectively retrieved

from the scaffold. To determine the best approach for cell detachment in 3D, 1 × 105 HepG2 cells were

plated in 2D and 3D. On the next day, the scaffolds were washed with PBS once. In the following,

the cells or their DNA were removed from the scaffolds using one of three different approaches:

centrifugation for 10 min at 600× g, and incubated with trypsin/EDTA for 10 min or treatment with

NaOH as described in 2.2.2. As shown in Figure 4, effective removal of DNA is only possible by using

NaOH. Only there an amount of DNA comparable to 2D can be obtained. Therefore, this method was

used for further experiments.
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Figure 4. Cell detachment experiment, HepG2 cells were seeded onto Optimaix-3D scaffolds and in 2D

culture plates. On the next day by PCR, it was tested whether the cells can be detached from the scaffold

by centrifugation only or via incubation with trypsin. Additionally, cells seeded on scaffolds were

lysed using pre-heated NaOH. As controls, 2D cultured cells treated with trypsin or NaOH were used.

The number of cells (DNA) was determined by performing a conventional PCR targeting hUGT1A6

gene (using the respective primer). (a) Representative gel picture of the hUGT1A6 PCR using pooled

samples of n = 3, n = 3. (b) n = 3: three scaffolds from each run were pooled and measured together

within two technical replicates; mean ± SEM; * p < 0.05.

3.3.2. Comparison of Methods for the Quantification of Conventional 2D Culture and 3D
Scaffold Culture

Different DNA quantification methods were tested including an absorption-based measurement

of DNA concentrations and two fluorescence-based methods (Hoechst 33342 and CyQuant). The tested

fluorescent dyes showed a strong increase in fluorescence when binding to DNA. Figure 5 (in detail in

Supplementary Figure S3b–e, separated for each cell type with error bars) shows that the results of all

tested DNA-based methods differ significantly from the results of the resazurin measurements. While

the conversion of resazurin in 3D cultures was less than half that of 2D cultures, the measured amount

of DNA in 3D cultures was comparable or higher than that of 2D cultures, regardless of the method.

Comparing the single methods, we observed for the absorption-based measurement that the 3D

cultures showed higher absorption values than the 2D cultures (Figure 5a). The measurement using

CyQuant showed a contrary result (Figure 5c). Measurement with Hoechst showed nearly the same

amount of DNA in both 2D and 3D cultures (Figure 5b). Except for the absorption-based measurements

in 3D cultures, all tested methods showed a correlation between the increase in cell number and the

increase in the measured signal. These results proved that isolation of DNA from 3D scaffold cultures

and 2D cultures were feasible with the DNA isolation method used.

However, all these methods do not allow cell-type-specific quantification, since only the total

DNA content is measured. Therefore, a PCR-based method for quantification was tested. By using

human and mouse cell lines in the test system, a species-specific signal can be generated by using

species-specific DNA primers. The complete specificity of the used primers (hUGT1A6 and mIL-11)

used was checked with primer blast and by preliminary experiments (Supplementary Figure S2).

Figure 5d clearly shows a correlation between cell number and the measured cycle threshold (Ct)

value when using the qPCR-based quantification method. Independent of the cell type, no difference

between 2D and 3D cultured cells could be detected. Since this method can also be used for cell-type

quantification, we selected it for the evaluation of the following co-culture experiments.
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Figure 5. Comparison of different DNA-based approaches for 2D and 3D scaffold cell culture

quantification. HepG2 cells and 3T3-J2 cells were plated in 2D and 3D as mono-cultures using different

cell numbers. After an incubation time of 18 h, cells were lysed and the DNA was isolated. Four different

quantification techniques were tested. The measured values of each quantification technique and

the calculated area under the curve (AUC) are shown. (a) Absorption-based DNA quantification,

(b,c) fluorescence-based DNA measurement using Hoechst 33342 and CyQuant, and (d) quantification

of absolute cell numbers by qPCR with cell-type specific primers. n = 3, n = 2 (three independent runs

with four replicates, pooled to two technical replicates prior DNA isolation); mean ± SEM; ** p ≤ 0.01.
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For better comparison of the used methods, three independent standards of both cell lines (HepG2

and 3T3-J2) (Supplementary Figure S4) in the range of 1, 0.5, 0.25, 0.125, and 0.0625 × 105 cells were

prepared. The following standards were used to create standard curves for each method separately

(three independent standard curves at least in duplicates). The standard error of the y-intercept and

the slope of the linear regression were used to calculate the analytical figures of merit. As shown in

Table 3, all methods showed a Limit of Quantitation (LOQ) > 2 × 103 cells regardless of the cell type.

The fluorescence-based CyQuant measurement and the qPCR-based method show the lowest Limits of

Detection (LOD) and LOQ values. Since only the qPCR-based approach allowed the discrimination

between the two tested cell lines, this method was used in the further course of the study.

Table 3. Limits of Detection (LOD), Limits of Quantitation (LOQ), and sensitivity of the tested

DNA-based quantification methods.

Method
Number of Cells

Cell Line LOD LOQ Sensitivity (%)

Absorption-based quantification
HepG2 2183 7277 95
3T3-J2 2557 8523 98

Fluorescence-based quantification
(HOECHST 33342)

HepG2 5291 17,635 88
3T3-J2 3400 11,334 98

Fluorescence-based quantification (CyQuant)
HepG2 1506 5018 104
3T3-J2 471 1571 101

qPCR-based quantification
HepG2 1742 5808 99
3T3-J2 1447 4824 99

The tandard curves shown in Supplementary Figure S4 were used to calculate the analytical figures of merit. The
Limit of Detection (LOD) and Limit of Quantitation (LOQ) were calculated as three-/ten-times of the standard error
of the y-intercept. The slope of the standard curve showed the sensitivity of the respective method.

3.4. PCR-Based Co-Culture Quantification

For co-culture experiments, we used the same number of cells for all conditions (co-culture and

mono-culture of both cell types, each in 2D and 3D). To avoid saturation of the scaffold or the plate

with cells, we used 5 × 104 3T3-J2 cells and 5 × 104 HepG2 cells at each culture condition. We measured

the conversion of resazurin as an established method for co-culture quantification. In addition, we also

carried out qPCR and conventional semi-quantitative PCR of DNA samples (for quantification of each

cell type independently). As shown in Figure 6a, resazurin conversion of cells in co-culture exceeds

that of the combination of the respective mono-cultures, regardless of whether the cells were plated

in 2D or 3D. This result was initially surprising. Due to the limited space for each cell available in

co-culture, we assumed that herein total fewer cells would adhere to the scaffold/plate. However, we

found the opposite in the measured resazurin conversion (Figure 6a). This result is also accompanied

by a higher amount of measured DNA, which could be observed especially in the 3T3-J2 cells in the

co-culture approach (Figure 6c,d, right). As Figure 6b clearly shows, a cell-type-specific quantification

was possible with the selected primers, since the corresponding signal in the controls (5 × 105 cells of

the other cell type, lane C) is missing. Overall, the qPCR and semi-quantitative PCR showed nearly the

same results. The qPCR displayed a higher scattering, which resulted in a higher standard deviation.

Next, we verified whether or not this quantification method could be translated to other scaffolds.

Therefore, we tested the quantification method on our recently developed HEMA-based cryogel

scaffold. Since this scaffold has a larger diameter and a higher volume (see Material and Methods),

an adaptation of the volumes for the DNA isolation was necessary. To reduce differences between

the culture conditions, which are possibly caused by different proliferation rates under the varying

conditions, we reduced the cultivation time for this experiment from 18 h to 12 h.
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As the results in Figure 7 show, the conversion of resazurin in the HEMA-based 3D cryogel was

independent of the cell line significantly lower than in the 2D cultures. Regardless of the cell type,

no significant differences were found in the PCR-based method between the 2D and 3D cultures.

The amount of cell-type-specific PCR products in the 2D co-cultures was also higher than in the

respective mono-cultures (Figure 7b,c, right), but this effect was significantly lower compared to the

results shown in Figure 6. In general, a clear correlation between the number of cells and the measured

PCR signals could be demonstrated. Species-specificity of the primers could also be confirmed, which

proved the cell-type-specificity of this method (Figure 7b,c). Overall, the quantification method could

be transferred to the self-made scaffolds by modification of the amounts of DNA isolation buffer.

Figure 6. Application of the newly developed PCR-based quantification method on a co-culture

consisting of 5 × 104 HepG2 and 5 × 104 3T3-J2 cells. Both cell lines were plated in co-cultures and in

mono-cultures. (a) Measurement of the resazurin conversion of the mono- and co-cultures after 1 h

incubation. (b) Representative figure of the pooled samples analyzed by conventional PCR (co-cultures

(+) and the mono-cultures (–)) also showing the negative signal of the control (c), which consists of

DNA of the 2D mono-culture from the other respective cell line. Images of gels used for analysis

can be found in Supplementary Figure S5. The amount of DNA for each cell type was measured by

conventional PCR (b,c) and by qPCR (d) using cell-type-specific primers. n = 4, n = 2; mean ± SEM;

*** p < 0.001.
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Figure 7. Transfer of the newly developed cell-type-specific quantification method to a self-made

cryogel scaffold. Both cell lines were plated in co-cultures and in mono-cultures. Therefore, a constant

number of HepG2 cells (5 × 104 cells) and a variable number of 3T3-J2 cells (5 × 104–6.25 × 103 cells)

were plated on scaffolds as well as in 2D. (a) Resazurin conversion of the mono- and co-cultures

was measured. (b,c) The DNA amount of each cell type was measured by conventional PCR using

species-specific primers. (b) 3T3-J2 cells with mIL-11 primers. (c) HepG2 cells with hUGT1A6 primers.

n = 3, n = 2; mean ± SEM; ** p < 0.01.

4. Discussions

The cultivation of cells in 3D systems or of different cell types in co-culture systems are two

approaches that often better mimic the in vivo environment [1,2]. Both approaches can also be

combined [34], resulting in a system where both cell–cell and cell–matrix interactions can be

modeled [35,36]. However, especially 3D systems are associated with limitations in the analysis

methods [37]. In terms of normalization, many quantification methods that are successfully used in

conventional 2D cultures cannot be used or are of limited use in 3D cultures [7,12,18]. A detachment of

the cells from a 3D matrix, which would simplify the analysis, is often not possible without destroying

the cells [2]. Therefore, normalization of mitochondrial dehydrogenase activity (resazurin, MTT, or XTT)

or measurements of intracellular ATP levels are currently commonly used to quantify 3D culture

experiments [4,6,8]. But these quantification methods do not allow direct comparison between 2D and

3D cultures, which is important for a comparison of the results of both cultivation techniques [38].

Metabolic activity assays, such as resazurin conversion, are highly susceptible to cell stress, which

can easily be affected by culture conditions, such as oxygenation, temperature, 3D scaffolds, etc. [39].

The present work shows, when applying the fluorescent dye Hoechst 33342, it is easily possible to

quantify various cell numbers in 2D and 3D mono-cultures. The measurement of the DNA amount

with an absorption measurement or the alternative fluorescence-based CyQuant measurement differs
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from the results determined by Hoechst 33342, PCR, and qPCR. Absorption-based DNA measurement

is sensitive to scaffold components released during culture or washing steps. This might explain the

differences seen between the DNA content in our 2D and 3D cultures when quantified photometrically.

In the case of the CyQuant measurement, it is known that FCS and phenol red from residual medium

can lower the measured values, giving an explanation for the decreased DNA amounts measured

in 3D cultures. Optimization of the CyQuant protocol could improve its suitability for use with 3D

cultures. However, the major drawback of this method is the absence of cell-type-specific quantification

in a co-culture system. A quantification just based on the plated cell number is not possible since

it is not predictable whether the cells behave differently in 2D and 3D mono- or co-cultures [40,41].

Therefore, prior to establishing a scaffold-based co-culture model, it seems essential to develop a

method that allows cell-specific quantification and thus allows an interpretation of functional results.

To our surprise, no suitable method was available in the literature, except using flow cytometry with

cell-type-specific surface markers and FISH analysis with specific gene sequences [42–46]. But both of

these techniques require living/intact cells in suspension, which is impossible in scaffold cultures [2].

Another method that can be used for quantification of a co-culture is the (computer-based) analysis

of microscopic images, which has been successfully established for 2D cultures [31–33] but cannot be

used in 3D scaffold cultures since the scaffold-penetrating cells cannot be detected.

Thus, we searched in the literature for an alternative approach. Several studies using pellet

cultures for the differentiation of Mesenchymal stem cells (MSCs) into cartilage cells determined the

ratio of MSCs from different species by qPCR [41,47]. Another work has shown that it is possible to

determine the ratio of different bacteria strains in a biofilm by species-specific primers [48]. Based

on the latter, we adapted this technology to our needs. As shown in our results, the species-specific

quantification with the adapted PCR-based method is possible. The method is very sensitive and can

detect signals for less than 10,000 cells. For cell-specific quantification of a co-culture of human HepG2

cells with murine 3T3-J2 cells, PCR-based methods were the best choice. Semi-quantitative PCR and

qPCR allowed for species-specific quantification. The transfer to another scaffold was also possible,

underlining the universality of this approach.

Interestingly, when using 3T3-J2 cells in co-culture over 18 h, a higher amount of DNA compared

to the respective mono-culture could be measured. Based on our data, we cannot state whether this was

due to a promotion of cell division by the co-culture or due to improved adherence in the co-culture.

The effect is less strong after 12 h, suggesting a proliferative effect by the co-culture system alone.

Paracrine or autocrine actions that stimulate cell proliferation could be responsible for this effect [49].

A positive effect of 3D culture and co-culture on cell attachment or proliferation was also described by

Fasolino et al. [50]. These results clearly underline the importance of cell-type-specific quantification of

different cell types in a co-culture system in order to validate the effects of the same cell type generated

in conventional mono-culture.

One limitation of this system is the dependency on different gene sequences. For example, it is not

yet possible to quantify a co-culture model with primary human hepatocytes and non-parenchymal

cells from the same donor. However, Callaghan et al. suggested to overcome this problem by

determining the telomere length of different somatic cell types [51,52]. DNA barcoding is another

interesting technique that enables tracking of cells from different origins in co-cultures. Therefore,

the cells are transduced with a library of viral vectors. This theoretically allows the tracking of clones

from each individual cell in the co-culture approach [53–55]. For data evaluation, DNA sequencing

of cells is necessary, which makes this interesting approach quite expensive and not feasible for

many laboratories. Another alternative might be the stable integration of foreign genes into cells of

interest, for which specific primers could then be used. One example of this approach is immortalized

hepatocytes [56]. For immortalization, primary human hepatocytes are transduced with virus particles

containing the DNA sequence of human papillomavirus (HPV16) E6/E7 [56]. Alternatively, cells can be

transfected with fluorescence proteins like GFP or mCherry. This approach does not only result in

the implementation of foreign genes but also gives the possibility to differentiate between cell types
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via fluorescence microscopy [57]. Independent of the kind of foreign gene sequence, it is possible

with the help of specific primers to quantify this non-human gene sequence to quantify the cells in

the co-culture approach. A pitfall of this approach is the necessary efficiency of nearly 100% for both

primers, which can only be reached using qPCR with perfectly optimized primers.

Nevertheless, our newly developed PCR-based co-culture quantification method has limitations.

For example, it cannot be used in spheroid cultures. In the spheroid interior, there is a necrotic core

that contains DNA and would lead to false-positive results [58]. Dead cells therefore should always be

removed prior to DNA isolation.

Despite the limitations mentioned above, this quantification method can find, as summarized in

Table 4, broad application in recently published co-culture approaches of different organ systems.

Table 4. Possible applications for the PCR-based co-culture quantification method. Shown is a

selection of publications in which cells from different species were used in a co-culture approach. For a

combination other than human/mouse cells, another species-specific primer needs to be used.

Organ System Cell Type I Cell Type II Ref

Liver (HEPATOPAC®) Primary human hepatocytes m3T3-J2 [25]
Liver HepG2 m3T3-J2 [26]
Liver primary rat hepatocytes m3T3-J2 [27]

Liver human cord blood stem cells
hepatic alpha mouse

liver 12 cells
[59]

Nervous system human oral mucosal stem cells mouse neural stem cells [60]
Bone SaOS2 RAW 264.7 cells [61]

Cartilage bovine primary chondrocytes
Three different cell lines

from mouse/human
[62]

5. Conclusions

As our data demonstrate, we developed a PCR-based 3D co-culture quantification method

that allows the quantification of two different cell types (of human and mouse origin) accurately.

In comparison to conventional quantification methods (such as resazurin conversion), this method not

only enables the separate quantification of the individual cell types but also improves the comparability

of 2D to 3D culture results by excluding culture-related differences in metabolism.
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Figure S4, Standard curves of the different DNA based approaches used for calculation of the limit of detection,
limit of quantitation and the sensitivity of each method; Figure S5, Gel pictures of all four runs of the co-culture
experiment analyzed via conventional PCR showing co-cultures [+], monocultures [-], and additionally a negative
control (c) consiting of DNA from the 2D monoculture of the other cell line.
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Abbreviations

AUC Area under the curve

BCS Bovine calf serum

Ct Cycle threshold

FCS Fetal calf serum

HPV Human papillomavirus

LOD Limits of Detection

LOQ Limits of Quantitation

MSCs Mesenchymal stem cells

P/S Penicillin-streptomycin

SRB Sulforhodamine B
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Chapter 7: Discussion 

The prediction of hepatotoxic effects is one of the major challenges in the 

development of new drugs (Kaplowitz, 2005, Olson et al., 2000). Despite intensive 

research over the last 40 years, it is still not possible to satisfactorily predict 

hepatotoxic effects in preclinical studies (Babai et al., 2018). Due to the high 

variability in the human population, in several cases it is also not possible to detect 

such effects in the subsequent clinical phase (Raschi and De Ponti, 2019). One 

example is the antidiabetic drug troglitazone. After approval, the use of this 

medication caused severe acute liver failure in some patients (0.2-1.2 cases per 

1000 patients) (Lee, 2003, Knowler et al., 2005). Due to the relatively small number 

of cases, it took some years before the observed hepatotoxic effects could be 

attributed to the side effects of troglitazone. The severity of the effects and the fact 

that they could not be predicted in advance despite intensive monitoring of the 

patients meant that this substance had to be withdrawn from the market three years 

after its approval (Cluxton et al., 2005). Despite intensive research on the 

hepatotoxic mechanism of this substance, the cause of its hepatotoxicity is still not 

fully understood, an outcome that demonstrates how difficult it is to predict such 

effects (Babai et al., 2018). The example of troglitazone illustrates that the 

development of predictive models is of enormous importance. Such a model could 

enable the early detection of such side effects, at best already in the preclinical 

substance screening. This would prevent negative effects on the health of the 

affected patients as well as significantly reduce the number of animals used and the 

costs of developing new drugs. 
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A suitable in vitro test model for the successful pre-clinical testing of new drugs must 

therefore meet the following parameters: 

· Unrestricted availability;  

· Possibility of long term cultivation to be able to detect even delayed effects; 

· Mimic biological processes that lead to the toxicity of drugs in healthy individuals, 

as well as patients suffering from liver disease; 

· Generation of valid results even with complex approaches. 

Various studies, including the published articles which are the basis of this thesis, 

have developed approaches to address these requirements, in order to generate a 

test system that can be successfully used for pre-clinical testing of drugs. The 

possibilities and limitations of these approaches are discussed below. 

7.1 Availability of hepatic cells for in vitro models for pre-clinical drug 

testing 

Due to their metabolic capacity, human hepatocytes are considered to be the most 

suitable model for in vitro testing of new drugs (Bachmann et al., 2015). However, 

the limited availability of these cells significantly limits their usage in this area. The 

reasons for the limited availability are, in addition to the limited number of donors, 

the fact that the cells cannot be kept in culture permanently and that it is not yet 

possible to cryopreserve the cells in such a way that they do not lose the majority of 

their metabolic activity (Godoy et al., 2013). In addition, the number of donors is not 

being increased; rather, the number of tumor surgeries in which residual tissue 

accrues, as well as the amount of residual tissue that is generated by these 

surgeries, is expected to decrease in the future as a result of improved treatment 

strategies (Ruoss et al., 2020b). Thus, it is necessary to use the available cells as 

effectively as possible. This use includes a loss-free transport of the cells from point 

A to point B, improvement in the cultivation conditions, or the possibility of freezing 

the cells without loss of viability and metabolic activity. Although progress has been 

made in all the above-mentioned fields in recent years, in particular, the shipment of 

the cells is still associated with a massive loss of living cells and damage to the 
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remaining cells (Stephenne et al., 2010, Pless-Petig et al., 2012, Rauen et al., 1999, 

Hengstler et al., 2000). As our data showed, shipping the cells in suspension on ice, 

which is the most common method of cell shipment, results in a loss of almost 50% 

of the living cells. By purifying the cells by Percoll density centrifugation, the initial 

viability can be approximately regained. However, this purification step is also 

associated with a further loss of living cells so that after purification, frequently less 

than 50% of the cells are available for experiments. As our data further 

demonstrated, the viability of the cells can be significantly improved by direct plating 

and shipping at 37°C. It can be assumed that most shipped cells survive the 

transport. One day after shipment, the viability of plated cells in 2D and 3D cultures 

was significantly higher than that of cells sent in suspension and subsequently 

plated. Notably, more than 50% of the cells shipped in suspension were lost during 

shipping and purification and could, therefore, not be plated at all. When comparing 

the shipping of cells plated out in 2D with the shipping of cells on the 3D scaffold, it 

becomes clear that the scaffold-based method has several advantages. For 

example, a high cell concentration per area can be shipped here. In addition, a large 

portion of the medium is absorbed by the scaffold, which prevents the medium from 

leaking during transport, thus minimizing the risk of the cells drying out and possible 

contamination risks during transport. In summary, we concluded that plating the cells 

onto scaffolds before shipment is a suitable method to reduce the loss of cells during 

shipment. Together with the improved metabolic activity in the 3D scaffold culture, 

we established a model that allows the transport and culture of metabolically active 

hepatocytes over a 10-day period. However, the established method also has 

limitations that curb its possible applications. The decisive limitation is that despite 

improved transport; no model allows unlimited availability of the cells. Additionally, 

in comparison to transport in suspension on ice, but also in comparison to 

cryopreservation, it is not possible to take the cells off the scaffold and plate them 

again. Furthermore, it should be noted that the use of some standard assays and 

the isolation of RNA and protein in hepatocytes plated on scaffolds is only possible 

to a limited extent, a factor which further restricts the possible applications of this 
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model. The key problem that only a few cells can be isolated and that these cells do 

not proliferate in culture also remains  (Ruoss et al., 2020b). 

For this reason, various approaches have been developed to enable the proliferation 

of hepatocytes in vitro (Katsura et al., 2002, Sadri and Amini-Nik, 2017, Levy et al., 

2015). This phenomenon is possible, for example, through the transduction of PHH 

with the human papillomavirus genes E6 and E7. In addition, the de-differentiation 

of hepatocytes was prevented by the MEK1/2 inhibitor U0126, which reduces the 

EMT. The expression of E6 and E7 leads to the upregulation of the Oncostatin M 

(OSM) receptor. By administering OSM, the transduced hepatocytes can be 

stimulated to proliferate. From one hepatocyte, more than 1000 hepatocytes can be 

generated for experiments. OSM removal stops proliferation and allows the 

differentiation of the cells into functional hepatocytes (Levy et al., 2015). The extent 

to which the metabolic function of freshly isolated hepatocytes can be restored in 

these cells, which are commercially distributed as so-called upcyte hepatocytes, 

have been evaluated differently in different studies (Tolosa et al., 2016, Sison-Young 

et al., 2015). However, it must be assumed that these cells do not have the same 

metabolic activity as freshly isolated hepatocytes; instead, they are comparable to 

HepaRG cells (Kammerer and Küpper, 2018). In another study, upcyte hepatocytes 

even showed a 90% reduction of cytochrome P450 expression compared to PHH, 

which would mean that they are more comparable to HepG2 cells regarding their 

metabolic activity (Sison-Young et al., 2015). An advantage of upcyte hepatocytes 

in contrast to conventional cell lines such as HepaRG is the fact that they come from 

different donors and are therefore better suited to represent variances within the 

human population (Tolosa et al., 2016). 

Another approach to generate an in vitro model with unrestricted availability is the 

use of hepatic cell lines (Lin et al., 2012). These cells are available in sufficient 

quantities due to their unlimited ability to proliferate. A further advantage compared 

to other possible alternatives (e.g.; the use of iPSCs) is the fact that these cells can 

be cultivated in standard medium; time and cost-intensive differentiation, which are 

required for iPSCs, are not necessary. Nevertheless, the metabolic activity of hepatic 
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cell lines such as HepG2 is comparable to the activity found in differentiated IPSCs 

(Kratochwil et al., 2017). However, compared to freshly isolated PHH, most hepatic 

cell lines have a much lower metabolic activity compared to PHH (Donato et al., 

2008a). This fact is the major limitation to the use of these cells as in vitro models. 

Despite this limitation, these cells are already used for substance screening in the 

early phase of drug development (Donato et al., 2013). As shown in one study, 

HepG2 cells correctly identified 6 out of 9 hepatotoxic substances—despite their low 

metabolic activity. This finding makes them a more predictive test system than the 

above-mentioned upcyte cells, which only detected 3 out of the 9 hepatotoxic drugs 

(Sison-Young et al., 2017). On the other hand, due to their low metabolic activity, 

hepatic cell lines are a less suitable model in the case of drugs in which the formed 

metabolite and not the parent drug is responsible for the toxic potential (Schyschka 

et al., 2013). This phenomenon may by one reason why the toxicity of 

acetaminophen was not detected using HepG2 cells in the above mentioned study. 

Furthermore, these cells are less suitable for CYP induction studies because they 

do not express the corresponding CYP enzymes, or they express them only at a low 

level (Westerink and Schoonen, 2007). In order to extend the range of application of 

these cells, various studies have been conducted to test whether it is possible to 

increase the metabolic activity of the cells in order to generate a favorable but 

predictive in vitro test system. The tested approaches include transfection of the 

cells, e.g.; with the hepatocyte nuclear factor-1 alpha as well as different approaches 

for epigenetic reactivation of the cells (Chiang et al., 2014, Snykers et al., 2009). In 

addition, various small molecules have been used to intervene in the metabolism of 

the cells in such a way that proliferation can be stopped and the functionality of the 

cells increased (Snykers et al., 2009, Sajadian and Nussler, 2015, Sajadian et al., 

2016). In many of these approaches, there is a slight increase in metabolic activity 

or expression of epithelial genes such as E-cadherin or HNF4α. However, none of 

these studies have revealed biologically relevant changes or even the level of fresh 

isolated PHH (Dannenberg and Edenberg, 2006, Snykers et al., 2009). In the study 

we conducted (Ruoß et al., 2019), the treatment of HepG2 cells with 5-AZA and 

vitamin C resulted in a positive change in the expression of various genes that are 
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essential for the epithelial phenotype and hepatocyte function. Nevertheless, our 

study revealed the limitations of such approaches. For example, we found that 

several genes that may also play essential roles in the de-differentiation of 

hepatocytes are deregulated more than 100-fold compared to PHH. Moreover, there 

is no significant effect on the expression of these genes by the tested treatment. As 

studies by other authors have shown, treatment with 5-AZA leads to global 

demethylation of the DNA (Seeliger et al., 2013). These changes are on the one 

hand side positive—as they may lead to a reactivation of hepatocyte-specific 

genes—but on the other hand, this global demethylation also leads to nonspecific 

upregulation of non-hepatocyte-specific genes. Thus, one study showed that 

treatment with 5-AZA increased the expression of spermatogenesis genes in HepG2 

cells (Dannenberg and Edenberg, 2006), which is not the goal of epigenetic 

reactivation (Ruoss et al., 2020b). Our chromatin array demonstrated that an 

epigenetic reactivation of liver cells would nevertheless be useful (Ruoß et al., 2019) 

because many of the epigenetically active enzymes tested are, in part, significantly 

deregulated compared to PHH. However, specific modification of individual 

epigenetic modifications is necessary and not a nonspecific global epigenetic 

change. 

An alternative to the modification of cells of existing cell lines is the establishment of 

new cell lines that are in their metabolic properties more similar to human 

hepatocytes. The most substantial model of this in the last 20 years is the HepaRG 

cell line, which has significantly higher metabolic activity compared to standard cell 

lines such as HepG2 and Huh7 (Guo et al., 2011). The HepaRG cell line was isolated 

from the tumor tissue of a patient suffering from HCC (Gripon et al., 2002). The 

treatment of the cells with dimethyl sulfoxide (DMSO), insulin, and hydrocortisone 

leads to the differentiation of the cells and an increase in their metabolic activity 

(Jang et al., 2019). Genome-wide analyses have shown that the gene expression 

profile of HepaRG correlates much better with that of primary hepatocytes than that 

of other cell lines such as cells of the HepG2 cell line or stem cell-based hepatocyte-

like cells (Godoy et al., 2016). Another study revealed that the metabolic activity of 

HepaRG cells is comparable to that in cryopreserved hepatocytes, with the 
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exception of a lower CYP2D6 activity (Kratochwil et al., 2017). By culturing the 

HepaRG cells in a 3D spheroid culture, their metabolic activity can be further 

increased (Takahashi et al., 2015). The generation of HepaRG spheroids also can 

be applied in the 384-well format with only 2.5 x 104 cells/spheroid, which makes this 

model interesting for high-throughput applications (Ramaiahgari et al., 2014). On the 

other hand, the sensitivity to hepatotoxic substances of HepaRG is relatively low: 

Only 3 of 9 hepatotoxic substances were identified as such with the help of this cell 

line, which represents a lower predictivity compared to HepG2 but is still comparable 

to the level found using the upcyte hepatocytes. Hence, these cells have limited 

suitability as an alternative to PHH for testing new drugs (Sison-Young et al., 2017). 

7.2 Establishment of cultivation techniques for long-term culture of 

primary hepatocytes 

Acute toxicity tests play a subordinate role in the testing scheme of drugs. More 

important is how the organism reacts to the repeated dose administration of a 

substance. For this purpose, 28-day studies have been performed in rodents 

according to the corresponding ICH Guidelines e.g. M3/S3A (Parasuraman, 2011, 

Colerangle, 2017). These studies allow an assessment of the toxicity of a substance 

and the identification of the most sensitive target organs and provide information on 

the absorption, distribution, metabolism, and excretion of the substance (Denny and 

Stewart, 2017). Due to the complexity of an organism, these data can only be 

generated using in vivo studies. However, in order to better transfer these findings 

to the human population, it may be useful to mimic the observed effects in vitro 

(Ruoss et al., 2020b). For this purpose, it is necessary to reduce the complexity so 

that the biological processes underlying the toxicity of a substance can be measured 

separately. Such a strategy is used in the adverse outcome pathway concept. Here, 

key events—which are necessary for the development of the toxicity of the 

substance—are defined. In vitro studies may test whether the substance triggers 

these individual key events, which, in their entirety, might predict possible toxicity in 

humans (Horvat et al., 2017, Vinken, 2013). Cells suitable for such tests should 

correspond as closely as possible to the in vivo situation, which is undoubtedly the 
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case for drug metabolism and liver toxicity studies when PHH are used. In order to 

be able to reproduce even slowly occurring effects, a sufficient cultivation time of the 

cells is required (Soldatow et al., 2013). This phenomenon has been difficult when 

using PHH because they lose their metabolic activity after only a few days in culture 

(Godoy et al., 2013). To increase the cultivation time of these cells, different 

approaches have been tested. For example, mimicking the in vivo conditions (e.g.; 

a 3D culture approach) slows down the de-differentiation of the hepatocytes. This 

fact enables cells to be cultivated in a functionally active state over a more extended 

time period (Bachmann et al., 2015). For a model that provides valid results, such a 

3D culture model must be based on standardizable 3D matrices, especially those 

that are small enough to be used in a 96-well format (for a 3D model in a high-

throughput approach) (Macdonald et al., 2018, Nakayama, 1998) As our data show, 

the Optimaix-3D Scaffold from Matricel fulfills the above-mentioned requirements 

(Ruoss et al., 2018). In addition, its porous structure allows an optimal supply of cells 

even inside the scaffold. Another advantage of this scaffold is its low stiffness of 7.5 

kPa, which corresponds approximately to the stiffness found in healthy human liver 

(Wong et al., 2010). Furthermore, the collagen used for this scaffold could at least 

partially mimic the ECM of the liver (Martinez-Hernandez and Amenta, 1993). These 

beneficial properties may be the reason why this scaffold enables hepatocytes to be 

cultivated over 10 days while largely maintaining metabolic activity. For example, on 

day 10 there was a five-fold higher CYP3A4 activity compared to the 2D control. The 

maintenance of CYP3A4 activity is important because this CYP enzyme is 

responsible for the metabolism of more than 30% of drugs (Zanger and Schwab, 

2013). The detoxification of urea and the production of albumin, which are both 

important functions of hepatocytes, can be maintained much better compared to a 

2D culture, data that further suggest the positive effect of scaffold culture on the 

maintenance of the functionality of the hepatocytes. Compared to other studies in 

which 3D scaffold cultures were used to maintain hepatocyte function, coating the 

scaffold with fibronectin or by the additional use of a co-culture with 3T3-J2 cells 

better maintained metabolic function compared to what we found in our study (Wei 

et al., 2018, Rajendran et al., 2017). Nevertheless, these approaches are much more 
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complex and difficult to standardize, a factor that limits their use for testing new 

drugs. Furthermore, the cultivation of 3T3-J2 cells is also possible on the Optimaix-

3D Scaffold, as we have recently shown (Ruoß et al., 2020). A pre-incubation of the 

scaffolds with synthetic peptides that represent the binding sites of fibronectin or 

their integration into the scaffold matrix during production could also be useful to 

create a scaffold that is standardizable and also better represents the in vivo 

situation and thus allows longer maintenance of the metabolic activity of the PHH 

(Huettner et al., 2018). The Optimaix-3D Scaffold is also suitable to be integrated 

into a fluid-flow model due to its high permeability. It would be conceivable, for 

example, to cultivate the scaffolds in the Quasi Vivo® system from Lonza (Buesch 

et al., 2018). This system allows incubating hepatocytes in a Matrigel-coated 

coverslip over 21 days using a constant flow. These conditions maintain CYP1A2, 

CYP2B6, and CYP3A4 activities at a higher level compared to static culture over 21 

days (Buesch et al., 2018). The use of the Optimaix-3D Scaffold in this system, 

possibly in combination with a co-culture with 3T3-J2 cells, might allow maintaining 

the activity of the cells over a long period of time, and thus minimize the problem of 

cell availability.  

7.3 Development of in vitro models capable of mimicking the 

physiological environment of the human liver, but also disease-specific 

changes that lead to altered drug metabolism 

To detect toxic effects of a new drug in vitro, the potential utilized in vitro model must 

be capable of reproducing the biological processes that underline this toxicity. An 

example that illustrates the need for a suitable test system is paracetamol toxicity. 

The intake of this substance is the most common cause of acute liver damage in 

both Europe and the US (Yoon et al., 2016). However, in conventional 2D culture, 

this substance shows only a low toxic potential (Prot et al., 2011). This is due to the 

low activity of the 2D culture transporters, which are responsible for the uptake of 

the substance in the cells. The low uptake of paracetamol in hepatocytes results in 

the formation of lower concentrations of the toxic NAPQI metabolite, which logically 

results in the low toxicity. In contrast, by cultivating the hepatocytes in a 3D sandwich 
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culture, it is possible to maintain the activity of the transporters, a phenomenon that 

leads to better uptake of the substance and, consequently, higher toxicity 

(Schyschka et al., 2013). These results better represent the in vivo situation. In other 

cases, the hepatotoxicity observed in vivo is due to systemic or local inflammation 

induced by the substance. This inflammatory process is accompanied by the 

migration of macrophages and neutrophils into the hepatic vascular system and the 

release of inflammatory mediators (Jaeschke et al., 2002). The prediction of such an 

effect in vitro requires that the cells responsible for the inflammation and/or the 

release of inflammation mediators are also part of the in vitro model. Only then it is 

possible to detect the effects that occur in humans also in an in vitro study (Ruoss 

et al., 2020b, Godoy et al., 2013). A further limitation of current test systems for 

evaluating new drugs is the fact that usually young and healthy animals are used for 

in vivo studies, whereas for in vitro studies, the available hepatocytes are usually 

from older patients who often have prominent liver diseases. Therefore, only limited 

information on the metabolism and toxicity of a substance can be derived from the 

above-mentioned models for the entire population (Ruoss et al., 2020b, Rodighiero, 

1999). In order to make such predictions for healthy individuals as well as for patients 

with previous diseases, models must imitate the situation in healthy individuals as 

well as disease-specific alterations. For this purpose, in animal research, there are 

several models that mimic certain diseases (Liu et al., 2013). However, such models 

are not available for in vitro research. The need for such in vitro models also results 

from observations made in clinical studies. In one of them, the expression of different 

phase I/II enzymes in patient population changes depending on liver stiffness (Theile 

et al., 2013). Such changes can lead to altered drug metabolism, which can either 

stop the medication from working or lead to an overdose of the substance and toxic 

effects (Elbekai et al., 2004, Baillie and Rettie, 2011). 

Changes in liver stiffness are one characteristic of liver fibrosis pathology (Mueller 

and Sandrin, 2010). The altered stiffness results from a restructuring of the ECM and 

an increased deposition of collagen (Bataller and Brenner, 2005). In order to predict 

such disease-specific changes in drug metabolism in vitro, we have developed a 

model that represents the stiffness of both healthy and fibrotic livers (Ruoss et al., 
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2020a). To provide cells with ideal cultivation conditions, we used HEMA-BAA-based 

cryogels. The porous structure and optimal pore size for hepatocyte environment 

offer an ideal environment for the cultivation of cells (Heydari et al., 2020, Ye et al., 

2019). Besides, we modified the surface of the scaffolds to allow optimal cell 

adherence. As our data showed, the cultivation of the HepG2 on the healthy liver 

scaffold generally leads to a higher activity of the measured phase I/II enzymes. A 

similar effect has already been shown by Natarajan et al. in hepatocytes (Natarajan 

et al., 2015). The data from that study and our results confirm the clinical 

observations of the effect of stiffness on the metabolic activity of the hepatocytes 

(Theile et al., 2013). 

Our model also mimicked the accumulation of ECM, which is in vivo the major reason 

for the increased stiffness (Klaas et al., 2016, Mueller and Sandrin, 2010). This was 

possible given by the fact that the healthy and fibrotic liver scaffolds differ mainly in 

their gelatin concentration. Gelatin is hydrolyzed collagen; it has the same binding 

sites as collagen, and therefore the accumulation of collagen can be imitated by 

increasing the gelatin concentration (Wissemann and Jacobson, 1985, Zhang et al., 

2006).  

In summary, we have developed a model that could mimic some of the changes that 

occur in fibrotic livers (Ruoss et al., 2020a). However, liver fibrosis is also associated 

with other pathological changes that we did not address in the current study, 

including changes in the ECM that go beyond the accumulation of collagen type I. 

Such alterations comprise the accumulation of collagen type III and elastin as well 

as the de-regulation of various matrix metalloproteases, that also play an important 

role in ECM remodeling (Bonnans et al., 2014, Iredale et al., 2013). It is also 

noteworthy, that the development of liver fibrosis is a multifactorial process in which, 

in addition to hepatocytes, stellar cells and Kupffer cells play a decisive role in the 

pathogenesis (Bale et al., 2016, Sacchi et al., 2020). A model that can actually mimic 

a fibrotic liver should therefore also include these non-parenchymal cells. How such 

a model based on our scaffolds could look like and which parameters could be 

mimicked are summarized in Figure 3 
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Figure 3 Development of a 3D scaffold Co-Culture model, which represents some parameters of the healthy 
and the fibrotic altered liver. The image is modified our recent publication, where it was partly used as the 
cover image of the published issue (Ruoss et al., 2020a). This figure was produced using Servier Medical Art 
(http://smart.servier.com/). 

In such a model, it may also be useful to replace the FCS used in many cell culture 

media with serum from healthy individuals and patients suffering from liver fibrosis. 

Preliminary data in our laboratory revealed a positive effect of human serum from 

healthy donors on the metabolic activity of the cells, which had previously been 

observed in other studies (Katsura et al., 2002, Steenbergen et al., 2018). The use 

of this serum from healthy donors as well as the use of patient serum would lead to 

an even more realistic modelling of the in vivo situation. Additionally, the collagen 

used for the production of scaffolds could also be replaced by decellularized ECM 

from healthy and fibrotic livers, a design that would allow the ECM changes to be 

imitated even more realistically (Damania et al., 2018, Sellaro et al., 2010). Such a 

complex model could be used in the in vitro testing of new drugs and would make it 

Healthy liver Liver cirrhosis

< 6 kPa 7 - 12 kPa > 25 kPa

Changes in the stiffness:

Changes at the cellular level:

Transfer to the established In vitro model:

healthy liver scaffold fibrotic liver scaffold

Extracellular Matrix Kupffer Cells Liver Endothelial Cells

Hepatic Stellate Cells Primary Human Hepatocytes



121 
 

possible to predict possible negative effects in different individuals within the human 

population (Figure 4). 

 

Figure 4 Schematic illustration of the application of a scaffold-based 3D co-culture model, which also takes into 
account disease-specific differences. Additionally, possible approaches for further improvement of this model 
are described. This is a modified image from, where it was partly used as the cover image of the published 
issue (Ruoss et al., 2020a). This figure was produced using Servier Medical Art (http://smart.servier.com/). 

However, one must consider that, especially for a co-culture or triple culture 

approach, using stellar and/or Kupffer cells would significantly increase the 

complexity of the model. For this purpose, the culture medium must be suitable for 

all cells, and there must be a technique developed to quantify the used cell types 

separately from each other, since this is the only way to obtain information on how 

the individual cells behave in co-culture. 



122 
 

7.4 Development of quantification methods to normalize the results even 

with complex cultivation approaches 

As described in the previous section, the development of advanced strategies for the 

cultivation of hepatocytes is necessary for mapping in vitro all relevant biological 

processes that are related to the development of hepatotoxicity. However, as the 

complexity of the test system increases, the generation of reliable results also 

becomes more difficult. In traditional 2D culture, numerous methods are available to 

quantify the cells used in the experiment. However, most of the methods are not 

transferable to a 3D culture (Ruoß et al., 2020). Moreover, some methods that work 

in 3D cultures can only be used to a limited extent, since the results obtained here 

cannot be compared with those from 2D cultures for various reasons: Some reasons 

include interferences of the test reagent with the scaffold matrix or changes in the 

metabolic activity of the cells due to different stress levels caused by the different 

rigidities of the surface between the stiff cell culture plastic and the soft scaffold 

matrix, among others. Furthermore, the isolation of cells, their RNA, or proteins from 

the scaffold—an approach which would simplify the analysis considerably—is often 

not possible (Ruoss et al., 2018). Similar limitations regarding the quantifiability of 

the results can be observed when using co-cultures (Ruoß et al., 2020). With current 

methods, it is not possible to quantify independently the individual cell types in a co-

culture. However, such independent quantification is absolutely necessary to be able 

to evaluate the results. Indeed, separate quantification is the only way to investigate 

the influence of the co-culture on the individual cell types (Ruoß et al., 2020). 

In recent years, 3D culture and co-culture approaches have been combined in 

various studies, and different 3D-based co-culture models have been established 

(Chan et al., 2013, Wei et al., 2018). However, only few of these studies have 

addressed the problem of cell-type-specific quantification of the results (Ruoß et al., 

2020). This fact limits the significance of the results obtained in such 3D co-culture 

studies. It should also be noted that some of the available approaches dealing with 

the problem of cell type-specific quantification are very complex, but they allow the 

tracing of each individual cell in a tumor model using DNA barcoding technique 
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(Nguyen et al., 2014a, Nolan-Stevaux et al., 2013). This method requires the 

sequencing of the individual cells; thus, these approach are rather unsuitable for 

broad application for the quantification. 

The lack of a suitable quantification technique that can be carried out quickly and 

easily and yet provides reliable results was the reason why, as a first step toward 

establishing a 3D co-culture liver fibrosis model, we developed a precise and 

straightforward way for the separate quantification of each cell type. Our data 

revealed that the qPCR-based quantification method can achieve this objective by 

quantifying different cell types on a 3D matrix independent of each other. Further, 

the sensitivity of the developed method is sufficient for most applications. By 

incubating the scaffold for 30 min in 98°C NaOH, we succeeded in generating a 

technique that allows isolating the DNA completely from the scaffold. Besides, we 

showed that the quantification method works on our pHEMA-BAA based scaffolds 

as well as on the Optimaix-3D Scaffold from Matricel. This finding suggests a broad 

application of this method for different test systems (Ruoß et al., 2020). 

The only limitation of this method is the fact that the utilized cells must differ at least 

at one point in their sequence. In the model we tested, this requirement was 

achieved by using human HepG2 cells and murine 3T3-J2 cells. However, this 

method is also conceivable for use in the mentioned liver fibrosis co-culture model. 

In addition to human hepatocytes, murine stellar cells and rat Kupffer cells may be 

used. A purely human-cell-based approach is also conceivable. In order to 

distinguish between the different cell types, sequences such as E6/E7 from the 

human papillomavirus, which were introduced into the genome during 

immortalization, could be used to quantify the individual cell types (Levy et al., 2015). 

Also, the use of male and female cells and the quantification on the Y-chromosome 

gene SRY can allow a cell-type-specific quantification of the co-culture model 

(Drobnič, 2006). Due to the described adaptations, a broad application of the method 

developed by our laboratory is conceivable for many co-culture models. 
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7.5 Conclusion and possible future research directions 

When testing new drugs, animal experiments are considered to be the gold standard 

due to the lack of eligible alternative methods (Ferreira et al., 2019). Indeed, the 

great complexity of a whole organism cannot yet be represented using in vitro 

models (Bhanu Prasad, 2016). The data obtained from animal models can only be 

transferred to humans to a limited extent; hence, the development of suitable models 

that can supplement animal experiments is urgently needed (Akhtar, 2015, Balls et 

al., 2019). It is also conceivable to use such in vitro models to pre-screen new 

substances. In doing so, substances with a hepatotoxic potential can be excluded at 

an early stage of drug development, an outcome that saves money and reduces the 

number of tested animals (O'Brien et al., 2006). Overall, assessing possible 

hepatotoxicity during the early phases of drug development is still of central 

importance because the prediction of such effects in animal experiments is 

insufficient due to pronounced species differences (Martignoni et al., 2006).  

Over the past 40 years, numerous approaches have been developed to establish 

suitable in vitro models. Despite intensive research, no model can be considered 

successful, as central problems have not yet been sufficiently solved. These include 

the inadequate availability of human hepatocytes, which are considered to be the 

most suitable cell type for such a model, and the fact that these cells lose their 

metabolic activity after only a few days in culture (Godoy et al., 2013). The use of 

alternative cell types, such as differentiated stem cells or hepatic stem cells, is also 

generally possible; however, they are still unable to adequately represent the 

functionality of PHH, which sets significant limits to their usage as an alternative to 

PHH (Ruoss et al., 2020b, Godoy et al., 2015). This thesis evaluated different 

approaches in solving the problems described above by using primary hepatocytes 

and hepatic cell lines. Epigenetic reactivation of tumor cells in the HepG2 hepatoma 

cell line was possible to a limited extent because treatment with AZA and vitamin C 

had only a slight positive effect on the metabolic activity of the cells (Ruoß et al., 

2019). Still, we identified epigenetic changes in all tested HCC cell lines as well as—

but to a lesser extent—in the de-differentiation of primary hepatocytes. These 
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changes are probably associated with the loss of metabolic activity in hepatic cell 

lines, but they have not yet been associated with it. In the future, modification of 

these targets by a specific treatment could enable the epigenetic reactivation, to a 

certain extent, of liver cell lines or stop the de-differentiation of PHH. A delay in PHH 

de-differentiation might be achievable by cultivating the cells on the Optimaix 

scaffold from Matricel (Ruoss et al., 2018). Thus, we showed that the Optimaix 

Scaffold from Matricel enables the maintenance of the metabolic activity of the PHH 

cultivated on it over a period of 10 days. In addition, we demonstrated that the use 

of this scaffold as a transport carrier allows almost loss-free transport of PHH. Thus, 

the number of available PHH at the destination point can be increased by more than 

50% in comparison to the shipment as a suspension culture on ice. This outcome 

allows more efficient use of the limited number of available cells. Compared to 

shipping as a 2D culture, significantly more cells per area can be shipped on the 

scaffold. In addition, the cells are better protected against contamination and 

dehydration because a large part of the medium is absorbed by the scaffold. 

The development of pHEMA/BAA-based scaffolds that mimic different 

characteristics of a healthy and fibrotically altered liver is an innovative approach. 

This tactic would allow modeling disease-related changes in the liver, something that 

is currently only possible using in vivo disease models. However, the model we have 

established can only be considered a first step in this direction. For a more 

comprehensive representation of the in vivo situation, a combination of different 

approaches is necessary, e.g., the application of our pHEMA/BAA-based scaffold 

model on which PHH are cultivated in a co-culture together with Kupffer cells and/or 

hepatic stellar cells. An appropriate quantification method, which enables the 

evaluation of the data generated in such a complex model, has been developed 

through the work presented in this thesis. This approach can be used for the cell 

type specific evaluation of the results. 

To more closely reflect the in vivo situation, it would also be useful to adjust other 

parameters that are important for hepatocyte function or in the development of 

hepatotoxicity. Possible parameters that should be considered in this context are 
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summarized in Figure 5 and described in more detail in our recently published review 

(Ruoss et al., 2020b). 

 

Figure 5 Techniques and approaches for improved culture of freshly isolated human hepatocytes (PHH) and 
liver cell lines by adapting the culture conditions and mimicking the in vitro situation (Ruoss et al., 2020b). This 
figure was produced using Servier Medical Art (http://smart.servier.com/).  

Some of the approaches described in Figure 5 are already part of our pHEMA/BAA-

based scaffold model. An important point that has not been addressed in this 

thesis—and has not been considered in our model—is mimicking the functional 

zoning of hepatocytes within the liver lobe (Birchmeier, 2016, Probst et al., 1982, 

Camp and Capitano, 2007). This functional zonation within a liver lobe occurs, for 

example, by the gradual availability of oxygen and gradual expression of WNT. 

Hence, catabolic metabolic processes such as the formation of albumin mainly occur 

in the periportal area, while anabolic processes such as the metabolism of drugs are 

primarily performed in the perivenous area (Birchmeier, 2016). Given that functional 

zoning significantly influences the functionality of the individual hepatocytes, it 

makes sense to map it in an in vitro model, an endeavor that, surprisingly, has only 
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been implemented in a few studies (Ahn et al., 2019, Guo et al., 2011). One of these 

studies achieved functional zoning by the gradual induction of WNT expression 

within a hydrogel gel. As the results of the study show, this functional zoning leads 

to zonal toxicity caused by hepatotoxic substances such as paracetamol (Ahn et al., 

2019). This result underlines the importance of hepatic zoning in the development of 

new in vitro models, in which the detection of possible hepatotoxicity seems to be 

crucial. 

The development of an “optimal” model that includes all the above parameters would 

make it possible to better predict the hepatotoxic properties of new substances. This 

eventuality can be assumed because all the biological processes required for 

hepatotoxicity could also occur in the in vitro model. Ideally, this kind of a model 

would also allow nearly unlimited cultivation of hepatocytes; however, such a model 

would not be able to completely replace animal experiments. To achieve that goal, 

the employed in vitro model must be able to imitate all the processes that take place 

in the whole organism, from the uptake of the substance to its excretion. While 

existing models with so-called “body on a chip” approaches target this potential, they 

only rudimentarily reflect the in vivo situation. This fact is not surprising given the 

high complexity of the human organism (Ruoss et al., 2020b, Reif, 2014). For 

example, it is hardly possible to map complex functional units such as the individual 

liver lobules or the individual nephrons of the kidney in vitro, not to mention the 

complexity of the human brain (Bang et al., 2019, Nishinakamura, 2019). Another 

challenge is to find a medium suitable for all the different cell types used in a possible 

model. One potential solution would be to separate the different cell types into 

distinct compartments, but this approach has the negative side effect of hindering 

the necessary exchange between the different cell types (Kimura et al., 2018). For 

this reason, it makes sense to reduce the complexity of the employed models and 

focus on the interaction of two or three different cell types. Several in vitro studies 

have demonstrated that this approach might also reflect interactions between 

different organs (Oleaga et al., 2018, Chong et al., 2018). One of these studies 

tested whether it is possible to visualize in vitro the skin sensitization caused by 
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reactive drug metabolites using a Liver-Immune-Co-Culture Array. The developed 

array comprises two compartments—one for liver cells (HepaRG) and one for 

immune cells (U937) which are connected by thin nanotubes to provide an exchange 

of different factors, such as drug metabolites produced by HepaRG cells, between 

them. This model mimics the formation of reactive metabolites as well as the 

activation of immune cells responsible for skin sensitization as a reaction to 

carbamazepine (Chong et al., 2018). If models like the Liver-Immune-Co-Culture 

Array, as well as our novel 3D model, can correctly predict the effects of a large 

number of substances, they could be used for in vitro testing of new substances in 

the future. Even if animal experiments cannot be completely replaced by such 

approaches, because they cannot represent the complexity of a whole organism, 

they could be considerably reduced. This potential is illustrated with the following 

example. For the approval of one new substance, about 100 candidate substances 

are currently tested in animal models. For a 28-day toxicity study in rodents, which 

is frequently used, 40 animals are required, which costs about €120,000 per 

candidate substance. If it is possible to identify negative substance effects in 

advance using predictive in vitro models, these candidate substances could be 

excluded before the first in vivo studies are carried out. In the end, it might be 

possible to reduce the costs for the development of new substances through the 

data from predictive in vitro models as well as increase the safety of new drugs.  
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Chapter 8: Abstract 

In order to detect the hepatotoxic effects of new drugs at an early stage of drug 

development, the establishment of predictive in vitro models is necessary. PHH are 

particularly suitable for this purpose because these cells have metabolic properties 

comparable to the in vivo situation. However, due to various reasons, such as 

insufficient availability and rapid loss of function in culture, PHH can only be used to 

a limited extent for testing new drugs. Among others, hepatic cell lines are 

considered to be a possible alternative with unlimited availability. However, hepatic 

cell lines such as HepG2 are only partially suitable as an alternative for PHH, as our 

results have shown. The reason for this outcome is that they differ significantly from 

PHH in their epigenetic profile as well as metabolic properties. Although the tested 

epigenetic reactivation with AZA and vitamin C partially led to positive changes in 

gene expression of the tested cell lines, comparable gene expression and activity of 

drug-metabolizing enzymes to PHH could not be achieved. As already described, 

the use of PHH is also only possible to a limited extent. In order to increase the 

availability of metabolically competent PHH, we have developed a method that 

allows the transport of PHH at high concentrations per area from A to B with almost 

no loss of viability. As our data further showed, the scaffold used for this purpose is 

suitable as a transport carrier and enables the cultivation of metabolically active PHH 

over a period of 10 days. The extension of the possible cultivation time also allows 

the investigation of delayed toxic effects. This potential is important because 

hepatotoxicity, for example, as in the case of acetaminophen, is a process that often 

occurs after a delay (Tolosa et al., 2019, Soldatow et al., 2013). In the course of this 

thesis, we also developed pHEMA-BAA based scaffolds, whose properties make 

them ideal for the cultivation of liver cells and additionally represent the stiffness of 

healthy or the fibrotically altered liver. With these scaffolds, it is possible, at least 

partially, to imitate disease-specific changes in the liver. Besides, a method has been 

developed that allows cell type-specific quantification for such a model. This method 

is also suitable for the quantification of more complex models, such as a scaffold-

based 3D co-culture with Kupffer and/or hepatic stellate cells, which can better 

represent the in vitro situation. In the future, a combination of our scaffold model with 
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such a co-culture approach may contribute to better transfer of observations from 

animal experiments to humans, thus reducing the number of animal experiments 

while increasing safety for patients. 
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Chapter 9: Zusammenfassung 

Um hepatotoxische Effekte neuer Medikamente bereits in einer frühen Phase der 

Arzneimittelentwicklung detektieren zu können ist die Etablierung von prädiktiven in 

vitro Modellen erforderlich. Hierzu eignen sich vor allem isolierte PHHs, da diese 

Zellen mit der in vitro Situation vergleichbare metabolische Eigenschaften 

aufweisen. Aufgrund unterschiedlicher Ursachen wie beispielsweise einer zu 

geringen Verfügbarkeit sowie einem raschen Funktionsverlust in Kultur können 

diese Zellen jedoch bisher für die Testung neuer Medikamente nur begrenzt 

eingesetzt werden. Als mögliche unbegrenzt verfügbare Alternative kommen unter 

anderem hepatische Zelllinien in Betracht. Wie unsere Ergebnisse zeigen, eignen 

sich hepatische Zelllinien wie HepG2 jedoch nur bedingt als Alternative für PHHs. 

Gründe hierfür sind, dass sie sich nicht nur in ihrem epigenetischen Profil, sondern 

auch insbesondere in ihren metabolischen Eigenschaften deutlich von den PHH 

unterscheiden. Durch die getestete epigenetische Reaktivierung mithilfe von AZA 

und Vitamin C konnten zwar teilweise positive Veränderung der Genexpression 

erreicht werden, eine mit PHH vergleichbare Genexpression und Aktivität der 

Fremdstoff-metabolisierenden Enzyme konnten jedoch bei weitem nicht erreicht 

werden. Auch die Verwendung von PHHs ist wie bereits beschrieben nur 

eingeschränkt möglich. Um die Verfügbarkeit metabolisch kompetenter PHH zu 

steigern haben wir daher eine Methode entwickelt, welche es ermöglicht PHHs in 

einer hohen Konzentration auf engem Raum nahezu verlustfrei von A nach B zu 

transportieren. Wie unsere Daten weiter zeigen eignet sich das hierfür verwendete 

Optimaix Scaffold von Matricel jedoch nicht nur als Transport Carrier, sondern 

ermöglicht auch die Kultivierung metabolisch aktiver PHH über einen Zeitraum von 

10 Tagen. Dies bietet die Möglichkeit auch langsame oder verzögerte 

hepatotoxische Effekte in vitro zu untersuchen. Im Rahmen dieser Arbeit konnten 

wir zudem pHEMA-BAA basierte Scaffolds entwickeln, welche die Steifigkeiten der 

gesunden sowie der fibrotisch veränderten Leber repräsentieren. Mithilfe dieser 

Scaffolds war es möglich krankheitsspezifische Veränderungen der Leber 

zumindest teilweise zu imitieren. Für solch ein Modell aber insbesondere für noch 

komplexere Modelle, wie beispielsweise einer Scaffold-basierten 3D Co-Kultur mit 
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Kupffer und/ oder Stellarzellen welche die in vitro Situation noch besser abbilden 

könnten, konnte eine Methode entwickelt werden, welche die Zelltyp-spezifische 

Quantifizierung innerhalb solcher Ansätze ermöglicht. Die Verfügbarkeit einer 

solchen Quantifizierungsmethode ist die Voraussetzung für die Bewertung der in 

solch komplexen Modellen gewonnen Daten, weil nur so eine Zelltyp-spezifische 

Evaluation der Effekte möglich ist. Solche Modelle können in Zukunft dazu beitragen 

in Tierversuchen gewonnen Erkenntnisse besser auf den Menschen übertragen zu 

können, was es möglich macht die Zahl der Tierversuche zu senken und gleichzeitig 

die Sicherheit für die Patienten erhöhen. 
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