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Introduction
The field of tissue engineering has advanced tremendously in 

recent years. In preclinical drug development the challenge remains 
the design and manufacturing of cellular structures which mimic the in 
vivo situation. In a tissue, cell-cell interactions as well as cell contacts to 
the extracellular matrix and extracellular factors like signal molecules 
are promoted. The interactions between the cells and the environment 
strongly influence the behavior and functionality of the whole tissue. 
Focal adhesions anchor the cytoskeleton to the plasma membrane and 
transmit extracellular signals from the matrix into the cell [1,2]. In 
experimental 2D culture, this complex network is lost and an artificial 
cellular architecture is built up. Moreover, an unnatural polarity is 
formed since the upper cell side contacts the culture medium and 
the lower is attached to cell culture dish surfaces, resulting in a polar 
distribution of adhesion factors [3].

Different 3D cell culture techniques show the improvement of 
function, differentiation and viability as compared to conventional 
2D cultures [4]. Biodegradable polymers such as poly(glycolic acid), 
poly(lactic acid) or their copolymer poly (lactic-co-glycolic acid) 
were successfully used to enhance cellular function [5] and were 
applied to tissue engineering [6]. Alternatively, hydrogels, a network 
of hydrophilic polymer chains dispersed in water, were used to set 
up a 3D environment for various cell types such as liver cells, bone 
and cartilage [7-10]. Alginate microencapsulation of hepatocytes was 
recently shown to enhance long-term cultivation [11] and continuous 
perfusion of  these aggregates further improves liver-specific functions 
[12]. Matrigel-based systems are another alternative for 3D cultivation. 
Containing ingredients of the extracellular matrix such as collagen, 
laminin, fibronectin or elastin, they can at least partly replace its 
functions [13]. Although these gel-based systems are useful tools to 
facilitate a 3D environment, gel preparation, storage, batch to batch 
differences and insufficient chemical composition for matrigels and 
xenogenic origin compromises their application. 

Complex systems such as 3D bioreactors were developed as 
extracorporeal liver support [14-17]. These systems were down-scaled 

for experimental purposes and it was shown that primary hepatocytes 
form 3D tissue-like structures within the bioreactors and could be kept 
viable and functional for three weeks [18]. Moreover, the cultivation 
of spheroids in stirred bioreactors also improves liver-specific 
functionality compared to monolayers [19]. Again these systems 
require high technical expertise and are not always reproducible.

As a further 3D cell culture approach, multi-cellular spheroids 
represent a promising tool in tissue engineering since it was shown 
that cellular reorganization and 3D architecture in such spheroids 
better reflect in vivo situation but also mimic solid tumors in case 
of oncological studies [20]. Liver cells are of main interest for the 
investigation of drug-induced effects and drug metabolism and the 
improvement of in vitro test methods for hepatotoxicity is still needed 
[21]. The HepG2 cell line was successfully applied for the investigation 
of the effects of drugs in subtoxic concentrations in terms of respiration 
and cell metabolism [22-24]. Moreover, when grown in 3D systems, 
HepG2 cells showed enhanced viability and functionality [25-28]. In 
spheroid cultures, it was observed that HepG2 cells have higher drug 
efflux activity compared to monolayers [29]. Multi drug resistance 
(MDR) is shown by tumor cells and leads to a high drug efflux via 
transporters such as MDR-1 or MRP.

In general, the HepG2 cell line has the advantages of reproducibility, 
easy handling and availability, but is limited in its drug metabolism 
capacities. For example, CYP3A4 as the most important phase I 
enzyme is not expressed in HepG2 cells and only CYP1A1 and CYP2D6 
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Abstract
Tissue engineering of human liver cells in a three dimensional cell culture system could improve pharmacological 

studies in terms of drug metabolism, drug toxicity or adverse drug effects by mimicking the in vivo situation. In this study, 
we produced 3D organotypic cultures of HepG2 cells using the hanging drop method. 250 – 8000 seeded cells formed 
organotypic cultures within 2–3 days which increased in size during the first week. Viability and metabolic parameters 
(glucose, lactate) were analyzed during almost three weeks of cultivation. Liver specific albumin production was higher 
in the organotypic cultures as compared to both monolayer and collagen-sandwich cultures. Amino acid quantification 
revealed high production of glutamate as well as uptake of glutamine, alanine and branched-chain amino acids. 
CYP1A induction capacity was significantly improved by organotypic cultivation. The acute toxicity (24 h) of tamoxifen, 
an anti-cancer drug, was lower in the 3D cultures as compared to monolayer and collagen-sandwich cultures. This 
could be explained by a higher drug efflux through membrane transporter (MRP-2). We conclude that the engineered 
HepG2 cultures could be used for the investigation of CYP450 induction, anti-cancer drug effects and for the study of 
chemotherapy resistance. Applied to other cell types such as the human primary cells these 3D organotypic cultures 
may have potential in long term toxicity screening of compounds.

Organotypic Cultures of HepG2 Cells for In Vitro Toxicity Studies
Daniel Mueller, Anika Koetemann and Fozia Noor*
Biochemical Engineering, Geb. A1 5, Saarland University, D-66123 Saarbruecken, Germany

    Journal of
    Bioengineering & Biomedical Science Jo

ur
na

l o
f B

io
en

gineering & Biomedical Science

ISSN: 2155-9538



Citation: Mueller D, Koetemann A, Noor F (2011) Organotypic Cultures of Hepg2 Cells for In Vitro Toxicity Studies. J Bioengineer & Biomedical Sci 
S2:002.  doi:10.4172/2155-9538.S2-002

Page 2 of 10

ISSN:2155-9538 JBBS, an open access journal J Bioengineer & Biomedical Sci Regenerative Medicine

shows expression rates approximately in the range of primary human 
hepatocytes [30]. Recently, it was proposed that engineering the cell 
culture environment for a better reflection of the in vivo situation would 
improve drug development at an early stage [31]. HepG2 spheroid 
cultures therefore seem to be promising as in vitro assay system, at least 
for acute and parent compound toxicity screening.

In this study, we used a commercially available 96 well plate system 
for the generation of 3D spheroids using the hanging drop method. 
We investigated the HepG2 spheroid formation over time including 
growth in size. We cultivated the spheroids in low-serum conditions 
for more than two weeks and assessed cell viability, albumin production 
and metabolism in the 3D cultures. Moreover, we investigated drug 
metabolism capacities by CYP1A induction and tested the effects of 
tamoxifen on the 3D HepG2 spheroids. Tamoxifen is a non-steroidal 
selective estrogen-receptor (ER) modulator applied in the therapy 
of ER-positive breast cancer. Tamoxifen is mainly  metabolized by 
CYP3A4 and CYP2D6 to active metabolites [32]. However, it was 
reported that tamoxifen is cytotoxic in non-metabolizing cell lines, 
implicating parent compound toxicity [33]. We tested tamoxifen 
on the HepG2 organotypic cultures and compared the results with 
those obtained with 2D monolayer and collagen-sandwich cultures. 
We also investigated the activity of MRP-2 transporters. Our results 
demonstrate the potential of engineered HepG2 spheroids as in vitro 
model to screen anti-cancer drugs and their effects on cancer tissue 
as well as for the investigation of MDR activity in chemotherapy 
resistance. In addition, such organotypic cultures of other cells 
(including co-cultures) such as primary human cells (e.g. liver) can 
also be used to develop micro-tissues which may be used in long term 
toxicological screening of compounds. 

Material and methods
Cell culture

The human hepatoblastoma cell line (HepG2) was obtained from 
the German collection of microorganisms and cell cultures (DMSZ, 
Braunschweig, Germany). Cells were maintained in Williams Medium 
E supplemented with penicillin/streptomycin (100 U / 100 µg/ml) and 
10% FCS. The cells were kept at 37°C in a cell incubator (Memmert 
GmbH, Schwabach, Germany) at 95% relative humidity with 5% CO2 
supply. Viability was assessed by the trypan blue exclusion method. 
Cells were counted using an automated cell counter (Countess, 
Invitrogen, Karlsruhe, Germany).

Monolayer / Collagen-Sandwich

For monolayer culture (ML), cells were seeded in conventional 
96-multiwell plates. For collagen-sandwich cultures (CS), the plates 
were coated with collagen I solution (0.75 mg/ml) for 1 h at 37°C before 
being seeded. After 4 hours, medium was aspirated and the second 
collagen layer was added as before. In both cultures, 5*104 cells / well 
were seeded.

Organotypic cultures

The organotypic cultures were produced using the Gravity 
Plus system (InSphero, Zurich, Switzerland). According to the 
manufacturer’s instructions, 40 µl of cell suspension was given into each 
well of the plate for the formation of multi-cellular spheroids (250 – 8000 
cells). For initial seeding, Williams Medium E supplemented with 10% 
FCS was used. It was changed by refreshing 50% of the culture volume 
every 2-3 days. For the quantification of metabolites, the supernatants 

were collected, centrifuged and stored at -20°C until analysis. The 
spheroids were monitored using a 10x long-working distance objective 
of an Olympus IX 70 microscope which was connected to an Olympus 
CC12 Soft Imaging System (Muenster, Germany).  

Maintenance in low-serum conditions

The spheroids were produced using medium supplemented with 
10% FCS. After spheroid formation, 50% medium volume was replaced 
three times.  This time point was set as day 1 in low-serum conditions. 
However, due to the fact that the medium cannot be replaced 
completely in the drop, a small amount of 1.25 % FCS was still present 
in the medium. After that, medium was replaced at day 4 reducing the 
percentage of serum to below 1%. Medium drops without cells were 
used as controls for each time point.

AST assay

The activity of liver-specific aspartate aminotransferase (AST) 
in the culture supernatant as cell viability marker was determined 
using a kinetic UV assay kit (Hitado, Moehnesee- Delecke, Germany) 
according to the manufacturer’s instructions. A dilution series of 
standard serum (NobiCal-Multi, Hitado) was measured in parallel for 
quantification.

Quantification of glucose, albumin and amino acids

D-glucose and L-lactate concentrations in the supernatants were 
determined using routinely utilized enzymatic kits (R-Biopharm, 
Darmstadt, Germany). The assays were performed according to the 
instructions of the manufacturer. 

Albumin concentration was determined by an enzyme-linked 
immunosorbent assay (ELISA) (Albuwell II; Exocell, Philadelphia, 
USA) according to manufacturer`s instructions.

Concentrations of amino acids in the supernatants were quantified 
by an high performance liquid chromatography (HPLC) method as 
previously reported [18].

Medium exchange was performed by refreshing 50 % of the drop 
volume. The metabolic rates in 3D spheroid cultures were determined 
using the following equation:

r =[(0.5 × cm  + 0.5 × cdx-1) – cdx ]× V  / Δt

Whereas
cm  = c (metabolite) in medium w/o cells 
cdx  = c (metabolite) in supernatant at day x
cdx-1 = c (metabolite) in supernatant at day x – 1
V = hanging drop volume

Live/dead-assay

Live/dead-assay was performed using fluoresceindiacetate/
propidiumiodide staining (FDA/PI). Cells were incubated with FDA/
PI staining solution (25 µM FDA / 40 µM PI in PBS) for 1 min. After 
PBS washing (2x), fluorescence was monitored using an Olympus IX70 
fluorescence microscope (ex 488 nm). 

CYP450 induction assay

For the induction of CYP1A, the HepG2 cells were incubated with 
5 µM 3-methylcholantren (3-MC) for 72 h. EROD assay, based on 
the conversion of 7-ethoxyresorufin to the fluorescent dye resorufin 
by CYP1A, was performed. For that, the cells were incubated with 
the substrate 7-ethoxyresorufin (10 µM in serum-free medium) for 
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3 h. Fluorescence at ex/em 544/590 nm was measured. Fluorescence 
intensities were corrected for background fluorescence (substrate 
solution without cells). Fold changes compared to uninduced control 
were calculated. 

Dose response curves

To assess dose-dependent toxic effects on the cells in the three 
different cultivation types, stock solution of tamoxifen was prepared in 
DMSO. Concentrations of 0.1 – 500 µM were tested in triplicates. For 
all experiments, the highest DMSO concentration did not exceed 2%. 
Cells were incubated with the respective drug concentrations in serum-
free medium for 24 h. After 24 h drug exposure, alamar blue assay was 
performed. For this, alamar blue assay solution (20 % v/v) was added 
to the cells and incubated for 4 h. Fluorescence was measured using 
a Fluoroskan Ascent CF fluorescence reader (Thermo Labsystems, 
Vantaa, Finland) at ex/em 544/590 nm. Three individual experiments 
were carried out for each cultivation system and mean values of 
viability related to the respective untreated control were calculated. 
Dose-response curves were obtained by plotting the logs of the tested 
concentrations against the viability as percentage of untreated control. 
EC50 values and standard deviations were determined using the 
Boltzmann function (Origin 8.1G).

MRP-2 transporter activity

A fluorescence based assay was used for the investigation of MRP-
2 transporter activity in organotypic cultures. Thereby, the membrane 
permeable and non-fluorescent substrate 5-chloromethylfluorescein 
diacetate (CMFDA) was used as substrate. CMFDA is converted by 
cellular esterases to a membrane-impermeable compound, which 
then reacts with cellular glutathione to glutathione-methylfluorescein 
(GSMF). GSMF is a substrate of the membrane transporter MRP-2 
and is excreted out of the cell into canaliculi where it accumulates. The 
organotypic cultures were incubated at day 3 after seeding with 5 µM 
CMFDA for 30 min. Thereafter, dye solution was aspirated and the 
cells were incubated with dye-free medium for 45 min. Fluorescence 
was monitored using an Olympus IX 70 fluorescence microscope 
(Muenster, Germany).

Statistical analysis

The fold induction in organotypic, monolayer and collagen 
sandwich cultures relative to respective uninduced controls were 
compared using student’s t-test (Matlab R2006a). The EC50 values 
in OTC, ML and CS cultures were compared using student’s t-test 
(Matlab R2006a). 

Results
Spheroid formation and growth

Spheroid formation and growth was investigated by seeding 
different cell numbers (250 – 8000). Morphology was evaluated 
over seven days as shown in figure 1. Structure reorganization was 
observed already at day 1 after seeding. Compact organotypic cultures 
were observed at day 2-3. The used cell numbers all formed compact 
spheroids of reproducible diameters. Moreover, cell proliferation was 
observed by increasing cluster sizes. In the group of 250 seeded cells 
at day 1, diameters of 500 µm were achieved at day 7.  In case of 8000 
initial seeded cells, the spheroid diameters were around 900 µm at day 
7. It was also apparent that the spheroids could freely move in the drop.

Organotypic cultures of 2000 seeded cells were further analyzed 

regarding time-dependent growth by measuring the diameters over 
10 days (Figure 2). After initial seeding, the diameter decreased due 
to cell reorganization and tissue-like formation. The spheroids were 
then growing linearly (R2=0.98) to a diameter of 630 ±11 µm at day 6. 
After that, the cluster size then decreased until day 10 to 592 ±21 µm. 
For further experiments, 2000 cells were chosen as initial cell number 
which gives sufficient signal in viability assay and can be cultivated with 
high viability for more than two weeks.

Maintenance of the spheroids in low-serum conditions

After structure reorganization, the HepG2 spheroids were 
maintained in very low serum medium (<1%). For viability, AST release 
from HepG2 spheroids was measured (Figure 3a). The highest AST 
activity (0.67 mU/d) was found after adjusting low serum conditions 
(day 3) and was constant until day 6 indicating highest cell death in this 
phase. Thereafter, AST release significantly decreased to stable values 

 

Figure 1: Formation of HepG2 spheroids. Different cell numbers (250 – 8000) 
were seeded and cluster formation was monitored over seven days as indi-
cated. Scale bars represent 200 µm.

Figure 2: Spheroid growth over time. 2000 cells were seeded (day 0) and the 
diameter was measured until day 10. Error bars represent ±SD (n=3).
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in the middle phase of cultivation. At day 18, the lowest AST activity 
(0.13 mU/d) was found in the spheroid supernatants.

The spheroids consumed glucose with highest rate at day 3 (120 
nmol/d). This rate decreased during low-serum maintenance to nearly 
constant values between day 4 and 18. Similarly, the highest lactate 
production (144 nmol/d) was measured at day 3 after adjusting serum-
free conditions which decreased further on to values between 39 and 
74 nmol/d. Lactate yield was highest between days 9–12, whereas at 
the beginning and at the end of the cultivation, lactate yields between 
1.2–1.7 were observed. 

Light microscopy revealed that the organotypic cultures still 
maintained their 3D structure at day 16 (Figure 3c). Though high 
cell death rate was observed by live/dead staining (Figure 3d), some 
outer parts of the spheroids showed high viability indicating high 
proliferation rates in these zones. 

Albumin production in HepG2 cells in the three cultivation systems 
was measured (Figure 4). It was observed that the organotypic cultures 
produced the highest amounts of albumin (normalized to the initial 
seeded cell number). The albumin production per seeded cell increased 
in both monolayer- and collagen sandwich cultures over 16 days 
indicating cell proliferation. The organotypic cultures produced the 
highest amount of albumin at day 3 (38 pg/d/seeded cell). Between day 

6 and day 16 in low-serum medium, the production rates were almost 
constant (8 – 13 pg/d/seeded cell). Comparing the three cultivation 
systems, the albumin production rates were 17 or 38 fold higher in the 
organotypic cultures than in monolayer- or collagen sandwich cultures 
at day 3. At day 16, fold changes the production rates per seeded cell 
were more similar (fold changes 1.4 for ML and 1.6 for CS). 

Amino acid metabolism in the HepG2 spheroids in low-serum 
medium was analyzed as shown in figure 5. At day 6, glutamine (3.7 
nmol/d), alanine (2.8 nmol/d), leucine (1.2 nmol/d) and arginine (1.1 
nmol/d) were consumed with highest rates. The spheroids produced 
high amounts of glutamate between day 6 and 18 (2.8 – 4.5 nmol/d). The 
consumption of serine increased after the first cultivation week as well 
as aspartate production decreased over time. For glycine and proline, 
we found low net production rates in the later phase. The branched-
chain amino acids leucine, isoleucine and valine were constantly taken 
up until day 18. Glutamine was consumed over the whole cultivation at 
very stable rates (3.6–4.3 nmol/d)

CYP450 induction

We analyzed the CYP1A induction capacity of HepG2 cells in 
monolayer, collagen-sandwich and organotypic cultures using the 
EROD assay. The organotypic cultures clearly showed the highest 
fold change (44.6) upon 3-MC induction compared to the uninduced 

 Figure 3: Low-serum, long-term cultivation of HepG2 cells in organotypic cultures a) AST activity b) glucose consumption and lactate production rates c) 
morphology of organotypic culture at day 18 d) viability of organotypic culture at day 18, assessed by Live-Dead staining. Error bars in a) and b) indicate 
±SD (n=3, supernatants of 6 spheroids were pooled). Day 1 = 1st day in low-serum medium. Scale bars represent 200 µm.
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control (Figure 6). The induction capacity was significantly higher 
compared to the other two cultivation systems (p < 0.01). Monolayer- 
and collagen-sandwich-cultures showed similar induction capacities 
(fold changes 10.6 and 10.5, respectively).

Toxicity of tamoxifen 

The toxicity of tamoxifen was assessed in monolayer-, collagen 
sandwich- and organotypic cultures. Dose-dependent effects of the 
drug were observed for all three cell culture systems (Figure 7 a-c). 
The EC50 value (Figure 7 d) for monolayer cultures (13.9 µM) was 
significantly lower as compared to collagen-sandwich culture (19.1 
µM). The organotypic cultures showed the highest EC50 value (56.8 µM) 
of the three models. The effects of tamoxifen on the HepG2 spheroids 
were further visualized by live-dead-staining. Untreated control, 50 
µM (in the range of EC50) and 100 µM as positive control were tested 
(incubation time 24 h) as depicted in figure 7. The untreated spheroids 
(Figure 8 a, d) were highly compact and showed only a low number 
of dead cells around the cluster. After exposure to 50 µM tamoxifen, 
a higher amount of dead cells were observed in the drop (Figure 8 b) 
as well as on the cluster surface (Figure 8 e). Cell debris as shown by 
light microscopy in figure 8b was washed away during the staining 
procedure. The treatment with 100 µM tamoxifen degraded the 
spheroid structure and its compactness and induced cell death; both at 
the surface and within the organotypic culture (Figure 8c and f).

Investigation of MRP-2 activity

The MRP-2 transporter activity was investigated using CMFDA-
based assay. Monolayer cultures of HepG2 show strong intracellular 
fluorescence (Figure 9a) and almost no transport of the dye into 
canaliculi. Likewise high accumulation of the fluorescent (Figure 9b) 
dye within the cells was found for the collagen sandwich cultures. In 
contrast, the organotypic cultures show MRP-2 transporter activity 
all around the 3D structure. The fluorescent MRP-2 substrate was 
transported out of the cell. Accumulation within the canaliculi between 
cells was clearly observed whereas no intracellular fluorescence was 
detected (Figure 9d).

Discussion
In this study, 3D organotypic cultivation of HepG2 cells was 

performed in a scaffold-free system using hanging drop method. The 
method was already applied for the formation of organotypic cultures 
of different cell types and cell lines [34-37]. Tissue reorganization is 
facilitated by gravity and as shown in our study, organotypic cultures 
(OTC) of a wide range of initial cells numbers (250 – 8000) can be 
produced. Scaffold-free cellular reorganization was observed already 
at day 1 after seeding and was completed at day 3. The scaffold-free 
system enables the microtissue formation without any force besides 
gravity and without xenogenic or synthetic materials. Therefore, 
biodegradability is not an issue and the produced organotypic cultures 
can be used as alternative to scaffold-based microtissue building blocks.

Importantly, the sizes of microtissues are reproducible (< ±10 % 
of mean) and are exactly adjustable for each experiment.  In case of 
toxicity studies, lower cell numbers e.g. 250 – 500 could be used for 
long-term, chronic experiments (> 3 weeks) in case of proliferating 
cells and higher numbers (2000 – 8000) could be applied in short-term 
toxicity studies for which a certain cell number is needed to perform 
endpoint assays. The low cell numbers required for these organotypic 
spheroids can moreover enhance throughput by allowing parallel 
studies in multiwell plates. This is especially advantageous in case of 

 

Figure 4: Albumin production rates in monolayer (ML), collagen sandwich 
(CS) and organotypic (OTC) cultures, expressed in pg/d/seeded cell. Error 
bars indicate standard deviation (n=2, for OTC supernatants of 6 spheroids 
were pooled).

 
Figure 5: Amino acid metabolism in 3D spheroids during low-serum long 
term cultivation at day 6, 12 and 18 respectively. Positive vales indicate net 
uptake. Day 1 = 1st day in serum-free conditions. Error bars indicate ±SD 
(n=3, supernatants of 6 spheroids were pooled).

 

Figure 6: CYP1A induction assessed by EROD assay. Induction fold change 
(relative to uninduced control) after 72 h induction with 3-MC is shown for 
HepG2 cells cultivated in monolayer (ML), collagen-sandwich (CS) or or-
ganotypic cultures (OTC). Error bars indicate ±SD (n=3). ** Significance at 
p < 0.01.
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Figure 7: Dose response curves for HepG2 cells cultivated in a) monolayer (ML) b) collagen-sandwich (CS) and c) organotypic cultures (OTC) d) EC50 values 
of tamoxifen (24 h exposure). EC50 values were calculated using Boltzmann function. Viability was assessed by alamar blue assay and calculated relative to the 
respective untreated controls. Error bars indicate ±SD (N=3, n=3), ** significance at p < 0.01, *** significance at p < 0.001.

 
Figure 8: Morphology and viability of HepG2 organotypic cultures after 24h exposure to tamoxifen. Morphology: a) untreated control b) 50 µM tamoxifen c) 100 µM 
tamoxifen; Live/dead staining (FDA/PI) in d) untreated control e) 50 µM tamoxifen f) 100 µM tamoxifen. Scale bars represent 200 µm.
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primary human cells which are limited by availability and other costly 
cell types. In case of hepatotoxicity, adequate replicates from same 
donor can be included. The change of culture medium is possible and 
therefore, different conditions are adjustable in the system e.g. the 
reduction of serum, the exposure to drugs, induction and other activity 
studies as shown in our study. Supernatant collection moreover allows 
studies such as metabolite profiling or protein analysis. Therefore, a 
detailed analysis of single spheroids is possible. If needed, high numbers 
of spheroids can rapidly be generated, harvested and used for further 
analysis. We maintained the HepG2 spheroids in low-serum medium 

since reduction of serum is desirable due to its chemically undefined 
composition, batch to batch variations and possible interactions of 
serum components with drug or inducers. The spheroids could be kept 
viable for more than two weeks at very low serum (<1%) conditions. 
In the late cultivation phase, proliferation zones within the spheroids 
were detected. This was also confirmed by glucose uptake and lactate 
production rates, which increased at the end of the cultivation (day 
16) probably due to cell proliferation. The activity of AST as marker of 
cell death was highest directly after adjusting to low-serum medium. 
This might be due to high cellular stress in this phase because of several 

 
Figure 9: CMFDA-based fluorescence assay for MRP-2 transporter activity a) HepG2 monolayer culture (CY2 filter, fluorescence microscopy) b) HepG2 sandwich 
culture (CY2 filter, fluorescence microscopy) c) HepG2 organotypic culture (light microscopy) d) HepG2 organotypic culture (CY2 filter, fluorescence microscopy).
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medium change steps. Between day 3 -6, AST release was at constant 
high level indicating constant number of dying cells during this time. 
However, growing size indicated proliferation of the cells at the same 
time which seemed to stop after day 6 and onwards. Thus, AST activity 
was at a low stable level between day 6 and 16. Albumin production rates 
in the organotypic cultures were highest (38 pg/d/seeded cell) at day 3 
in low-serum medium (representing day 6 after seeding), as seen before 
for glucose and lactate uptake/production rates. This rate is quite close 
to in vivo values of 48-72 pg/d/hepatocyte [38]. Albumin production 
in OTC was almost stable between days 6 and 16 and higher than in 
monolayer (ML) and collagen sandwich (CS) cultures for each time 
point. As observed by diameter measurements, the spheroids (2000 
seeded cells) stopped increasing in size upon achieving diameters of 
about 625 µm. This is probably due to contact inhibition which usually 
does not occur in conventional 2D cultures [39]. It was reported that 
three-dimensionally grown HepG2 cultures show higher cell cycle 
arrest and therefore lower proliferation than monolayer cultures [20]. 
This may explain stable albumin production between day 6 and 16 by 
OTC since HepG2 cells seems to have stopped proliferating. Whereas 
in case of ML and CS the cells are continuously proliferating and 
therefore the albumin production per seeded cell number is higher.

Nevertheless, the increased serum protein production show 
enhanced liver-specific function of the organotypic cultures. The 
analysis of amino acid metabolism reveals that the spheroids 
consumed most of the proteinogenic amino acids over the whole 
low-serum cultivation of 3 weeks. The highest rates were found for 
glutamine, acting as the main energy source for the spheroids besides 
glucose.  Moreover, mammalian cells use glutamine nitrogen to build 
nucleotides, amino acids and vitamins. On the other side, the spheroids 
steadily produced glutamate which plays an important role in the 
degradation and transamination of various amino acids. BCAAs were 
constantly consumed over time as additional energy source. Theses 
amino acids can be converted to acetyl-CoA or succinyl-CoA, which 
subsequently enter the TCA cycle. BCAAs moreover induce albumin 
production in hepatocytes through the mTOR signal pathway [40]. 
Overall, the consumption and production rates for most of the amino 
acids were quite constant indicating stable metabolism and viability of 
the spheroids which is a prerequisite for chronic toxicity assessment. 
Therefore, these organotypic cultures are well-suited for investigations 
of long-term drug effects. Moreover, assessing the metabolic profile of 
the organotypic cultures would help define substrates for 13C metabolic 
flux analysis (MFA). This can further give deep insights into the cellular 
metabolism of the organotypic cultures and contribute to the analysis 
of drug-induced metabolic effects. The use of MFA in physiological 
characterization has been recently reviewed [41-43]. Additionally, 
analyzing the influence of the initial cell number (250–8000) on 
cellular metabolism would be of high interest for future studies, 
since differences in nutrient supply, diffusion through the spheroid, 
oxygen concentration or pH could affect the metabolic rates in  the 
organotypic cultures. Further studies in these directions are underway 
in our laboratory.

The assessment and prediction of CYP450 enzyme induction by 
xenobiotics is one of the main tasks in early drug development [44]. 
We tested the CYP1A induction capacity, as the predominant CYP450 
isoform in HepG2 cells [30], and compared organotypic cultures to 
monolayer and collagen sandwich cultures. Enzyme induction was 
highest in the OTC and induction in ML and CS culture was similar 
at lower level. CYP1A enzymes catalyze the oxygenation of polycyclic 
aromatic hydrocarbons (PAHs) and heterocyclic aromatic amines /
amides (HAAs) which can result in the formation of carcinogens [45]. 

Therefore, CYP1A induction is still of main interest in cancer research 
but also in drug development [46]. The induction of CYP1A by a certain 
substrate can result in an enhanced metabolism of another substance. 
In drug development, the assessment of such drug-drug interactions is 
important, emphasizing the need of in vitro cell culture systems with 
functional CYP inducibility. The HepG2 organotypic cultures respond 
better to the CYP1A inducer 3-MC than conventional cultures and are 
therefore applicable as in vitro model for testing CYP1A induction by 
drug candidates.

The short-term toxicity (24 h exposure) of tamoxifen was tested 
in the three culture systems. It was reported that tamoxifen causes 
cytotoxicity in tumor cell lines [33] and human hepatocytes [47]. For 
HepG2 cells, it was shown that tamoxifen down regulates the expression 
of survivin gene thereby inhibits proliferation [48]. Concentration-
dependent toxic effects were assessed in our study for HepG2 cells 
in each of the three cultivation systems. The EC50 value assessed for 
conventional monolayer culture was similar to a recently reported 
value [49]. For the HepG2 cells cultivated in collagen-sandwich culture, 
we assessed a higher EC50 value showing indicating an influence of the 
extracellular matrix. However, the HepG2 spheroids clearly showed 
the highest EC50 value compared with the other two culture systems. 
This means that the cells in the organotypic cultures are less sensitive 
to the anti-cancer drug tamoxifen. Tamoxifen and its metabolites are 
substrates of ATP-binding cassette (ABC) superfamily members such 
as MDR-1 or MRP-2 [50]. It has been reported that HepG2 spheroids 
show higher MDR-1 activity compared to monolayer cultures [29]. In 
our study, we show that MRP-2 activity is also significantly higher in 
the organotypic cultures compared to conventional cultures of HepG2. 
This could probably lead to an increased efflux of tamoxifen. Moreover, 
tamoxifen itself induces the expression of MDR-1 and MRP-2 [51,52] 
which furthermore contribute to the lower sensitivity of the spheroids 
to this drug. 

The monitoring of morphology and viability showed that mainly the 
cells on the spheroid surface were affected by exposure to a tamoxifen 
concentration in the range of the EC50 value (50 µM). This is probably 
due to the first contact of the drug to the outer cells. However, by 
exposure to a higher drug concentration (100 µM), it was clearly shown 
that also the inner parts of the organotypic cultures were impaired 
indicating complete diffusion of the drug through the spheroids. The 
transport of extracellular factors, signal molecules, or drugs through 
the liver spheroids as well as the formation of gap junctions or bile 
canaliculi is being further investigated in detail in our lab.  

We show that spheroids of different sizes could be produced 
and maintained viable for more than two weeks in low serum (<1%) 
conditions. The 3D tissue like structure enhanced liver-specific 
functions such as CYP450 enzyme induction. The assessment of 
tamoxifen toxicity clearly revealed higher EC50 values for the 3D 
cultures indicating that the spheroids are less sensitive to this anti-
cancer drug. Moreover, we could show the formation of bile canaliculi 
in the organotypic cultures as well as the increased expression of MRP-
2 membrane transporter compared to conventional cultures.

Conclusion
We report the engineering of HepG2 organotypic cultures 

with adjustable sizes. The cells reorganize spontaneously and built 
organotypic cultures (OTC) in the hanging drop without any physical 
force except gravity. They were characterized including growth, long-
term maintenance in low-serum medium, cellular metabolism and 
CYP450 induction. The toxic potential of tamoxifen was assessed 
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and the results were compared to monolayer and collagen-sandwich 
cultures. We show that the spheroid cultivation system could be 
applied to long-term studies.  The system has several advantages since 
both supernatant as well as spheroid sampling is possible, culture 
conditions can be changed easily, reproducible spheroid sizes are 
achieved and it is well-suited for high throughput experiments. The 
micro-tissues achieved represent a more in vivo like situation and can 
be used as in vitro model using cell lines to screen anti-cancer drugs 
and to study tumor-specific mechanisms, e.g. chemotherapy resistance. 
Primary human cells can also be used for long term studies specially in 
preclinical drug development.
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