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ZUSAMMENFASSUNG DER PUBLIKATIONSPROMOTION 

ABSTRACT (deutsch) 

Akutes Leberversagen führt zu einem lebensbedrohlichen klinischen Zustand; therapeutische 

Möglichkeiten sind derzeit limitiert auf unterstützende Verfahren und die Lebertransplantation als 

Ultima Ratio. Die Verwendung von aus humanen induzierten pluripotenten Stammzellen (hiPSCs) 

gebildeten Hepatozyten, sog. hepatocyte-like cells (HLCs), stellt eine vielversprechende 

therapeutische Alternative dar, für die jedoch ausreichende Zellmengen in hoher Qualität und 

Reinheit benötigt werden. 

Ziel des ersten Teils dieser Arbeit war es, die Expansion von hiPSCs in perfusionsbasierten 3D-

Hohlfaser-Bioreaktoren in Kombination mit einem nicht-invasiven Online-Monitoring-Verfahren 

von Sauerstoff zur Kulturüberwachung zu untersuchen. Die erste Studie beschäftigt sich mit dem 

Einfluss der initialen Zelldichte auf das quantitative sowie qualitative Expansionsergebnis. Die 

Analyse der Expansionsraten, ermittelt durch Zellzählung und den CellTiter-Blueâ Assay, ergab 

eine mehr als 100-fache Expansion in Bioreaktoren mit einer geringeren initialen Zelldichte (2,9 - 

3,3 x 106 Zellen/mL). Bioreaktoren, die mit einer höheren Zellzahl befüllt wurden (16,6 x 106 

Zellen/mL), zeigten hingegen nur eine 28-fache Expansion. Außerdem wurde anhand von 

Genexpressionsanalysen und immunhistologischen Untersuchungen in diesen Bioreaktoren auch 

eine höhere Rate einer spontanen, ungezielten Differenzierung festgestellt. Aus den Ergebnissen 

lässt sich schließen, dass eine eher geringe Zelldichte im Bereich von 3 x 106 Zellen/mL sowohl 

quantitativ als auch qualitativ zu besseren Expansionsergebnissen als eine höhere Zelldichte führt.  

In der zweiten Studie wurde die Verwendung einer kontinuierlichen Sauerstoffmessung zur 

engmaschigen Überwachung des Expansionsprozesses untersucht. Die errechneten 

Sauerstoffaufnahmeraten (OURs), Glukoseverbrauchsraten (GCRs) und Laktatproduktionsraten 

(LPRs) zeigten eine hoch signifikante Korrelation (p < 0.0001) und wiesen somit darauf hin, dass 

Sauerstoff in gleichem Maße wie Glukose zum Monitoring der hiPSC-Expansion in dem 

untersuchten Bioreaktorsystem geeignet ist, jedoch mit dem zusätzlichen Vorteil, die 

Kulturentwicklung in Echtzeit darzustellen.  

Mit diesen beiden Studien wurden erfolgreich die Bedingungen für eine optimierte Expansion von 

hiPSCs in 3D-Bioreaktoren unter kontinuierlicher Online-Sauerstoffüberwachung etabliert.  

Inhalt des zweiten Teils dieser Arbeit waren grundlegende Untersuchungen zu einer Verbesserung 

der leberspezifischen Funktionen von HLCs durch Kokultur mit human umbilical vein endothelial 

cells (HUVECs). Ziel war es, eine Mediumzusammensetzung zu ermitteln, die sowohl die 

hepatische Differenzierung der hiPSCs, als auch den Erhalt der kokultivierten HUVECs 

unterstützt. Die Ergebnisse zeigten, dass sowohl eine Mischung aus hepatocyte culture medium 
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(HCM) und endothelial growth medium (EGM) in einem 1:1-Verhältnis, als auch eine Mischung 

aus HCM und EGM-Zusätzen (ohne das EGM Basalmedium) für die HUVEC-Kultur geeignet 

sind. Damit wurden erfolgreich geeignete Mediumzusammensetzungen für nachfolgende 

Experimente zur Kokultur von hiPSCs mit HUVECs identifiziert. 

 

ABSTRACT (englisch) 

Acute liver failure (ALF) is a life-threatening condition, which to date can only be treated by 

supportive care or liver transplantation. The use of hiPSC-derived hepatocyte-like cells (HLCs) 

offers a promising therapeutic alternative which, however, requires sufficient hiPSC quantities at 

high cell quality and purity.  

Therefore, the aim of the first part of this thesis was to investigate the expansion of hiPSCs in 

perfusion-based, 3D hollow-fiber bioreactors combined with non-invasive online monitoring of 

oxygen for culture surveillance. 

The first study examines the effect of the initial cell density on the quantitative and qualitative 

expansion outcome. Analysis of the expansion rates, which were determined by cell counting and 

performing the CellTiter-Blueâ Assay, revealed a more than 100-fold expansion at low initial cell 

densities (2,9 - 3,3 x 106 cells/mL) compared to a 28-fold expansion at higher initial cell densities 

(16,6 x 106 cells/mL). Furthermore, a higher rate of spontaneous cell differentiation occurred in 

bioreactors inoculated with higher cell densities. To conclude, lower initial cell densities in the 

range of 3 x 106 cells/mL lead to better quantitative and qualitative expansion results compared to 

higher initial cell densities. 

In the second study, the use of continuous measurement of oxygen for online culture control was 

evaluated. Calculated oxygen uptake rates (OURs), glucose consumption rates (GCRs) and lactate 

production rates (LPRs) revealed a highly significant correlation (p < 0.0001), indicating that 

oxygen is equivalent to glucose as parameter for hiPSC expansion while providing an accurate 

real-time monitoring of the hiPSC culture development.  

As a result of both studies, the conditions for an optimized expansion of hiPSCs in 3D bioreactors 

under continuous online surveillance of oxygen were successfully established. 

Subject of the second part of this thesis were basic studies on the co-cultivation of hiPSCs with 

human umbilical vein endothelial cells (HUVECs) for an improvement of the hepatic 

differentiation of hiPSCs. The study was aimed at determining a medium composition supporting 

both, the hepatic differentiation of hiPSCs as well as the maintenance of co-cultured HUVECs. 

The results revealed that a mixture of hepatocyte culture medium (HCM) and endothelial growth 

medium (EGM) at a 1:1 ratio, as well as a mixture of HCM and EGM supplements (without the 



 4 

base medium) supported the maintenance of HUVEC cultures. Thus, suitable medium 

compositions for following experiments on co-cultures of hiPSCs and HUVECs were successfully 

identified.  

 

INTRODUCTION 

Scientific background 

The liver is the central organ responsible for detoxification, synthesis of proteins (such as albumin) 

and metabolism of small molecules. Liver failure constitutes a life-threatening condition.1 Acute 

liver failure (ALF) in particular has a very variable clinical progression, and the mortality rate is 

high. In the United States, deaths upon ALF without transplantation occur in 30% of adults.2 To 

date, treatment options for patients with ALF (or acute-on-chronic liver failure) are limited to 

supportive care, or liver transplantation.3 To overcome this limitation, several bioartificial liver 

support devices have been developed.4 Sauer and colleagues, for example, successfully treated a 

26-year old patient suffering from primary graft non-function of a liver transplant using an 

extracorporeal liver support technology charged with primary human liver cells.5 However, the 

availability of primary human liver cells is limited. A major approach to address this challenge is 

the use of human induced pluripotent stem cells (hiPSCs). In contrast to human embryonic stem 

cells, which are subject to ethical concerns with regards to their retrieval and clinical use, hiPSCs 

can be generated from adult tissue cells by introducing specific genes encoding transcription 

factors.6 Generated hiPSCs can then be used as a cell source for subsequent differentiation into the 

desired cell type, such as hiPSC-derived hepatocyte-like cells (HLCs). However, for supplying 

clinical therapies with hiPSC derivates, large quantities are needed. As 3D bioreactors enable 

large-scale cultures of hiPSCs in a closed system, their use is better suitable for achieving high 

cell numbers as compared to conventional 2D cultures, which lack in scalability and production 

yields.7,8 To date, typically achieved cell numbers lay between 2.00 and 2.85 x 108 hiPS cells upon 

expansion in bioreactors, with expansion rates ranging from the four to sevenfold.9,10 Despite these 

promising results, at least 5 x 109 to 1010 hepatic cells would be necessary for treatment of hepatic 

failure with an extracorporeal liver device.7,11 In order to further optimize the expansion process 

in 3D systems, it is important to consider those factors that potentially influence hiPSC expansion 

and differentiation in 3D culture systems, such as the cell inoculum density.8,12 

Besides large cell quantities, expanded hiPSCs need to be of high purity, with cells preserving 

their pluripotency characteristics, as well as their expansion and differentiation potential for 

subsequent differentiation and clinical use.13 The continuous control of the expansion is of great 

importance in order to instantly detect stagnation in culture growth or early changes in cell fate, 
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and as a consequence being able to intervene promptly. In the biotechnological industries, 

measurement of oxygen is commonly used for bioprocess control.14 In recent studies, it has been 

shown that the measurement of oxygen can also be utilized for monitoring growth in mammalian 

3D tissue cultures.15,16 However, studies using oxygen measurements for surveillance of stem cell 

cultures, especially hiPSC cultures, are limited.9-10,17 

A further challenge that has to be addressed in hiPSC-based liver support systems is a sufficient 

differentiation grade of the cells in such systems. Thus, hiPSC-derived HLCs resulting from 

subsequent directed hepatic differentiation need to be of high maturity and must provide high 

functionality for effectively treating patients with ALF. Currently, research groups have 

successfully produced hiPSC-derived HLCs with up to 85% of differentiated cells expressing 

several hepatic markers.18 Despite these promising results, the cell functionality as determined by 

their urea and albumin production, is in a range of only 10% of the functionality of primary human 

hepatocytes.19 Furthermore, cytochrome P450 (CYP) isoenzyme activities of resulting HLCs are 

nearly 30-fold lower compared to those of primary human hepatocytes.19 However, it has been 

shown that the co-culture with non-parenchymal cells improves the hepatic functionality of HLCs 

derived by hiPSCs.20 For utilizing such co-cultures, a medium composition needs to be determined 

that supports the growth resp. maintenance of both cell types.   

 

Aim of the thesis 

The aim of the first part of this thesis was to explore the expansion of hiPSCs in 3D hollow-fiber 

bioreactors in view of future clinical applications. Two main aspects were investigated:  

In the first study, the effect of the inoculum density on the expansion procedure and expansion 

outcome was analyzed (Greuel, et al., 2019a). The second study examined the feasibility of 

continuous oxygen monitoring for 3D culture control during the hiPSC expansion process (Greuel 

et al., 2019b). Based on the results, suitable conditions for an optimized expansion of hiPSCs in 

3D bioreactors under continuous online surveillance of oxygen were determined. 

The aim of the second part of this thesis was to investigate different media variations with respect 

to supporting the maintenance of human umbilical vein endothelial cells (HUVECs), while 

enabling growth and hepatic differentiation of co-cultured hiPSCs (Freyer et al., 2017). As a result, 

promising medium compositions for use in co-culture models for improved differentiation of 

hiPSC-derived HLCs were identified. 
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MATERIALS AND METHODS 

2D culture and pre-expansion of undifferentiated hiPSCs 

Before bioreactor inoculation, the hiPSC line DF6-9-9T21 (WiCell Research Institute, Madison, 

WI, USA) was grown under feeder-free conditions on six-well culture plates or T175 culture flasks 

(both BD Falcon, San José, CA) coated with 8.68 µg/cm2 Matrigel (growth factor reduced, 

Corning, NY, USA) and passaged after reaching a confluency of approx. 70% using EDTA 

(Versene, 0.48mM, Gibco® by Thermo Fisher Scientific, Waltham, MA, USA). The culture 

medium mTeSRTM1 (Stemcell Technologies, Vancouver, BC, Canada) was used, supplemented 

with 10.000 units/mL penicillin and 10 mg/mL streptomycin (Pen Strep, Gibco® by Life 

Technologies/ Thermo Fisher Scientific). 

 

Expansion of undifferentiated hiPSCs in 3D bioreactors 

The 3D hollow-fiber bioreactor, with a cell compartment volume of either 3 or 17 mL, is 

characterized by a capillary structure, which mimics the in vivo mass transport of nutrients and 

oxygen for an optimized nutrient supply, enabling high density cell cultures in the extracapillary 

space.22 The bioreactors were integrated into a perfusion device with electronic temperature 

control, pumps for medium feed and medium recirculation, and a gas mixing unit for air resp. CO2 

supply.  
 

Following pre-expansion, a number of either 10 x 106 (resulting in a cell density of 3,3 x 106 

cells/mL in 3 mL bioreactors) or 50 x 106 hiPSCs (resulting in a cell density of 16,6 x 106 cells/mL 

in 3 mL bioreactors or a cell density of 2,9 x 106 cells/mL in the 17 mL bioreactor) were inoculated 

into precoated bioreactors (8.68 µg/cm2 Matrigel, Corning). The medium recirculation rate was 

set to 10 mL/min (3 mL bioreactors) resp. 20 mL/min (17 mL bioreactor), whereas the medium 

feed was initially set to 1 mL/h (3 mL bioreactors) resp. 2 mL/h (17 mL bioreactor). Feed rates 

were adapted daily, depending on glucose consumption rates, and reached up to 12 mL/h (3 mL 

bioreactors) or 40 mL/h (17 mL bioreactor). The gas perfusion rate was maintained at 20 mL/min 

(3 mL bioreactors) resp. 40 mL/min (17 mL bioreactor) throughout the culture period; CO2 was 

added at a percentage of up to 5% for pH regulation. Bioreactor cultures were maintained over a 

time period of 15 days and compared to 2D cultures and embryoid bodies with respect to the 

expression of pluripotency and differentiation markers.  

 

Embryoid bodies were built by placing 2 x 106 hiPSCs into an AggreWell 800 plate (Stemcell 

Technologies); the following day, formed embryoid bodies were cultured in E6-medium23 for 15 
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days on non-treated 12-well culture plates (Costar®, Corning®, NY, USA) for expression analysis 

or Lumox plates (Sarstedt, Nümbrecht, Germany) for immunohistochemical staining. 

 

Continuous measurement of oxygen 

A chemical optical oxygen sensor, built for performing oxygen measurements in fluids (O2 Flow-

Through Cell FTC-PSt3-S, PreSens, Regensburg, Germany), was incorporated into the perfusion 

circuit behind the medium outflow of the bioreactor. Thereby, the sensor did not interfere with the 

cultured cells. Oxygen values were automatically measured at 10-minute-intervals during the 15-

day bioreactor culture period and controlled by a custom-built software, provided by StemCell 

Systems GmbH, Berlin, Germany. 

 

Calculation of the oxygen uptake rate (OUR)  

Mean OUR values of the bioreactors (µmol/h) were calculated as described previously24 for time 

intervals of 24 hours. For OUR calculation, equation (1) was used, where the term 𝑘"𝑎 x (C* - C) 

represents the volumetric oxygen transfer rate (OTR) from the gas capillaries to the bioreactor 

(µmol/L/h); 𝑘"𝑎 is the volumetric oxygen transfer coefficient (h-1), C* (µmol/L) the saturation 

constant for dissolved oxygen concentration in the liquid medium, and C (µmol/L) the dissolved 

oxygen concentration in the medium at time point t during the culture period of 15 days. The 

oxygen uptake rate (OUR) is expressed by the term 𝑞%& × 𝑁. The term dC/dt (µmol/L/h) refers to 

the accumulation of oxygen in the liquid phase over a defined period dt. The 𝑘"𝑎 was determined 

as described elsewhere (Greuel et al., 2019b). 

 

𝑂𝑇𝑅 × 𝑉 − 𝑞%& × 𝑁 = 𝑘"𝑎	 × (𝐶∗ − 	𝐶) −	𝑞%& × 𝑁 = 456
57
8 × 𝑉      (1) 

 

Calculation of the specific oxygen uptake rate (sOUR) 

Two hours after cell inoculation as well as on the final day of the experiment (day 15), the 

continuous supply of gas as well as nutrients was paused for 1 hour. During that time period, 

oxygen measurements were performed every 2 minutes instead of every 10 minutes in order to 

accurately detect the decline in oxygen concentration. For evaluation of the oxygen consumption 

during that time period, the measured value after 1 hour was subtracted from the initial value 

before pausing fresh medium and gas supply.  

In order to obtain specific oxygen uptake rates, equation (2) was used, were the term 

𝑘"𝑎	 ×	(𝐶∗ − 	𝐶) 	−	(
56
57
) refers to the oxygen uptake during the 60 minutes, and N refers to the 
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cell numbers obtained by cell counting (day 0) or the CellTiter-Blue® Cell Viability Assay 

(day 15).  

𝑠𝑂𝑈𝑅 = 	
;<=	×	(6∗>	6)	>	(

?@
?A)

B
            (2) 

 

Analysis of biochemical parameters 

The metabolic activity of cultured cells was analyzed by daily measurements of glucose and lactate 

concentrations in samples from the recirculating medium with a blood gas analyzer (ABL 700, 

Radiometer, Copenhagen, Denmark). Glucose consumption rates (GCRs) and lactate production 

rates (LPRs) were calculated based on daily collected raw data of glucose and lactate, as previously 

described.25 The yield coefficient of lactate from glucose was calculated by dividing lactate 

production rates by glucose consumption rates. 

Further clinical parameters were analyzed by Labor Berlin GmbH, using clinical chemistry 

analyzers. Potential cell damage was assessed by measuring the lactate dehydrogenase (LDH) 

release, and beginning differentiation was detected by measuring alpha-fetoprotein (AFP) levels 

in the culture perfusate. AFP levels were analyzed every five days, or more frequently when 

concentrations were above the detection limit. 

 

CellTiter-Blueâ Cell Viability Assay 

The CellTiter-Blue® Cell Viability Assay (CTB, Promega GmbH, Mannheim, Germany) was 

performed at the end of the experiment for indirect cell quantification according to the 

manufacturer’s instructions. A concentration of 2.5% CTB was applied to the bioreactor 

recirculation. Samples were taken every 15 minutes, and after 60 minutes a stop solution consisting 

of 3% sodium dodecyl sulfate (SDS, Carl Roth GmbH + Co. KG, Karlsruhe, Germany) and 97% 

dimethyl sulfoxide (DMSO, Sigma-Aldrich/Merck, Darmstadt, Germany) was added to the 

samples for inhibition of an ongoing conversion of resazurin to resorufin. Fluorescence 

measurements were performed at 560 nm (excitation) and 590 nm (emission) using the Infinite 

M200 Pro plate reader (Tecan Group Ltd., Männedorf, Switzerland). Indirect cell quantification 

was undertaken based on a calibration curve, which was built by correlating a defined number of 

cells with obtained CTB gradients. 

 

Simulation of hiPSC growth in a perfusion-based bioreactor model  

A compartmentalized model for the 3D hollow-fiber bioreactor was built by Prof. Carl-Fredrik 

Mandenius (Linköping University, Sweden) in MATLAB (MathWorks, Massachusetts, USA) 

using the toolbox SIMUPLOT (KTH, Stockholm, Sweden). Established mass balances and kinetic 
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equations frequently used in bioreactor engineering were applied; experimental data obtained from 

the bioreactor runs were used to fit the values of these parameters.  

 

Gene expression analysis of pluripotency and differentiation resp. stage-specific markers  

The RNA isolation and subsequent cDNA synthesis were performed as previously described26 

using the PureLinkTM RNA Mini Kit (Life Technologies) and the High Capacity cDNA Reverse 

Transcription Kit (Applied Biosystems, Foster City, CA). The produced cDNA was prepared for 

quantitative real-time polymerase chain reaction (qRT-PCR; Mastersycler ep Realplex 2; 

Eppendorf, Wesseling-Berzdorf, Germany) according to the manufacturer’s instructions using the 

polymerase chain reaction (PCR) Master mix (Applied Biosystems; Foster City, CA, USA). The 

following human specific primers and probes (Taqman Gene Expression Assays; Life 

Technologies/ Thermo Fisher Scientific) were used in hiPSC cultures: Alpha Fetoprotein (AFP), 

C-X-C Motif Chemokine Receptor 4 (CXCR4), GATA Binding Protein 2 (GATA2), Nanog 

Homeobox (Nanog), Neurofilament Light (NEFL), Paired Box 6 (PAX6), POU Class 5 

Homeobox 1 (POU5F1), SRY-Box 17 (SOX17) and T-Box Transcription Factor T (T). For 

HUVEC cultures, the following two primers and probes were used: platelet and endothelial cell 

adhesion molecule 1 (PECAM1) and von Willebrand factor (VWF).  Expression values of 

measured genes were normalized to expression values of the house-keeping gene glyceraldehyde-

3-phosphate dehydrogenase (GAPDH) and fold changes of expression levels were calculated using 

the ΔΔCT method.27 

 

Immunofluorescence studies 

Upon termination of bioreactor cultures, sections of the capillary bed containing cell material were 

removed and prepared for immunofluorescence staining by fixating the samples with 4% 

formaldehyde (Herbeta Arzneimittel, Berlin, Germany), followed by dehydration, paraffinization 

and cutting into 2.5 to 5 µm thick slides. Afterwards, slides were deparaffinized and rehydrated; 

antigen-retrieval was performed by boiling the samples in citrate buffer (pH of 6.0), followed by 

antibody staining as previously described.25 Samples were incubated with primary antibodies 

specific for the following antigens: Alpha-fetoprotein (AFP), Marker Of Proliferation (MKI67), 

Nestin (NES), POU Class 5 Homebox 1 (POU5F1), Vimentin (VIM) and Αlpha Smooth Muscle 

Actin (α-SMA). For HUVEC cultures, antibodies against the platelet and endothelial cell adhesion 

molecule 1 (PECAM1) and von Willebrand factor (VWF) were employed.  Nuclei were counter-

stained with Dapi. As secondary antibodies, Alexa Fluor 488 anti-mouse and Alexa Fluor 594 anti-

rabbit (Life Technologies) were applied. 
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Culture medium testing in HUVEC cultures 

Cryopreserved HUVECs (PromoCell GmbH, Heidelberg, Germany) were cultivated on cell 

culture dishes (Thermo Fisher Scientific), using endothelial cell growth medium (EGM, 

PromoCell GmbH), consisting of basal medium and EGM supplements, as well as gentamycin 

added at a concentration of 0.05 mg/mL (Merck, Darmstadt, Germany). The cells were passaged 

according to the manufacturer’s instructions when they reached a confluence of approx. 95%.  

For testing of different culture media, HUVECs were seeded at a density of 4 × 103 cells/cm2 and 

cultured over 14 days using either 100% endothelial growth medium (EGM, positive control), 

100% hepatocyte culture medium (HCM), HCM and EGM at a ratio of 1:1 (HCM + EGM) or 

HCM enriched with endothelial cell growth supplements (HCM + EGM supplements). The media 

compositions were compared with regards to microscopic cell evaluation, glucose consumption 

and lactate production as well as gene expression and immunocytochemical staining of the 

endothelial markers platelet and endothelial cell adhesion molecule 1 (PECAM1) and von 

Willebrand factor (VWF). 

 

Statistical evaluation 

Statistical analysis was performed using GraphPad Prism 7.0 for Windows (GraphPad Software, 

SanDiego, CA). Data are presented as means ± standard error of the mean (SEM), unless stated 

otherwise. Correlation analysis was performed using the Pearson correlation coefficient for 

comparison of the OUR and GCR resp. LPR in each bioreactor group. Differences in the oxygen 

consumption and sOUR on day 0 and day 15 between the two 3 mL bioreactor groups and time 

points, as well as differences between both 3 mL bioreactor groups regarding quantification data, 

areas under curves (AUCs) and peak times of biochemical parameters were detected using the 

unpaired, two-tailed Student’s t-test. The effects of different media variations on HUVEC cultures 

were also detected using the unpaired, two-tailed Student’s t-test; the area under the curve was 

calculated for the time courses of biochemical parameters beforehand.  

 

RESULTS 

Cell metabolism and online oxygen monitoring of hiPSCs during expansion in 3D bioreactors 

The time courses of glucose consumption and lactate production revealed significant differences 

between the two 3 mL bioreactor groups; in 3 mL bioreactors inoculated with 50 x 106 cells, the 

area under curve (AUC) was significantly larger (p < 0.05), and the tipping point was achieved 

significantly earlier (p < 0.05) as compared to 3 mL bioreactors inoculated with 10 x 106 cells 

(p < 0.05). The metabolic parameters for the 17 mL bioreactor revealed maximum values that were 
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more than three times as high compared to maximum values obtained in 3 mL bioreactors 

inoculated with 50 x 106 cells. In conclusion, higher cell densities led to a significantly higher 

overall glucose metabolism in 3 mL bioreactors; the highest values for energy metabolism were 

achieved in the 17 mL bioreactor. 

 

The online oxygen curves were generated from oxygen measurements at 10-minute-intervals; for 

clarity purposes, the time courses of online oxygen measurements are compared exemplarily for 

one bioreactor of each group. In both 3 mL bioreactors, oxygen curves decreased during the first 

7 days, followed by constant oxygen levels until the end of bioreactor cultures. However, the 

overall drop of oxygen was more profound in the 3 mL bioreactor inoculated with 50 x 106 cells 

(a 100 µmol/L drop) compared to the bioreactor inoculated with 10 x 106 cells (a 75 µmol/L drop). 

The oxygen curve for the 17 mL bioreactor showed a decrease of oxygen throughout the culture 

until day 14. Also, the overall oxygen drop value was the highest compared to both 3 mL 

bioreactors with a value of 155 µmol/L. These results indicate that the cell growth is strongest in 

the 17 mL bioreactor and takes place until the end of the 15-day culture period, whereas a growth 

stagnation is reached in both 3 mL bioreactors after approximately 7 days.  

 

In order to compare the ability of predicting the culture performance of online oxygen 

measurement with that of glucose and lactate, the OURs were compared to the GCRs and LPRs, 

which showed similar time courses. The correlation analysis between OUR and GCR or OUR and 

LPR values revealed a high significance for all bioreactor groups (p < 0.0001), indicating that 

oxygen is equally as suitable as glucose and lactate for reflecting the culture development. 

 

The measured oxygen consumption revealed a distinct increase between the day of inoculation 

and day 15 for all of the tested bioreactor types and conditions. Significant differences were 

observed in oxygen consumption between both 3 mL bioreactor groups on day 0, and between 

day 0 and day 15 within the 3 mL bioreactors inoculated with 10 x 106 cells. Specific oxygen 

uptake rates revealed a significant decrease in oxygen uptake per cell at the end of cell cultures 

compared to the day of cell inoculation. This decrease was most pronounced in 3 mL bioreactors 

inoculated with 10 x 106 cells with a sOUR of 140 ± 8 fmol/cell/h on day 0 and 15 ± 3 fmol/cell/h 

on day 15 (p < 0.01), followed by the 3 mL bioreactors inoculated with 50 x 106 cells with sOUR 

values of 84 ± 26 fmol/cell/h on day 0 and 15 ± 2 fmol/cell/h on day 15 (p < 0.05). Uptake values 

of the 17 mL bioreactor were 101 fmol/cell/h on the day of cell inoculation and 10 fmol/cell/h on 

the final day of the experiment. 
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These results show that cell cultures consume considerably more oxygen at the end of the 

expansion procedure; however, the oxygen consumption per cell decreases. 

 

In order to gain a deeper insight into the energy metabolism of the cultured cells, the yield 

coefficient of lactate from glucose was calculated, which was below 1.8 for all bioreactors during 

the entire culture indicating a generation of ATP mainly from oxidative phosphorylation. The 

highest recorded value was on the first day of culture in the 3 mL bioreactors inoculated with 

10 x 106 cells (1.67 ± 0.02), whereas the lowest value was on day 6 for the 17 mL bioreactor (1.14). 

However, the ratio of OURs [µmol/h] to GCRs [µmol/h] showed a constant increase during the 

entire culture for both 3 mL bioreactors (maximum of 0.3 in 3 mL bioreactors inoculated with 

50 x 106 cells), indicating that no more than 5% of the glucose metabolism occurred under usage 

of oxygen.  

 

Quantification of hiPSCs after expansion in 3D bioreactors  

The cell quantification based on the CellTiter-Blue® Cell Viability Assay (CTB), which was 

performed on the final day of the experiment, revealed the highest achieved cell number for the 

17 mL bioreactor (5.39 x 109 cells), followed by the 3 mL bioreactors inoculated with 50 x 106 

cells (1.40 x 109 ± 37.96) and with 10 x 106 cells (1.10 x 109 ± 21.04). Cell yields were 

significantly different (p < 0.05) between the two 3 mL bioreactor groups. Expansion rates 

revealed a 28-fold increase in 3 mL bioreactors inoculated with 50 x 106 cells. In contrast, an over 

100-fold increase in cell number was observed for 3 mL bioreactors inoculated with 10 x 106 cells 

and for the 17 mL bioreactor. 

These results indicate that lower cell densities, although leading to a lower absolute cell yield after 

the expansion procedure (in 3 mL bioreactors), lead to a much more efficient expansion with a 

more than 100-fold increase in cell number. Cell expansion in the 17 mL bioreactor led to a 

production of 5.39 x 109 hiPSCs. 

 

The model simulation, which was carried out by Prof. Carl-Fredrik Mandenius (Linköping 

University, Sweden), was built in order to predict the cell growth course from the inoculation cell 

number and the final cell number. Rate parameters and inhibition constants in the simulation model 

were fitted to the experimental data from the three bioreactor conditions. The rate “constants” are 

essentially changing dynamically during bioreactor runs due to the cells’ gradual transformation. 

These changes in cell growth resp. culture development were, in contrast to most models, 

incorporated into the model simulation and thereby, the simulation gives a realistic impression of 

the time courses of culture parameters during the expansion procedure. 



 13 

 

Analysis of pluripotency and differentiation markers of hiPSCs during and after expansion in 
3D bioreactors 

Release rates of lactate dehydrogenase (LDH), indicating potential cell death, increased in both 

3 mL bioreactor groups with culture progression, but were significantly higher in 3 mL bioreactors 

inoculated with 50 x 106 cells throughout the culture period compared to 3 mL bioreactors 

inoculated with 10 x 106 cells (p < 0.0001). For the 17 mL bioreactor, LDH release showed a 

similar time course as the 3 mL bioreactors inoculated with 50 x 106 cells, while absolute values 

were three times as high. The albumin precursor alpha-fetoprotein (AFP), indicating beginning 

differentiation, showed an exponential increase from day 12 onwards for 3 mL bioreactors 

inoculated with 50 x 106 cells. In contrast, there was no AFP detectable in perfusates of 3 mL 

bioreactors inoculated with 10 x 106 cells during the entire culture period. For the 17 mL 

bioreactor, a slight increase was measured from day 14 onwards. These results indicate that higher 

initial cell densities lead to earlier and more distinct onset differentiation processes.  

 

For the characterization of hiPSCs after expansion in 3D bioreactors, the gene expression of 

pluripotency and differentiation markers relative to the undifferentiated state were analyzed. The 

expression data of the two pluripotency markers POU5F1 and NANOG revealed only slight 

changes in the pluripotency of bioreactor cultures. In contrast, a distinct reduction in POU5F1 and 

NANOG expression was detected in embryoid bodies.  

Regarding differentiation markers, the strongest increases in gene expression were observed for 

the endodermal lineage marker AFP with highest values being detected for embryoid bodies and 

for 3 mL bioreactors inoculated with 50 x 106 cells. Gene expression measurements for the other 

two endodermal markers, SOX17 and CXCR4, revealed an increase compared to the 

undifferentiated state in both 3 mL bioreactor groups. However, the expression of CXCR4 showed 

the highest value in embryoid bodies, which was significantly higher compared to both 3 mL 

bioreactor groups (p < 0.05). Also, the expression data for the ectodermal marker NEFL showed 

the strongest increase in embryoid bodies, with expression values being significantly higher 

compared both 3 mL bioreactor groups (p < 0.001). In contrast, values for T, a marker for early 

mesodermal differentiation, revealed the highest expression values in both 3 mL bioreactor groups 

and the lowest ones in embryoid bodies.  

To summarize, gene expression profiles indicate beginning differentiation processes in bioreactor 

cultures, which were most pronounced in 3 mL bioreactors inoculated with higher cell densities 

(50 x 106 cells). However, the expression of both pluripotency markers was higher, and expression 
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of the majority of differentiation markers was lower in bioreactor cultures as compared to the 

embryoid bodies. 

 

Staining with the pluripotency marker POU5F1 and the proliferation marker MKI67 showed that 

the vast majority of cells in 3 mL bioreactors inoculated with 10 x 106 cells and in the 17 mL 

bioreactor were positive for POUF51 and MKI67. In contrast, only approximately half of the cells 

in 3 mL bioreactors inoculated with 50 x 106 cells were positive for those markers. The marker α-

SMA, indicating mesodermal differentiation, was mostly negative in all bioreactor groups. In 

contrast, staining of α-SMA was clearly positive in embryoid bodies and interestingly, the stained 

structures appeared filament-like. The marker for the endodermal lineage AFP was detectable in 

the majority of cells in embryoid bodies and in a number of cells in both 3 mL bioreactor groups. 

In contrast, cells expanded in the 17 mL bioreactor appeared negative for AFP. The marker for the 

ectodermal lineage nestin was detected in embryoid bodies and, again, filament-like structures 

were visible. Only a small number of cells in 3 mL bioreactors or the 17 mL bioreactor were 

positive for nestin.  

In summary, the majority of cultured cells in bioreactors expressed both, the pluripotency marker 

and the proliferation marker, whereas only a small fraction of cells was positive for differentiation 

markers; most pronounced beginning differentiation processes in bioreactors occurred in 3 mL 

bioreactors inoculated with 50 x 106 cells. However, the expression of differentiation markers in 

those bioreactors was lower than in embryoid body cultures, which partially formed filament-like 

structures. 

 

Effect of culture media variations on human umbilical vein endothelial cell (HUVEC) 
cultures 

The use of pure hepatocyte culture medium (HCM) without any addition of endothelial cell growth 

medium (EGM) led to rapid HUVEC disintegration and detachment, whereas the use of pure 

EGM, used as a positive control, resulted in constantly increasing glucose consumption and lactate 

production during the 15-day culture period. However, when mixing HCM and EGM at a 1:1 ratio, 

values for glucose consumption and lactate production of HUVEC cultures were almost similar 

compared to HUVEC cultures using pure EGM. Also, EGM, as well as the HCM and EGM 1:1 

mixture both led to an increase in endothelial cell markers platelet and endothelial cell adhesion 

molecule 1 (PECAM1) and von Willebrand factor (VWF) expression by the 3 to 4-fold. In 

contrast, a mixture of HCM and EGM supplements (without the base medium) resulted in 

considerably lower glucose metabolism in HUVECs as well as slightly lower expression values 

for the endothelial markers PECAM1 and VWF. Immunocytochemical analysis mirrored these 
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observations. The results indicate that both HCM and EGM mixtures are suitable for downstream 

hiPSC and HUVEC co-culture experiments, the mixture of HCM and EGM at a 1:1 ratio being 

the preferred medium composition with regards to HUVEC maintenance.  

 

DISCUSSION 

The generation of hiPSC-derived hepatocyte-like cells (HLCs) offers a unique opportunity for 

treatment of acute liver failure (ALF). In order to enable such hiPSC-based therapies, sufficient 

cell numbers at high cell quality and purity are necessary. Therefore, the first part of this thesis 

aims to establish suitable conditions for optimized hiPSC expansion in 3D bioreactors with 

continuous culture surveillance via online oxygen measurement. 

 

In the first study, the influence of the initial hiPSC density on the expansion procedure, expansion 

yield and pluripotency state of the cells was investigated (Greuel et al., 2019a). Higher inoculation 

numbers resp. cell densities (3 mL bioreactors inoculated with 50 x 106 cells) led to a higher 

metabolic activity, and expansion occurred faster compared to lower inoculation numbers (3 mL 

bioreactors inoculated with 10 x 106 cells or the 17 mL bioreactor), as indicated by glucose 

metabolism values. This observation may be explained by a greater cell-cell signaling, leading to 

an increased cell proliferation and expansion rate.28,29 Similar findings have been reported by 

Meng et al., 30 who reported that the strongest increase in viable cell density occurred with the 

highest cell inoculation number when inoculating three different cell densities into stirred-

suspension bioreactors. 

However, the results of this study show that higher inoculation numbers also lead to cells more 

prone to beginning differentiation processes, as indicated by increasing alpha-fetoprotein (AFP) 

release rates towards the end of bioreactor cultures, as well as gene expression and 

immunohistochemistry data obtained upon termination of the bioreactor cultures. These 

differentiation tendencies can be explained by an upper cellularity limit of the bioreactor cell 

compartment,31 and/or large aggregate sizes resulting in a reduced nutrient and oxygen supply in 

the central regions of the aggregates.32 The observed differentiation tendencies may be prevented 

by applying a dissociation protocol as performed in a study by Abecasis et al.,17 or harvesting cells 

from the cell compartment as soon as cell cultures reach a growth plateau, as reported by Knöspel 

et al.26 

With regards to the expansion yields, bioreactors inoculated with higher cell numbers achieved 

higher absolute expansion yields compared to bioreactors inoculated with lower cell numbers. 

However, when relating the achieved cell numbers to the initial cell numbers, higher initial cell 
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densities led only to a 28-fold expansion, whereas lower initial cell densities led to an over 100-

fold expansion. The cell quantities achieved in the 17 mL bioreactor (5.39 x 109 cells) would be 

sufficient for single-patient treatments for myocardial infarction and treatment of diabetes.7 To 

date, such relevant cell numbers have only been achieved by Kwok et al., who gained 2 x 109 

hiPSCs after 14 days of stirred suspension culture,33 and Abecasis et al., who obtained 1010 

pluripotent hiPSCs within 11 days of 3D culture and three sequential passages.17 The 

implementation of a dissociation protocol into this study may not only prevent spontaneous 

differentiation processes, but furthermore improve the expansion rates of cultured hiPSCs. In 

addition, an up-scale from the 17 mL bioreactor to bioreactors with a culture volume of 800 mL 

will most likely lead to a production of sufficient cell numbers (>1010 cells) for treating patients 

with hepatic failure.34 

 

The second study investigates the feasibility of using non-invasive online oxygen measurement 

for monitoring cell growth and activity during hiPSC expansion in 3D bioreactors (Greuel et al., 

2019b). 

The recorded oxygen time courses of the tested bioreactor conditions demonstrate the feasibility 

of online oxygen measurement for hiPSC expansion monitoring. Also, the variations in growth 

behaviors between the bioreactor conditions were reflected in the OUR, GCR and LPR. The OUR 

and GCR values as well as OUR and LPR values showed significant linear correlations, especially 

in the 3 mL bioreactor inoculated with 10 x 106 cells and in the 17 mL bioreactor (R-squared > 

0.9). These results are supported by other studies displaying a high correlation between glucose 

consumption and cell growth,31 as well as oxygen values and cell number.35 As the glucose 

metabolism is well established36 and commonly used as cell culture parameter,9-10,17 the results 

emphasize the feasibility of using online oxygen measurement for monitoring hiPSC cultures.  

The sOUR values observed in this study are in accordance with results reported by Abaci et al.,37 

who presented a sOUR of 127.1 fmol/cell/h for hiPSCs under atmospheric oxygen conditions. In 

the same study, oxygen levels of 5% resulted in a decrease of the sOUR to 56.2 fmol/cell/h, and 

oxygen levels of 1% led to a decrease to 11.9 fmol/cell/h.37 These observations support the 

assumption that an oxygen depletion, e.g. due to large aggregate size, leads to a decrease in cell 

metabolism per cell.  

This change in cell metabolism was, in contrast to most models, also incorporated into the 

simulation model as an inhibition constant for growth. Therefore, the model provided an accurate 

and precise reflection of the culture dynamics (especially with regards to the course of cell 

numbers) between the beginning and the end of the 15-day culture period. 
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Based on the collected data, further calculations regarding the energy metabolism of the cultured 

hiPSCs were made. The yield coefficient of lactate from glucose Y(qlac/qglc), with values in a range 

of 1.2 – 1.7, was approximately in the range of results presented by Kropp et al., 9 who observed a 

yield coefficient of 2 for their hiPSC line.  

It has been reported that fibroblasts, which are the source of the hiPSC line used in this study, have 

a yield coefficient of 0.62,38 whereas embryonic stem cells, which have immature mitochondria 

and mainly rely on glycolysis, showed a yield coefficient of 1.8 to 2.8:9,39 with a yield coefficient 

of 1.2 – 1.7, the herein used hiPSC line lays in between these two cell types. This observation is 

in line with findings reported by Varum et al.,40 who described a mixed mitochondrial phenotype 

for hiPSCs, resembling the original somatic cells. 

To conclude, continuous measurements of oxygen not only facilitate real-time, non-invasive 

monitoring of hiPSC cultures during expansion, but also, in conjunction with glucose and lactate 

measurements, enable to draw conclusions regarding the hiPSC metabolism. 

 

The third study was aimed at examining different media variations with respect to supporting the 

maintenance of human umbilical vein endothelial cells (HUVECs), while enabling growth and 

hepatic differentiation of co-cultured hiPSCs. Therefore, hepatocyte culture medium (HCM), 

which is known to support the hepatic differentiation of hiPSCs, was combined with endothelium 

growth medium (EGM) in different mixtures for evaluation in HUVEC cultures. 

The results showed that a 1:1 mixture of HCM and EGM media lead to similar HUVEC growth 

and maintenance results, as indicated by the glucose metabolism and expression of endothelial cell 

markers, compared to pure EGM, which is the standard medium used for HUVEC cultivation. In 

contrast, the use of HCM mixed with only EGM supplements instead of the complete EGM 

medium (basal medium + supplements) enabled HUVEC maintenance, but on a reduced level. 

This observation may be a result of higher glucose concentrations in the HCM + EGM supplements 

mixture (10 mM), compared to the HCM + EGM mixture (7 mM), as it has been reported that high 

glucose concentrations increase apoptosis and oxidative stress in endothelial cells.41 As the 

mixture of HCM + EGM supplements also supported the maintenance of HUVECs, albeit not 

being as efficient as EGM or HCM + EGM at a 1:1 ratio, both HCM + EGM mixtures can be seen 

as being suitable for subsequent hiPSC and HUVEC co-culture studies. With regards to an 

optimized HUVEC maintenance, the 1:1 mixture of HCM + EGM media may preferably be used. 
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CONCLUSION  

In summary, hiPSCs were successfully expanded in 3D hollow-fiber bioreactors using different 

cell inoculation conditions and bioreactor sizes. The findings also show that the inoculum density 

has a significant influence on the growth behavior and the differentiation state of the cells in 3D 

bioreactors, with low initial inoculum densities resulting in higher quality hiPSCs at sufficient cell 

quantities. This finding is particularly important with regards to a clinical translation, as expanded 

hiPSCs need to be of high quantity and quality for subsequent differentiation and clinical use. 

Additional repeated cell harvesting or cell aggregate dissociation may further improve the results. 

 

The continuous measurement of oxygen during bioreactor cultures has proven to be feasible as 

culture surveillance method, while also enabling an assessment of the metabolic state of the 

cultured cells. The method allows for automated, non-invasive, applicable and affordable real-time 

monitoring of oxygen and thus facilitates the translation of hiPSC-based therapies to clinical use.  

 

Regarding the preliminary experiments for HUVEC maintenance during hiPSC co-culture and 

hepatic differentiation, two suitable media compositions were identified supporting HUVEC 

maintenance and expression of endothelial markers. These results provide an important basis for 

successful HUVEC and hiPSC co-culture experiments, which are intended to enhance the hepatic 

functionality of hiPSC-derived hepatocyte-like cells.  
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1  | INTRODUC TION

The application of human‐induced pluripotent stem cells (hiP‐
SCs) has shown high potential in the field of clinical therapies1 
and pharmaceutical drug development,2 as this cell type is suit‐
able for generating disease‐specific models and patient‐specific 
therapies.3‐6 However, the utilization of hiPSC models in drug 

discovery requires high cell quantities of hiPSCs and their deriva‐
tives at a constant quality.7,8 This can hardly be achieved by using 
conventional 2D cell cultures due to insufficient cell production 
yields, lack in scalability and difficulty of controlling cell culture 
parameters.9,10 In contrast, the use of 3D culture models offers the 
opportunity of large‐scale expansion of hiPSCs under controlled 
conditions.9,11 For production of large cell quantities fulfilling the 
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Abstract
Objective: For optimized expansion of human‐induced pluripotent stem cells (hiP‐
SCs) with regards to clinical applications, we investigated the influence of the inocu‐
lum density on the expansion procedure in 3D hollow‐fibre bioreactors.
Materials and Methods: Analytical‐scale	bioreactors	with	a	 cell	 compartment	vol‐
ume	of	3	mL	or	a	 large‐scale	bioreactor	with	a	cell	compartment	volume	of	17	mL	
were used and inoculated with either 10 × 106	or	50	×	106 hiPSCs. Cells were cul‐
tured	 in	 bioreactors	 over	15	days;	 daily	measurements	of	 biochemical	 parameters	
were	performed.	At	the	end	of	the	experiment,	the	CellTiter‐Blue®	Assay	was	used	
for	culture	activity	evaluation	and	cell	quantification.	Also,	cell	compartment	sections	
were removed for gene expression and immunohistochemistry analysis.
Results: The results revealed significantly higher values for cell metabolism, cell ac‐
tivity and cell yields when using the higher inoculation number, but also a more dis‐
tinct	differentiation.	As	 large	 inoculation	numbers	require	cost	and	time‐extensive	
pre‐expansion, low inoculation numbers may be used preferably for long‐term ex‐
pansion of hiPSCs. Expansion of hiPSCs in the large‐scale bioreactor led to a success‐
ful	 production	 of	 5.4	×	109 hiPSCs, thereby achieving sufficient cell amounts for 
clinical applications.
Conclusions: In conclusion, the results show a significant effect of the inoculum den‐
sity on cell expansion, differentiation and production of hiPSCs, emphasizing the im‐
portance of the inoculum density for downstream applications of hiPSCs. 
Furthermore, the bioreactor technology was successfully applied for controlled and 
scalable production of hiPSCs for clinical use.
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required quality standards, it is important to consider those fac‐
tors that potentially influence hiPSC expansion and differentiation 
in 3D culture systems. Such factors include feeding strategies, 
coating materials, culture media and the cell inoculum density.9 In 
the present study, the effect of the inoculum density on cell ex‐
pansion and differentiation of hiPSCs cultured in perfused hollow‐
fibre‐based 3D bioreactors was investigated. For this purpose, 
10 × 106 hiPSCs resp. 3.3 × 106	cells/mL,	or	50	×	106 hiPSCs resp. 
16.6 × 106	cells/mL	were	inoculated	into	analytical‐scale	bioreac‐
tors	with	 a	 cell	 compartment	 volume	 of	 3	mL	 (AS)	 and	 cultured	
over	a	period	of	15	days.	Both	conditions	were	compared	in	terms	
of biochemical parameters, cell activity and cell yields, gene ex‐
pression analysis and immunohistochemical staining. Changes in 
the differentiation state of hiPSCs expanded in bioreactors were 
detected by gene expression and immunofluorescence analysis, 
where hiPSCs forming embryoid bodies served as differentiation 
control. The feasibility of scaling up of hiPSC expansion was tested 
in a large‐scale 3D bioreactor with a cell compartment volume of 
17	mL	 (LS)	 using	 an	 inoculation	 number	 of	 50	×	106 cells, resp. 
2.9 × 106	cells/mL.

2  | MATERIAL S AND METHODS

2.1 | Bioreactor system/technology

The 3D four‐compartment hollow‐fibre bioreactor used in this study 
is based on three independent, interwoven hollow‐fibre capillary 
bundles, two for supplying nutrient media by countercurrent per‐
fusion and one for gas exchange. The space between these capil‐
lary bundles (extracapillary space) serves as cell compartment. The 
capillary system is integrated into a polyurethane housing. The cells, 
grown in the cell compartment, were constantly supplied with nutri‐
ents and oxygen. The bioreactor types used in this study had a cell 
compartment	volume	of	3	mL	(analytical‐scale,	AS)	or	17	mL	(large‐
scale,	 LS);	 specific	 data	 regarding	 compartment	measurements	 as	
well as perfusion conditions are displayed in Table  1. Both bioreac‐
tor	 types,	 the	AS	and	LS	bioreactor,	 are	constructed	 identically	 in	

respect of their capillary configuration (Figure 1); they only differ in 
length	and	number	of	capillaries.	A	detailed	description	of	the	biore‐
actor technology can be found elsewhere.12,13 The bioreactors were 
connected to a perfusion device consisting of pumps for medium 
feed and medium recirculation.

2.2 | Pre‐expansion of hiPSCs in 2D cultures

The hiPSC line DF6‐9‐9T14 (WiCell Research Institute, Madison, WI, 
USA)	 was	 cultured	 feeder‐free	 on	 six‐well	 culture	 plates	 or	 T175	
culture	flasks	(both	BD	Falcon,	San	José,	CA,	USA),	which	were	pre‐
coated with 8.68 µg/cm2 Matrigel (growth factor reduced, Corning, 
NY,	USA).	 The	 culture	medium	mTeSRTM1 (Stemcell Technologies, 
Vancouver, BC, Canada) was used, supplemented with 10 000 units/
mL	penicillin	and	10	mg/mL	streptomycin	(Pen	Strep,	Gibco®	by	Life	
Technologies/Thermo	 Fisher	 Scientific).	 After	 thawing,	 1	mmol/L	
ROCK	inhibitor	(Y‐27632;	Abcam,	Cambridge,	UK)	was	added	to	the	
culture medium to increase single‐cell survival. Passages for pre‐
expansion	were	performed	 at	 70%	confluence	using	0.48	mmol/L	
EDTA	(Versene,	Gibco®	by	Thermo	Fisher	Scientific,	Waltham,	MA,	
USA).

2.3 | Expansion of hiPSCs in 3D bioreactors

Following pre‐expansion, either 10 × 106 (AS	10)	or	50	×	106	(AS	50,	
LS	 50)	 hiPSCs	were	 inoculated	 as	 single‐cell	 suspension	 into	 pre‐
coated bioreactors (8.68 µg/cm2 Matrigel, Corning) and cultured 
over	15	days.	The	 initial	cell	numbers	used	 in	this	study	are	based	
on previous studies on the hepatic differentiation of hiPSCs in the 
AS	 bioreactor,	 where	 100	×	106 cells were inoculated.15 Thus, an 
initial cell number of 10 × 106 cells, resp. 3.3 × 106	 cells/mL	 in	AS	
10 provides the spatial conditions for at least a 10‐fold cell expan‐
sion,	while	an	 initial	cell	number	of	50	×	106 resp. a cell density of 
16.6 × 106	cells/mL	in	AS	50	should	enable	at	least	a	2‐fold	expan‐
sion. The latter was chosen to investigate the influence of a high 
initial cell density on the expansion procedure. For the feasibility 
testing	 of	 an	 up‐scale	 of	 the	 hiPSC	 expansion,	 the	 LS	 bioreactor	
was	inoculated	with	a	cell	number	of	50	×	106 resp. a cell density of 
2.9 × 106	cells/mL,	as	this	equals	the	conditions	of	AS	10.	To	ensure	
single‐cell	 survival	 at	 the	 beginning	 of	 the	 experiment,	 1	mmol/L	
ROCK	inhibitor	(Y‐27632;	Abcam)	was	included	into	the	culture	me‐
dium as bolus injection and was rinsed out within the first 24 hours 
of bioreactor cultures.

The bioreactors were placed into a heating chamber constantly 
kept	at	37°C.	The	medium	recirculation	rate	was	set	to	10	mL/min	
(AS)	resp.	20	mL/min	(LS),	whereas	the	medium	feed	was	initially	set	
to	1	mL/h	(AS)	resp.	2	mL/h	(LS)	and	adapted	daily	to	up	to	12	mL/h	
(AS)	or	40	mL/h	(LS),	depending	on	the	glucose	consumption	rates.	
Thereby,	 glucose	 levels	were	 kept	 above	 4.4	mmol/L	 throughout	
the culture period. The gas perfusion rate was constantly main‐
tained	at	20	mL/min	(AS)	resp.	40	mL/min	(LS);	CO2 was added at 
a	percentage	of	up	 to	5%	 for	pH	 regulation	 to	approximately	7.2	
(Table 1).

TA B L E  1   Specifications of bioreactor compartments and 
perfusion parameters

Analytical‐scale Large‐scale

Volume of bioreactor compartments

Total inner volume of the 
bioreactor

5.1	cm3 26 cm3

Total volume of capillaries 2.2 cm3 8.9 cm3

Volume of cell compartment 2.9 cm3 17.1 cm3

Perfusion parameters

Recirculation rate 10	mL/min 20	mL/min

Feed rate 1‐12	mL/h 2‐40	mL/h

Air 20	mL/min 40	mL/min

CO2 0‐1	mL/min 0‐2	mL/min
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2.4 | Biochemical parameters

The metabolic activity of cultured cells was analysed by daily meas‐
urements of biochemical parameters in samples from the recirculat‐
ing medium. Glucose and lactate concentrations were determined by 
means	of	a	blood	gas	analyser	(ABL	700;	Radiometer,	Copenhagen,	
Denmark). Potential cell damage was assessed by measuring the re‐
lease	 of	 lactate	 dehydrogenase	 (LDH)	 using	 an	 automated	 clinical	
chemistry analyser (Cobas® 8000; Roche Diagnostics, Mannheim, 
Germany)	 provided	 by	 Labor	 Berlin	 GmbH.	 In	 addition,	 beginning	
differentiation was detected by measurement of alpha‐fetoprotein 
(AFP)	levels	in	the	culture	perfusate,	using	a	clinical	chemistry	ana‐
lyser (Cobas®	 8000;	 Roche	Diagnostics)	 provided	 by	 Labor	 Berlin	
GmbH.	AFP	levels	were	analysed	every	5	days,	or	more	frequently	
when concentrations were above the detection limit.

2.5 | CellTiter‐Blue® Cell Viability Assay

Cell activity was evaluated, and cells quantified by performing 
the CellTiter‐Blue®	 Cell	 Viability	 Assay	 (CTB;	 Promega	 GmbH,	
Mannheim,	Germany)	on	day	15	of	bioreactor	cultures	and	parallel	
2D cell cultures. The CTB reagent was applied at a concentration 
of	 2.5%	 to	 the	 bioreactor	 recirculation	with	 an	 incubation	 period	
of 60 minutes. The feed supply of bioreactors was paused dur‐
ing	the	measurement	period.	Samples	of	300	µL	were	taken	every	

15	minutes	from	the	supernatant	and	transferred	to	three	wells	of	
a 96‐well plate (Greiner Bio‐One GmbH, Frickenhausen, Germany); 
further conversion of resazurin to resorufin in the samples was 
stopped	by	adding	50	µL	of	3%	sodium	dodecyl	sulphate	(SDS,	Carl	
Roth GmbH + Co. KG, Karlsruhe, Germany) in dimethyl sulfoxide 
(DMSO,	Sigma‐Aldrich/Merck,	Darmstadt,	Germany)	per	well	as	stop	
solution. Fluorescence measurements took place at a wavelength of 
560	nm	(excitation)	and	590	nm	(emission)	using	the	Infinite	M200	
Pro	plate	reader	(Tecan	Group	Ltd.,	Männedorf,	Switzerland).	For	cell	
quantification and growth characterization, a calibration curve was 
generated by correlating defined cell numbers to the resulting CTB 
gradients (data not shown).

2.6 | Embryoid body formation

Embryoid bodies were generated by transferring a number of 
2 × 106	 hiPSCs	 in	 2	mL	mTeSR	 supplemented	with	 ROCK	 inhibi‐
tor	(Y‐27632,	1	mmol/L;	Abcam)	into	a	well	of	an	AggreWell	800	
plate	(Stemcell	Technologies).	The	plate	was	centrifuged	at	500	g 
for	3	minutes	 and	 incubated	overnight	 at	37°C	and	5%	CO2. On 
the following day, the formed embryoid bodies were removed 
from	 the	 plate	 using	 a	 trimmed	 pipette	 tip	 with	 a	 1	mL	 pipette	
and transferred to wells of non‐treated 12‐well culture plates 
(Costar®, Corning®,	NY,	USA)	for	expression	analysis	or	to	Lumox	
plates	(Sarstedt,	Nümbrecht,	Germany)	for	 immunohistochemical	

F I G U R E  1   Bioreactor types used for the expansion of hiPSCs with their capillary structure. The picture shows the analytical‐scale 
bioreactor	(A)	with	a	cell	compartment	volume	of	3	mL	and	the	large‐scale	bioreactor	(B)	with	a	cell	compartment	volume	of	17	mL.	The	
schematic image on top shows a section of the capillary structure inside the bioreactor, consisting of the following four compartments: 
medium capillaries I (red) and II (blue) for countercurrent medium perfusion, gas capillaries (yellow) and the space surrounding the capillaries, 
which serves as the cell compartment (white). The scale bars correspond to 2 cm

(A) (B)
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staining.	 Also,	 the	 mTeSR	 medium	 was	 replaced	 with	 E6‐me‐
dium,16 consisting of 96.8% DMEM‐F12 (Gibco®; Thermo Fisher 
Scientific), 2% insulin‐transferrin‐selenium (Gibco®; Thermo 
Fisher Scientific), 1% Pen Strep (Gibco®; Thermo Fisher Scientific) 
and 0.2% l‐Ascorbic	Acid	(Sigma‐Aldrich/Merck).	Embryoid	bodies	
were	cultured	over	15	days	in	total;	during	the	culture	period,	half	
of the medium was removed and replaced with fresh E6‐medium 
three times per week.

2.7 | Gene expression analysis

Gene expression analysis was performed as described previously15,17 
using human‐specific primers and probes as listed in Table 2. 
Expression values of measured genes were normalized to expression 
values of the housekeeping gene glyceraldehyde‐3‐phosphate de‐
hydrogenase	(GAPDH),	and	fold	changes	of	expression	levels	were	
calculated using the ΔΔCt method.18

2.8 | Immunhistochemistry analysis

Upon termination of bioreactor cultures, sections of the capillary 
bed containing cell material were removed and prepared for im‐
munofluorescence staining as described previously.19	 Nuclei	were	
counterstained with Dapi (blue). The antibodies used for immuno‐
histochemistry are displayed in Table 3.

2.9 | Statistical evaluation

Statistical analysis was performed using GraphPad Prism 7.0 for 
Windows	(GraphPad	Software,	SanDiego,	CA,	USA).	Data	are	pre‐
sented as means ± standard error of the mean (SEM) from three or 
four	runs	at	each	inoculum	density	for	AS,	or	as	single	values	for	LS.	
For	evaluation	of	differences	 in	growth	behaviour	between	AS	10	
and	AS	50,	the	areas	under	curves	(AUCs)	and	the	tipping	points	(ie	
time when peak values of the curves were reached) were calculated 
and compared using the unpaired, two‐tailed Student's t test. Gene 
expression	data	were	compared	between	AS	10	and	AS	50,	corre‐
sponding 2D cultures and embryoid bodies by one‐way analysis of 

variance	(ANOVA).	Slope	values	obtained	in	the	CellTiter‐Blue® Cell 
Viability	Assay	as	well	 as	 cell	 quantification	data,	population	dou‐
blings and doubling times were compared using the unpaired, two‐
tailed Student's t test.

3  | RESULTS

3.1 | Metabolic activity of hiPSCs during bioreactor 
expansion

For comparative evaluation of the hiPSC growth behaviour in the 
two	analytical‐scale	bioreactors	(AS)	and	the	large‐scale	bioreactor	
(LS),	glucose	and	lactate	were	measured	as	indicators	for	the	energy	
metabolism of the cells. Time courses of glucose consumption and 
lactate	production	revealed	significant	differences	between	AS	10	
and	AS	50	(Figure	2A,B).	The	area	under	curve	(AUC)	of	AS	50	was	
significantly	larger	compared	with	the	AUC	of	AS	10	(P	<	0.05).	Also,	
the	tipping	point	was	achieved	significantly	earlier	in	AS	50	with	day	
7 for both, glucose and lactate, compared with day 12 for glucose 
and	day	11	 for	 lactate	 in	AS	10	 (P	<	0.05	 for	glucose	and	 lactate).	
The	metabolic	 parameters	 for	 LS	 50	 (Figure	 2E,F)	 revealed	maxi‐
mum values that were more than three times as high compared with 
maximum	values	obtained	in	AS	50.	Release	rates	of	LDH,	indicat‐
ing	potential	cell	death,	increased	in	AS	10	and	AS	50	with	culture	
progression,	but	were	significantly	higher	in	AS	50	throughout	the	
culture	period	compared	with	AS	10	(Figure	2C;	P	<	0.0001).	For	LS	
50	(Figure	2G),	LDH	release	showed	a	similar	time	course	as	AS	50,	
while	absolute	values	were	three	times	as	high	as	in	AS	50.	The	albu‐
min	precursor	AFP,	indicating	beginning	differentiation,	showed	an	
exponential	increase	from	day	12	onwards	for	AS	50	(Figure	2D).	In	
contrast,	there	was	no	AFP	detectable	in	perfusates	of	AS	10	during	
the	entire	culture	period	(Figure	2D).	For	LS	50	(Figure	2H),	a	slight	
increase was measured from day 14 onwards, but maximum values 
were	almost	five	times	lower	than	those	observed	in	AS	50.

In conclusion, higher cell densities led to a significantly higher 
overall	 cell	 activity	 in	 AS	 bioreactors;	 however,	 higher	 cell	 densi‐
ties also led to beginning differentiation as indicated by increasing 
AFP	levels	in	AS	50.	The	highest	values	for	energy	metabolism	were	
achieved	 in	LS	50,	being	more	 than	 three	 times	as	high	compared	
with	maximum	values	obtained	in	AS	50.

3.2 | Gene expression profiles of hiPSC cultures

For the characterization of hiPSCs after expansion in 3D bioreac‐
tors, the gene expression of pluripotency as well as differentia‐
tion markers relative to the undifferentiated state were analysed. 
The expression data of the two pluripotency markers POU5F1 and 
NANOG	(Figure	3A,B)	revealed	only	slight	changes	in	pluripotency	of	
bioreactor cultures and 2D cultures compared with the undifferenti‐
ated state. For the embryoid bodies, however, a distinct reduction in 
POU5F1 and NANOG expression was detected, which was significant 
for POU5F1 compared with 2D cultures (P	<	0.05).	Regarding	differ‐
entiation markers, the strongest increases in gene expression were 

TA B L E  2  Applied	biosystems	TaqMan	gene	expression	assays®

Gene symbol Gene name Assay ID

AFP Alpha‐fetoprotein Hs00173490_m1

CXCR4 C‐X‐C Motif Chemokine 
Receptor 4

Hs00607978_s1

GATA2 GATA	Binding	Protein	2 Hs00231119_m1

NANOG Nanog	Homeobox Hs02387400_g1

NEFL Neurofilament	Light Hs00196245_m1

PAX6 Paired Box 6 Hs00240871_m1

POU5F1 POU	Class	5	Homeobox	1 Hs00999632_g1

SOX17 SRY‐Box	17 Hs00751752_s1

T T‐Box Transcription Factor T Hs00610080_m1
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observed for the endodermal lineage marker AFP (Figure 3C) with 
highest	values	being	detected	for	embryoid	bodies	and	for	AS	50.	
Gene expression measurements for the other two endodermal mark‐
ers, SOX17 (Figure 3D) and CXCR4 (Figure 3E) revealed an increase 
compared	with	the	undifferentiated	state	 in	AS	10	and	AS	50.	For	
SOX17,	the	increase	was	most	pronounced	in	AS	10	and	AS	50	and	
lowest	in	LS	50.	The	expression	of	CXCR4 showed the highest value 
for the embryoid bodies, which was significantly higher compared 
with	AS	10	and	AS	50	(P	<	0.05)	as	well	as	the	2D	cultures	(P < 0.01). 
Expression data for the ectodermal marker PAX6 (Figure 2F) re‐
vealed	a	comparable	increase	in	AS	10	and	AS	50,	while	LS	50	had	a	
noticeable lower increase in PAX6 expression. The expression data 
for the second marker of the ectodermal lineage, NEFL (Figure 3G), 
showed the strongest increase for embryoid bodies, with expression 
values	being	significantly	higher	compared	with	AS	10	and	AS	50	as	
well as the 2D cultures (P < 0.001). Expression data for the mesoder‐
mal lineage marker GATA2 (Figure 3H) showed a similar gene expres‐
sion for all tested groups. In contrast, values for T (Figure 3I), another 
mesodermal	marker,	revealed	the	highest	expression	values	in	AS	10	
and	AS	50	and	the	lowest	ones	in	the	embryoid	bodies.	Expression	
values	of	AS	50	were	significantly	higher	compared	with	2D	cultures	
and embryoid bodies (P	<	0.05).

To summarize, gene expression profiles indicate beginning dif‐
ferentiation processes in bioreactor cultures, which were most pro‐
nounced	in	AS	50.	However,	in	embryoid	bodies,	the	expression	of	
both pluripotency markers was lower, and expression of the majority 
of differentiation markers was higher compared with the bioreactor 
cultures.

3.3 | Cell activity of hiPSC cultures

The CellTiter‐Blue® Cell Viability assay (CTB) was performed in all 
bioreactors as well as in 2D cultures, which were cultured in paral‐
lel to bioreactor cultures (Figure 4). The strongest increase during 
the	assay	performance	was	detected	in	LS	50.	The	curves	of	AS	10	
and	AS	50	were	comparable,	with	the	slope	of	AS	50	being	signif‐
icantly	 larger	 than	 the	 slope	of	AS	10	 (P	<	0.05).	 The	 curve	of	2D	
cultures showed the lowest fluorescence values with a significantly 

smaller	slope	compared	with	AS	10	(P	<	0.05)	and	AS	50	(P < 0.01). 
Fluorescence measurements were above the detection limit after 
15	minutes	(LS	50)	or	45	minutes	(AS	10	and	AS	50)	and	are	there‐
fore not included in the graph.

In	conclusion,	the	highest	cell	activity	was	detectable	in	LS	50,	
followed	by	AS	50	and	AS	10.	The	increase	in	cell	activity	of	AS	50	
was	significantly	larger	than	that	of	AS	10.

3.4 | Immunohistochemical characteristics of 
hiPSC cultures

Staining	with	the	pluripotency	marker	POU5F1	(Figure	5A‐E)	and	the	
proliferation	marker	MKI67	(Figure	5F‐J)	showed	that	undifferenti‐
ated	cells	and	the	vast	majority	of	cells	in	AS	10	or	LS	50	were	posi‐
tive	for	POUF51	and	MKI67.	In	contrast,	only	approximately	half	of	
the	cells	 in	AS	50	were	positive	for	those	markers.	Staining	of	the	
embryoid bodies revealed about one third of the cells to be posi‐
tive	for	POU5F1	and	MKI67.	The	markers	for	the	mesodermal	line‐
age, α‐SMA	(Figure	5K‐O)	and	vimentin	 (Figure	5P‐T),	were	clearly	
positive in embryoid bodies and interestingly, the stained struc‐
tures appeared filament‐like. Staining of α‐SMA	in	all	other	groups	
was mostly negative, whereas vimentin was positive in a few cells 
in undifferentiated hiPSCs and bioreactor cultures. The marker for 
the	 endodermal	 lineage	 AFP	 (Figure	 5U‐Y)	 was	 detectable	 in	 the	
majority	of	cells	 in	the	embryoid	bodies	and	in	parts	of	cells	 in	AS	
10	and	AS	50.	 In	contrast,	undifferentiated	hiPSCs	and	cells	 in	LS	
50	appeared	negative	for	AFP.	The	marker	for	the	ectodermal	line‐
age,	nestin	 (Figure	5	Z‐AD)	was	detected	 in	embryoid	bodies	and,	
again,	filament‐like	structures	were	visible.	A	small	amount	of	cells	
in	AS	10	or	LS	50	were	positive,	whereas	in	AS	50,	almost	all	cells	
were negative for nestin. In undifferentiated hiPSCs, nestin was not 
detectable.

In summary, the majority of cultured cells in bioreactors ex‐
pressed both, the pluripotency marker and the proliferation 
marker, whereas only a small fraction of cells was positive for dif‐
ferentiation markers. Cells cultured as embryoid bodies showed a 
more distinct expression of differentiation markers, partially form‐
ing filament‐like structures.

Protein 
symbol Species Manufacturer

Final conc. 
(μg/mL)

Primary antibody

Alpha‐fetoprotein AFP Mouse Santa Cruz 2

Marker of proliferation MKI67 Mouse BD Biosciences 10

Nestin NES Rabbit Santa Cruz 2

POU	Class	5	Homeobox	1 POU5F1 Rabbit Santa Cruz 2

Vimentin VIM Rabbit Santa Cruz 2

Αlpha smooth muscle actin α‐SMA Mouse Sigma‐Aldrich 10‐30

Secondary antibody

Alexa	Fluor	488	anti‐mouse Goat Life	Technologies 2

Alexa	Fluor	594	anti‐rabbit Goat Life	Technologies 2

TA B L E  3  Antibodies	used	for	
immunofluorescence staining
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3.5 | Proliferation yields of hiPSCs expanded in 
bioreactors or 2D cultures

Based on the results of the CTB and a corresponding calibration 
curve obtained from 2D cultures (data not shown), cell numbers 
were determined on the final day of the bioreactor experiments 
or	 the	 final	 day	of	2D	cultures	 (Table	4).	 For	AS	10,	 a	mean	cell	
number of 1.01 × 109	±	21.04	was	achieved	on	day	15,	which	was	
significantly	lower	compared	with	the	cell	yield	in	AS	50	with	cell	
numbers of 1.40 × 109 ± 37.96 (P	<	0.05).	Cells	cultured	 in	LS	50	
were	 expanded	 to	 5.4	×	109 cells, which is the highest achieved 

cell	number.	The	determined	cell	numbers	at	the	end	of	the	15‐day	
bioreactor culture revealed an over 100‐fold increase in cell num‐
ber	for	AS	10	and	for	LS	50.	In	contrast,	AS	50	showed	a	28‐fold	
increase. The achieved cell densities were 3.66 × 108	cells/mL	for	
AS	10,	4.69	×	108	cells/mL	for	AS	50	and	3.17	×	108	cells/mL	for	
LS	50.	The	population	doubling	of	bioreactor	cultures	was	similar	
in	AS	10	(6.77	±	0.03)	and	LS	50	(6.74),	resulting	in	doubling	times	
of	2.22	±	0.01	days	resp.	2.23	days.	AS	50	revealed	a	significantly	
lower overall population doubling with 4.80 ± 0.04 (P < 0.001) 
and a significantly longer doubling time with 3.12 ± 0.02 days 
(P	<	0.001)	 compared	with	 AS	 10.	 In	 2D	 cultures,	 a	 cell	 number	

F I G U R E  2   Comparison of clinical 
chemistry parameters during the culture 
of human‐induced pluripotent stem 
cells	over	15	days	in	analytical‐scale	
bioreactors inoculated with either 
10 × 106	(AS	10,	n	=	4)	or	50	×	106	(AS	50,	
n = 3) cells, or the large‐scale bioreactor 
inoculated	with	50	×	106	(LS	50,	n = 1) 
cells. Values are presented as mean ± SEM 
(AS	10	and	AS	50)	or	single	values	(LS	
50).	The	two	analytical‐scale	bioreactors	
were compared by means of the areas 
under	the	curves	(AUCs)	and	the	tipping	
points (TP). Differences were considered 
significant at P	<	0.05
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of 49.49 × 106	±	9.02	was	achieved	after	a	15‐day	culture	period,	
with a population doubling of 7.16 ± 0.30 and an average doubling 
time of 2.10 ± 0.09 days.

To conclude, a more than 100‐fold increase in cell number 
was	achieved	 in	AS	10	and	LS	50,	whereas	a	28‐fold	 increase	was	
reached	in	AS	50.	Population	doublings	and	doubling	times	reflected	
these results.

4  | DISCUSSION

Since the application of hiPSCs in the medical field requires large cell 
quantities at high‐quality standards, it is of great interest to evaluate fac‐
tors that influence hiPSC expansion in 3D culture systems. Therefore, 
the effect of the inoculum density on the hiPSC expansion procedure, 
cell differentiation and the cell yield was investigated in this study.

F I G U R E  3  Gene	expression	analysis	after	15	days	of	hiPSC	culture	in	analytical‐scale	bioreactors	inoculated	with	10	×	106	(AS	10)	
or	50	×	106	(AS	50)	cells,	in	the	large‐scale	bioreactor	inoculated	with	50	×	106	cells	(LS	50),	on	2D	culture	plates,	or	after	formation	
of	embryoid	bodies.	The	figure	displays	gene	expression	data	of	POU	Class	5	Homeobox	1	(POU5F1,	[A]),	Nanog	Homeobox	(NANOG, 
[B]),	Alpha‐Fetoprotein	(AFP,	[C]),	SRY‐Box	17	(SOX17,	[D]),	C‐X‐C	Motif	Chemokine	Receptor	4	(CXCR4,	[E]),	Paired	Box	6	(PAX6,	[F]),	
Neurofilament	Light	(NEFL,	[G]),	GATA	Binding	Protein	2	(GATA2,	[H])	and	T‐Box	Transcription	Factor	T	(T,	[I]).	Expression	data	were	
normalized to the housekeeping gene Glyceraldehyde‐3‐Phosphate Dehydrogenase (GAPDH), and n‐fold expression values were calculated 
relative to undifferentiated hiPSCs before inoculation on d0 using the ΔΔCt	method.	Data	are	presented	as	mean	±	SEM	(AS	10	n	=	3;	AS	
50	n	=	3;	LS	50	n	=	1;	2D	d15	n	=	5;	EB's	d15	n	=	3).	Differences	between	AS	10,	AS	50	as	well	as	2D	cultures	and	embryoid	bodies	were	
detected	using	the	one‐way	ANOVA;	calculated	values	were	considered	significant	at	*P	<	0.05,	**P	<	0.01	and	***P < 0.001
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For evaluation of the energy metabolism of hiPSCs cultured in 
bioreactors, glucose consumption and lactate production were deter‐
mined.	 Analytical‐scale	 (3	mL)	 bioreactors	 inoculated	 with	 50	×	106 
cells	(AS	50)	consumed	glucose	faster	than	analytical‐scale	bioreactors	
inoculated with 10 × 106	 cells	 (AS	10),	 and	growth	 stagnated	 signifi‐
cantly earlier. This observation can primarily be explained by the higher 
initial	cell	density	in	AS	50,	resulting	in	higher	overall	glucose	uptake	
and metabolic activity, but also by an increased cell‐cell signalling, 
both leading to an increased cell proliferation and expansion rate.20,21 
Similar findings have been reported by Meng et al,22 who observed the 
strongest increase in viable cell density at the highest cell inoculation 
number when inoculating three different cell densities in shape of cell 
aggregates	 into	stirred	suspension	bioreactors.	Additionally,	Abaci	et	
al23 observed a sharp decrease in oxygen concentration in human em‐
bryonic stem cell (hESC) and iPSC cultures as a result of high cell seed‐
ing densities, indicating a corresponding increase in energy metabolism.

The observed shift from cell expansion towards maintenance, 
which	occurred	 the	earliest	 in	AS	50	as	 indicated	by	 the	 tipping	
point, is in line with results reported by Simmons et al,24 who de‐
tected a plateau phase in cell growth and glucose consumption 
rates after approximately 1 week during 3D culture of rat mesen‐
chymal stem cells. The observed stagnation of cell growth in that 
study was ascribed to the limited space for the cells in the 3D fibre 
mesh scaffolds which were placed into a flow perfusion bioreac‐
tor.	Since	AS	50	has	 the	highest	 initial	 cell	density	 in	 relation	 to	
the size of the bioreactor cell compartment, a growth stagnation 
due to space limitations appears likely in our study, too. However, 
growth limitations could also be caused by depletion of nutrients 
and oxygen in cell aggregates of larger size,25 leading to cell dif‐
ferentiation or cell damage.26 In order to evaluate potential cell 
damage	and	cell	differentiation	during	cell	culture,	levels	of	LDH,	
an enzyme released during loss of plasma membrane integrity of 
cells,27,28	 and	 alpha‐fetoprotein	 (AFP),	 a	 marker	 for	 endodermal	

differentiation,29 were measured in the perfusates of bioreactor 
cultures.	In	AS	50	(n	=	3),	release	of	LDH	was	significantly	higher	
compared	with	the	LDH	release	in	AS	10	(n = 4), which could be a 
result of both, upper cellularity limit of the cell compartment and/
or	large	aggregate	size.	The	release	of	AFP	in	AS	50	and	LS	50	to‐
wards the end of the culture indicates beginning differentiation of 
the cells,30 in parallel with the long plateau phase of approximately 
8	resp.	5	days.	Beginning	differentiation	was	also	indicated	by	the	
mRNA	expression	 analysis,	which	was	performed	upon	 termina‐
tion	 of	 bioreactor	 cultures.	 An	 upregulation	 of	 especially	 endo‐
dermal differentiation markers has been previously reported for 
3D	cultures	of	mouse	embryonic	stem	cells	by	Knöspel,	Freyer	et	
al and was ascribed to reduced oxygen and nutrient supply in the 
centre of cell aggregates, amongst others.17	A	large	aggregate	size	
may further explain elevated expression levels of SOX17, CXCR4, 
PAX6, NEFL, GATA2 and T indicating a beginning undirected differ‐
entiation of hiPSCs. The tendency of elevated gene expression of 
differentiation	markers,	which	occurred	especially	 in	AS	50,	 is	 in	
line with findings reported by Toyoda et al,31 who observed that 
the differentiation of hiPSCs into pancreatic bud‐like progenitor 
cells was enhanced by high cell densities. However, for CXCR4 
and NEFL, expression levels of embryoid bodies were significantly 
higher than expression levels of the bioreactor or 2D cultures, 
indicating that the differentiation processes are minor compared 
with intended differentiation as performed in embryoid body cul‐
tures. Interestingly, the expression analysis for T revealed signifi‐
cantly lower expression levels for embryoid bodies compared with 
AS	50	and	2D	cultures.	Maximum	levels	for	T in embryoid bodies 
built of human embryonic stem cells were measured between day 
3 and 7,32‐34 which explains the low levels of T expression in em‐
bryoid	bodies	in	this	study,	which	were	analysed	on	day	15.	Also,	
as T is a marker for early mesodermal differentiation, the hypoth‐
esis is supported that bioreactor cultures only show a beginning 
differentiation. Furthermore, immunohistochemical staining did 
not show a strong expression of any of the differentiation markers, 
especially when being compared with the staining patterns of the 
embryoid	bodies.	Nevertheless,	beginning	differentiation	as	well	
as cell death induced by cell compartment size limitations or ag‐
gregate size during hiPSC expansion could potentially be avoided 
by either harvesting cells from the cell compartment,17 or by per‐
forming passages during continuous expansion in 3D culture sys‐
tems26 as soon as cell cultures reach a growth plateau.

Results from the CellTiter‐Blue®	Cell	Viability	Assay	underlined	
the results from glucose and lactate measurements with the addi‐
tional finding that all bioreactors showed higher cell activity com‐
pared with corresponding 2D cultures, emphasizing the use of 3D 
culture systems instead of 2D cultures for hiPSC long‐term expansion.

Studies on hiPSC expansion have been published using different 
culture models and inoculum densities, emphasizing that the ideal 
inoculum density and expansion efficiency varies depending on spe‐
cific culture characteristics. For example, Kropp et al35 used an inoc‐
ulum	density	of	5	×	105	hiPS	cells/mL	for	expansion	in	stirred	tank	
bioreactors, whereas Olmer et al36 used an initial cell density of only 

F I G U R E  4   Comparison of CellTiter‐Blue® fluorescence values 
over a time period of up to 60 minutes on the final day of the 
experiment	(day	15).	The	figure	shows	measurements	performed	
in	analytical‐scale	bioreactors	(AS)	inoculated	with	10	×	106	(AS	
10, n	=	2)	or	50	×	106	(AS	50,	n = 3) cells, the large‐scale bioreactor 
(LS)	inoculated	with	50	×	106	cells	(LS	50,	n = 1) and 2D cultures 
(2D	d15,	n = 4). Differences in the gradients of the corresponding 
linear correlation were detected using the unpaired, two‐tailed 
Student's t	test	and	considered	statistically	significant	at	*P	<	0.05	
and	**P < 0.01
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5	×	104	hiPS	cells/mL	for	expansion	in	stirred	bioreactors.	 In	these	
studies, hiPSC proliferation by the 4‐ to 6‐fold was observed, reach‐
ing 2 × 106	to	3.5	×	106	cells/mL.35,36	In	contrast,	Lei	et	al37 applied a 
hydrogel‐based 3D culture system with inoculum densities between 

2.5	×	105	and	2.5	×	106	 cells/mL	and	 reported	a	20‐fold	hiPSC	ex‐
pansion with a resulting cell density of 2 × 107 cells/mL.	The	results	
of the present study show that the used four‐compartment biore‐
actor enables a 100‐fold expansion, reaching 4.69 × 108	cells/mL	in	

F I G U R E  5   Immunohistochemical staining of undifferentiated human‐induced pluripotent stem cells (hiPSCs) and hiPSCs after culture in 
analytical‐scale	bioreactors	(AS)	inoculated	with	10	×	106	cells	(AS	10)	or	50	×	106	cells	(AS	50),	in	the	large‐scale	bioreactor	(LS)	inoculated	
with	50	×	106	cells	(LS	50)	and	in	embryoid	bodies	(EB's	d	15).	The	figure	shows	staining	of	POU	Class	5	Homeobox	1	(POU5F1,	A‐E),	marker	
of proliferation (MKI67, F‐J), α‐smooth muscle actin (α‐SMA,	K‐O)	and	vimentin	(VIM,	P‐T),	alpha‐fetoprotein	(AFP,	U‐Y)	and	nestin	(NES,	Z‐
AD).	Nuclei	were	counterstained	with	Dapi	(blue).	Scale	bars	correspond	to	100	µm

(A) (B) (C) (D) (E)

(F) (G) (H) (I) (J)

(K) (L) (M) (N) (O)

(P) (Q) (R) (S) (T)

(U) (V) (W) (X) (Y)

(Z) (AA) (AB) (AC) (AD)

AS 10 AS 50 LS 50 2D

Cell number (mio) 1097.73	±	21.04*  1404.58	±	37.96*  5394.25 49.49 ± 9.02

Population doubling 6.77	±	0.03***  4.8	±	0.04***  6.74 7.16 ± 0.30

Doubling time (days) 2.22	±	0.01***  3.12	±	0.02***  2.23 2.10 ± 0.09

Differences	between	AS	10	and	AS	50	bioreactors	were	considered	significant	at
*P	<	0.05	and	
***P < 0.001. 

TA B L E  4   Cell quantification and 
growth characterization of cells cultured 
in	bioreactors	or	2D	cultures	after	15	days
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the bioreactor compartment. Initially developed for use as an extra‐
corporeal liver support system and successfully applied as such,38 
the compartmentalized bioreactor provides a countercurrent “arte‐
riovenous” media flow and decentralized gas perfusion via capillar‐
ies, thereby enhancing mass exchange for an optimized nutrient and 
oxygen supply for the cultured cells.39	Also,	cells	are	not	affected	by	
shear stress, which occurs for example if cells are cultured in stirred 
tank bioreactors,40 and can cause cell damage.41

The	total	amount	of	cells	produced	in	LS	50	(5.4	×	109 cells) would 
suffice for single‐patient treatments in heart and liver therapies as 
well as treatment of diabetes.11 Cell numbers of this relevance have 
to date been only achieved by Kwok et al,42 who produced 2 × 109 
hiPSCs	after	14	days	of	stirred	suspension	culture,	and	Abecasis	et	
al,26 who obtained 1010 pluripotent hiPSCs within 11 days of 3D 
culture and three sequential passages. The implementation of a dis‐
sociation protocol into our studies may even further improve the 
expansion rates and the maintenance of an undifferentiated state of 
cultured	hiPSCs	for	long‐term	expansion	procedures.	Also,	a	larger	
number	 of	 repetitions,	 especially	 of	 the	 LS	 50	 run,	 are	 needed	 in	
order to verify the results of the study.

Several research groups observed that higher cell densities 
support differentiation processes of pluripotent stem cells.31,36,43‐

47 However, the majority of studies were performed in 2D culture 
models, where medium is usually exchanged discontinuously, and 
cells are limited to growing horizontally, instead of three‐dimension‐
ally. In contrast, perfused 3D cultures enable a continuous supply 
with nutrients and oxygen, while maintaining cell pluripotency.48 In 
particular, the four‐compartment hollow‐fibre bioreactors used in 
this study aim to mimic the in vivo situation in the tissue, thereby 
enabling increased cell densities at physiological levels.17 Therefore, 
the results gained in 2D cultures may not be directly comparable to 
the 3D cultures used in the present study.

Furthermore, the results presented in 2D studies regarding criti‐
cal cell densities varied, depending on the initial cell type and the de‐
sired differentiation outcome. For example, Selekman et al49 found 
that	a	human	pluripotent	stem	cell	density	of	6500	cells/cm2 is opti‐
mal for an epithelial differentiation considering the balance between 
purity and yield of cells. In contrast, initial seeding densities of dental 
and oral stem cells for neural induction in 2D cultures laid between 
3000 cells/cm2 and 20 000 cells/cm2.50

Overall, the expansion of hiPSCs in 3D hollow‐fibre bioreac‐
tors was successful for different cell inoculation conditions and 
bioreactor	 sizes.	 The	 use	 of	 a	 larger	 bioreactor	 (17	mL)	 resulted	
in clinically relevant cell yields. The findings also show that the in‐
oculum density has significant influence on the growth behaviour 
and	the	differentiation	state	of	the	cells	in	3D	bioreactors.	A	high	
cell inoculation number led to a faster expansion with higher max‐
imum values for the glucose uptake and growth, but also to cells 
more prone to differentiation. In contrast, lower initial cell num‐
bers led to slower expansion, but showed less differentiation and 
required less time and effort for pre‐expansion of the inoculum to 
the 3D bioreactor. The latter is especially of relevance for efficient 
hiPSC expansion in large‐scale bioreactors. Based on the described 

results, we conclude that 3D perfusion bioreactors should be inoc‐
ulated with low cell numbers for achieving a successful long‐term 
hiPSC expansion for clinical purposes. In order to avoid differenti‐
ation, additional repeated cell harvesting or cell aggregate dissoci‐
ation may be included into the expansion procedure.
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Abstract: The derivation of hepatocytes from human induced pluripotent stem cells (hiPSC) is of great
interest for applications in pharmacological research. However, full maturation of hiPSC-derived
hepatocytes has not yet been achieved in vitro. To improve hepatic differentiation, co-cultivation
of hiPSC with human umbilical vein endothelial cells (HUVEC) during hepatic differentiation was
investigated in this study. In the first step, different culture media variations based on hepatocyte
culture medium (HCM) were tested in HUVEC mono-cultures to establish a suitable culture medium
for co-culture experiments. Based on the results, two media variants were selected to differentiate
hiPSC-derived definitive endodermal (DE) cells into mature hepatocytes with or without HUVEC
addition. DE cells differentiated in mono-cultures in the presence of those media variants showed a
significant increase (p < 0.05) in secretion of α-fetoprotein and in activities of cytochrome P450 (CYP)
isoenzymes CYP2B6 and CYP3A4 as compared with cells differentiated in unmodified HCM used
as control. Co-cultivation with HUVEC did not further improve the differentiation outcome. Thus,
it can be concluded that the effect of the used medium outweighed the effect of HUVEC co-culture,
emphasizing the importance of the culture medium composition for hiPSC differentiation.

Keywords: human induced pluripotent stem cells (hiPSC); hepatic differentiation; human umbilical
vein endothelial cells (HUVEC); co-culture

1. Introduction

Human induced pluripotent stem cells (hiPSC) hold great promise for application in cell
therapies [1], but also in disease research [1,2] and drug toxicity testing with in vitro models [3].
In pharmacological research, there is a particular need for hepatic cells due to the central role of
the liver in drug metabolism and toxicity [4,5]. Previous in vitro studies on hepatic drug toxicity
using hepatocyte-like cells (HLC) differentiated from hiPSC showed promising results [6,7]. Despite
these encouraging outcomes, the efficiency of the differentiation process of hiPSC towards functional
HLC for further use, including hepatotoxicity assessment, remains low [8]. Several research groups
managed to generate hiPSC-derived HLC with 60% [9] up to 80–85% [10] of differentiated cells
being characterized by the expression of several hepatic markers, including albumin. However,
hiPSC-derived HLC showed only 10% of the urea and albumin production capacity compared with
primary human hepatocytes [9] and cytochrome P450 (CYP) isoenzyme activities of the generated HLC
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were almost 30-fold lower than those of primary human hepatocytes [9]. Baxter et al. characterized
human embryonic stem-cell derived HLC as being similar to fetal rather than to adult hepatocytes
in terms of their metabolic profile [11]. Therefore, further improvement of the differentiation and
maturation process is needed to generate fully functional HLC for clinical or in vitro use.

Current protocols for differentiation of hiPSC towards HLC mostly use a variation of a three-step
differentiation protocol including differentiation into definitive endoderm (DE) cells, generation of
hepatoblasts and further maturation into HLC [12]. DE differentiation is generally induced by the use
of activin A [13,14] and Wnt3a [13,15]. Differentiation into hepatoblasts is supported by the addition
of fibroblast growth factors (FGF) and bone morphogenetic proteins (BMP) [16,17] and hepatocyte
maturation is induced by using hepatocyte growth factor (HGF) as well as oncostatin M (OSM) [18].
In addition to the optimization of the differentiation media and supplements, overexpression of
hepatic transcription factors such as hepatocyte nuclear factor 4 α (HNF4A) [19] and manipulation of
miRNA expression [20,21] were investigated aiming to improve hepatic maturation of hiPSC. Further
support of the maturation of gained HLC was achieved by transferring the differentiation process to a
3D-culture system [6,22,23].

A promising approach to enhance the differentiation outcome and hepatic functionality of
hiPSC-derived HLC can be seen in applying co-cultures with non-parenchymal liver cells. Matsumoto
et al. observed that endothelial cells are essential for early organ development prior to the formation of
a functioning local vasculature [24]. Takebe and colleagues recapitulated the early liver development
by cultivating hiPSC-derived endodermal cells with human umbilical vein endothelial cells (HUVEC)
and human mesenchymal stem cells. The observed expression profiles in the resulting hiPSC-liver
buds were closer to native human liver tissue than hiPSC-derived HLC differentiated without HUVEC
co-culture [25]. Since the cell behavior within such co-cultures relies on specific media compositions,
special attention has to be given to the co-culture medium used to provide suitable conditions for all
included cell types.

Within the scope to develop a co-culture model consisting of hiPSC-derived DE cells and HUVEC,
a two-step approach was applied as shown in Figure 1. First, culture media used for endothelial cells
or hepatocytes as well as mixtures thereof were tested in HUVEC mono-cultures. Based on the results,
two of those media were selected to differentiate hiPSC-derived DE cells into mature hepatocytes in the
presence or absence of HUVEC. Hepatic differentiation of hiPSC in mono- or co-cultures was assessed
by measuring the protein and gene expression of stage-specific markers as well as the functionality of
pharmacological relevant CYP isoenzymes.
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Figure 1. Schematic outline of experimental procedures for media testing in mono-cultures of human
umbilical vein endothelial cells (HUVEC, white boxes) and for hepatic differentiation of hiPSC-derived
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culture medium (HCM) and endothelial cell growth medium (EGM) were tested. Colors used for the
different media compositions correspond to those used in the graphs.
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2. Results

As a prerequisite for co-culture, a culture medium permitting endothelial cell maintenance during
differentiation of hiPSC-derived DE cells towards the hepatic fate had to be determined. Therefore,
HUVEC were cultured in the presence of 100% endothelial cell growth medium, consisting of basal
medium and supplements (EGM complete), 100% hepatocyte culture medium (HCM-I), HCM-I and
EGM complete mixed at a ratio of 1:1 (HCM-I + EGM complete) or HCM-I enriched with endothelial
cell growth supplements (HCM-I + EGM supplements).

2.1. Effect of Culture Media Variations on Mono-Cultures of Human Umbilical Vein Endothelial
Cells (HUVEC)

The use of pure HCM-I for HUVEC cultivation resulted in rapid cell disintegration and
detachment and was therefore not further evaluated (data not shown). The results from HUVEC
cultures treated with HCM-I + EGM complete, with HCM-I + EGM supplements or with EGM
complete as control are shown in Figure 2. The curve progressions displaying glucose consumption
rates of HUVEC cultivated in EGM complete or HCM-I + EGM complete were similar, showing an
increase until day 4 and a slight decrease until day 6 followed by a slow, but stable increase until
day 14 (Figure 2A). Values were only marginally lower in HCM-I + EGM complete than in EGM
complete. In contrast, HUVEC grown in HCM-I + EGM supplements showed considerably lower
glucose consumption rates over the whole culture period (Figure 2A). Values of lactate production
mirrored those of glucose consumption (Figure 2B). Release of lactate dehydrogenase (LDH) as a
marker for cell damage was detected at basal levels of maximally 3 U/L for all conditions (data not
shown). Gene expression analysis of the endothelial cell markers platelet and endothelial cell adhesion
molecule 1 (PECAM1) and von Willebrand factor (VWF) revealed a 3- to 3.5-fold increase in PECAM1
gene expression and a 4-fold increase in VWF gene expression when using EGM complete or HCM-I +
EGM complete (Figure 2C,D). In contrast, the expression levels of both, PECAM1 and VWF, remained
stable in HUVEC cultured in HCM-I + EGM supplements throughout the culture period of 14 days.

In accordance to the results of glucose and lactate measurement, cultures grown in EGM complete
showed the highest cell density (Figure 3A), followed by those cultured in HCM-I + EGM complete
(Figure 3B). Cultivation in HCM-I + EGM supplements resulted in a distinctly lower cell density as
compared with the other media investigated (Figure 3C). Immunocytochemical staining of endothelial
and hepatocyte markers was performed in HUVEC mono-cultures to evaluate the influence of the
tested media on protein expression (Figure 3). Relative percentages of stained cells are provided
in Table S1. In all conditions, the two endothelial cell markers PECAM1 and VWF could clearly
be observed, whereas the two hepatocyte markers HNF4A and cytokeratin 18 (KRT18) were not
detectable (Figure 3D–I). However, the proportion of cells expressing endothelial cell markers differed
between the conditions. Almost all cells (91 ± 6%) cultured in EGM complete were positive for
PECAM1 (Figure 3D), whereas only around 70% of the cells cultured in HCM-I + EGM complete or in
HCM-I + EGM supplements showed PECAM1 immunoreactivity (Figure 3E,F). Immunoreactivity for
VWF was observed in approximately 80% of the cells when grown in EGM complete or in HCM-I +
EGM complete (Figure 3G,H), while only 62 ± 12% of the cells cultured in HCM-I + EGM supplements
appeared positive for this marker (Figure 3I).
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consisting of basal medium and supplements (EGM complete), hepatocyte culture medium and 
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photographs (A–C), staining of the endothelial cell marker platelet endothelial cell adhesion 
molecule 1 (PECAM1) and the hepatocyte marker hepatocyte nuclear factor 4 α (HNF4A) (D–F), 
staining of the hepatocyte marker cytokeratin 18 (KRT18) and the endothelial cell marker von 
Willebrand factor (VWF) (G–I). Nuclei were counter-stained with Dapi (blue). Scale bars correspond 
to 500 µm for light microscopy and to 100 µm for immunofluorescence. 

Figure 2. Effect of different media compositions on mono-cultures of human umbilical vein endothelial
cells (HUVEC). The cells were cultured over 14 days in endothelial cell growth medium, consisting
of basal medium and supplements (EGM complete), in a 1:1 mixture of hepatocyte culture medium
and EGM complete (HCM-I + EGM complete) or in HCM enriched with endothelial cell growth
supplements (HCM-I + EGM supplements). The graphs show time-courses of glucose consumption
(A) and lactate production (B) as well as gene expression analyses of the endothelial cell markers
platelet endothelial cell adhesion molecule 1 (PECAM1) (C) and von Willebrand factor (VWF) (D). Fold
changes of mRNA expression were calculated relative to HUVEC before starting the experiments (d0) with
normalization to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) expression by the ∆∆Ct method.
The area under the curve was calculated for time-courses of biochemical parameters and differences
between groups were detected using the unpaired, two-tailed Student’s t-test; for glucose consumption
and lactate production n = 6, gene expression analysis n = 3, mean ± standard error of the mean.
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Figure 3. Light microscopy and immunocytochemical staining of mono-cultures of human umbilical vein
endothelial cells (HUVEC) after cultivation over 14 days in endothelial cell growth medium, consisting of
basal medium and supplements (EGM complete), hepatocyte culture medium and EGM complete mixed
at a ratio of 1:1 (HCM-I + EGM complete) or HCM enriched with endothelial cell growth supplements
(HCM-I + EGM supplements). The pictures show light microscopic photographs (A–C), staining of the
endothelial cell marker platelet endothelial cell adhesion molecule 1 (PECAM1) and the hepatocyte marker
hepatocyte nuclear factor 4 α (HNF4A) (D–F), staining of the hepatocyte marker cytokeratin 18 (KRT18)
and the endothelial cell marker von Willebrand factor (VWF) (G–I). Nuclei were counter-stained with
Dapi (blue). Scale bars correspond to 500 µm for light microscopy and to 100 µm for immunofluorescence.
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2.2. Hepatic Differentiation of hiPSC-Derived Definitive Endoderm (DE) Cells with or without HUVEC
Co-Cultivation Using Different Co-Culture Media

As maintenance and proliferation of endothelial cells might have positive effects on hepatic
differentiation of hiPSC, both, HCM-I/II + EGM complete and HCM-I/II + EGM supplements,
were tested for their suitability to induce hepatic differentiation in hiPSC-derived DE cells maintained
in mono-culture or in co-culture with HUVEC. The results were compared with pure HCM-I/II, used
as a positive control. HCM-II is based on HCM-I, but is further supplemented with OSM for the last
four days of differentiation.

2.2.1. Morphological Characteristics of hiPSC-Derived Hepatocyte-like Cells (HLC) and
Co-Cultured HUVEC

Light microscopic investigation at the end of hepatic differentiation showed that hiPSC-derived
HLC maintained without HUVEC co-culture displayed a polygonal shape typical for hepatocytes in
all tested media compositions (Figure 4A–C). Use of HCM-I/II + EGM complete resulted in a rather
heterogeneous morphology showing large areas of overgrowth (Figure 4B), while HLC differentiated in
HCM-I/II or HCM-I/II + EGM supplements appeared more homogeneous (Figure 4A,C). In co-culture
experiments, using HCM-I/II + EGM complete or HCM-I/II + EGM supplements as culture media,
the HUVEC grew in distinct areas between the hiPSC-derived DE cells until day 7 of the differentiation
process (Figure 4D,E). Afterwards, HUVEC progressively infiltrated the hiPSC clusters and at the end
of hepatic differentiation (day 17) they could hardly be discriminated from HLC (Figure 4F,G). In both
medium conditions, HLC co-cultivated with HUVEC were less homogeneous in their morphology and
culture behavior (Figure 4F,G) as compared with the corresponding hiPSC mono-cultures (Figure 4B,C).
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Figure 4. Morphology of human induced pluripotent stem cells (hiPSC) after hepatic differentiation over
17 days in different media and/or in co-culture with human umbilical vein endothelial cells (HUVEC).
The pictures show hiPSC after hepatic differentiation in mono-culture over 17 days in hepatocyte culture
medium (HCM-I/II) (A), in a 1:1 mixture of hepatocyte culture medium and endothelial cell growth
medium EGM, consisting of basal medium and supplements (HCM-I/II + EGM complete) (B) or
in HCM enriched with EGM supplements (HCM-I/II + EGM supplements) (C); hiPSC after hepatic
differentiation in co-culture with HUVEC on day 7 of differentiation using HCM-I/II + EGM complete (D)
or HCM-I/II + EGM supplements (E); hiPSC after hepatic differentiation in co-culture with HUVEC on
day 17 of differentiation using HCM-I/II + EGM complete (F) or HCM-I/II + EGM supplements (G).
HUVEC were growing in free spaces between the hiPSC (arrows). Scale bars correspond to 300 µm.
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2.2.2. Gene Expression of Stage-Specific and Endothelial Cell Markers

To evaluate the state of differentiation, mRNA expression of stage specific markers in HLC
was analyzed relative to undifferentiated hiPSC. HUVEC cultured in EGM complete were used as
a positive control for endothelial cell markers (Figure 5). The expression of the pluripotency gene
POU domain, class 5, transcription factor 1 (POU5F1, Figure 5A) fell to less than 1% relative to
undifferentiated hiPSC in all investigated conditions and was lowest in HUVEC mono-cultures.
The fetal hepatocyte marker α-fetoprotein (AFP) had distinctly increased in all cultures except
for the HUVEC. In particular, cultures differentiated in HCM-I/II + EGM supplements showed
a distinct up-regulation of AFP, amounting to more than 107-fold in both, HLC mono-cultures or
co-cultures with HUVEC (Figure 5B). A similar expression pattern was observed for albumin (ALB)
as a marker for mature hepatocytes, with a more than 105-fold increase in the cultures differentiated
in HCM-I/II + EGM supplements with or without HUVEC co-culture (Figure 5C). However, due to
large variances in AFP and ALB expression, the differences between the investigated conditions were
not significant (Figure 5B,C). As additional markers for mature hepatocytes, KRT18 as well as HNF4A
were investigated (Figure 5D,E). The expression levels of KRT18 increased by around 10-fold for all
tested conditions except for HUVEC mono-cultures which showed a comparable KRT18 expression as
undifferentiated hiPSC. A more pronounced increase by more than 104-fold was observed for HNF4A
gene expression in the presence of the different test media, which was significantly higher as compared
with pure HCM-I/II (p < 0.05; Figure 5E). The expression of the endothelial cell marker PECAM1 was
minimally induced in HLC mono-cultures, whereas a more than 200-fold increase in expression was
observed in HLC co-cultured with HUVEC, and HUVEC mono-cultures showed a more than 104-fold
higher PECAM1 expression than undifferentiated hiPSC (Figure 5F).
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Figure 5. Effect of different media compositions and/or co-culture with human umbilical vein endothelial
cells (HUVEC) on mRNA expression of stage-specific markers after hepatic differentiation of human
induced pluripotent stem cells (hiPSC). Differentiation of definitive endodermal cells was performed
over 14 days using hepatocyte culture medium (HCM-I/II), a 1:1 mixture of hepatocyte culture medium
and endothelial cell growth medium, consisting of basal medium and supplements (HCM-I/II + EGM
complete) or HCM enriched with endothelial cell growth supplements (HCM-I/II + EGM supplements)
with or without HUVEC addition. In addition mRNA expression analysis was performed with HUVEC
mono-cultures cultured in EGM complete as control. Graphs show POU class 5 homeobox 1 (POU5F1, A),
α-fetoprotein (AFP, B), albumin (ALB, C), cytokeratin 18 (KRT18, D), hepatocyte nuclear factor 4 α (HNF4A,
E) and platelet endothelial cell adhesion molecule 1 (PECAM1, F). Fold changes of mRNA expression
were calculated relative to undifferentiated hiPSC with normalization to glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) expression by the ∆∆Ct method. Differences between HCM and all other groups
and differences between test media and their corresponding co-cultures were detected with the unpaired,
two-tailed Student’s t-test, n = 8; Co-cultures: n = 3; mean ± standard error of the mean.
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2.2.3. Immunocytochemical Analysis of Stage-Specific and Endothelial Cell Markers

In order to confirm the results of the mRNA analysis, the protein expression of corresponding
stage-specific markers in hiPSC-derived HLC was analyzed using immunocytochemical staining
(Figure 6). Relative percentages of stained cells are provided in Table S2. In undifferentiated hiPSC
cultures, almost all cells (99 ± 3%) were positive for the pluripotency marker POU5F1 (Figure 6A),
whereas markers of differentiation (KRT18, HNF4A, PECAM1) were not detectable (Figure 6G,M,S).
In contrast, the differentiated cultures showed no immunoreactivity for POU5F1 (Figure 6B–F).
The hepatocyte marker KRT18 was clearly expressed in all differentiated cultures (Figure 6H–L).
However, the percentage of KRT18 positive cells was 80 ± 6% in cultures incubated with pure
HCM-I/II (Figure 6H), whereas in the other experimental groups the proportion of stained cells was
distinctly lower, amounting to 60 ± 17% in HCM-I/II + EGM complete + HUVEC (Figure 6K) and
less than 50% in the other groups resulting in a heterogeneous appearance (Figure 6I,J,L). Expression
of the hepatocyte marker HNF4A was observed in all differentiated cell cultures with the highest
percentage of positive cells (60 ± 30%) in HCM-I/II cultures (Figure 6N), followed by HCM-I/II +
EGM complete cultures with 28 ± 19% (Figure 6O). All other groups showed 20% or less HNF4A
positive cells (Figure 6P–R). The endothelial cell marker PECAM1 was only expressed in HLC cultures
differentiated in co-culture with HUVEC (Figure 6W–X), showing a percentage of more than 20%
positive cells, while mono-cultures of hiPSC were devoid of PECAM1 (Figure 6S–V).
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Figure 6. Immunocytochemical staining of human induced pluripotent stem cells (hiPSC) after hepatic
differentiation in different media compositions and/or in co-culture with human umbilical vein endothelial
cells (HUVEC). Differentiation of definitive endodermal cells was performed over 14 days using
hepatocyte culture medium (HCM-I/II), a 1:1 mixture of hepatocyte culture medium and endothelial cell
growth medium, consisting of basal medium and supplements (HCM-I/II + EGM complete) or HCM
enriched with endothelial cell growth supplements (HCM-I/II + EGM supplements) with or without
HUVEC addition. The pictures show the pluripotency marker POU class 5 homeobox 1 (POU5F1, A–F);
the hepatocyte markers cytokeratin 18 (KRT18, G–L) and hepatocyte nuclear factor 4 α (HNF4A, M–R)
and the endothelial cell marker platelet endothelial cell adhesion molecule 1 (PECAM1, S–X). Nuclei were
counter-stained with Dapi (blue). Scale bars correspond to 100 µm.
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2.2.4. Secretion of α-Fetoprotein (AFP), Albumin and Urea

The capacity of the cells for synthesis of liver-specific proteins was evaluated by measuring the
secretion of the fetal albumin precursor protein AFP and of albumin into the culture supernatant
(Figure 7). Secretion of AFP was detectable in all culture conditions from differentiation day 7 onwards
(Figure 7A). In the HCM-I/II control culture, AFP secretion increased until day 11 reaching a maximum
value of 560 ± 137 ng/h/106 initial cells and remained stable afterwards. In contrast, a continuous
increase of AFP secretion until the end of the differentiation process on day 17 was observed in
both, mono-cultures and co-cultures, treated with HCM-I/II + EGM complete or HCM-I/II + EGM
supplements. AFP secretion rates over time, as calculated by the area under the curve, significantly
(p < 0.05) exceeded the release of this protein in HCM-I/II control cultures, amounting to the 6-
to 10-fold on day 17 as compared with HCM-I/II. Mean values of the two co-cultures showed a
tendency towards higher rates than the corresponding mono-cultures, though there was no significant
difference between both groups. Albumin production was detected in all experimental groups
from day 9 onwards (Figure 7B). In HCM-I/II control cultures, secretion rates slowly increased
up to 2.0 ± 0.4 ng/h/106 initial cells on day 17, while cultures maintained using the test media
clearly showed a steeper increase, attaining 6- to 10-fold higher values as compared with the control.
The highest levels of albumin secretion were detected in the co-culture groups with maximal values of
22 ng/h/106 initial cells on day 17. Cells co-cultured with HUVEC in the presence of HCM-I/II + EGM
complete produced significantly more albumin than cells in HCM-I/II control cultures (p = 0.0058).
As a further parameter to assess the functionality of the differentiated cells, urea secretion was
measured over time (Figure 7C). Relatively high values were detected at the beginning of differentiation,
which decreased until day 9 and then increased again in all experimental groups until day 17.
The highest values of urea secretion were detected in co-cultures with HCM-I/II + EGM supplements.
Further, urea secretion was significantly increased in the co-culture with HCM-I/II + EGM complete
as compared to the corresponding medium control (p = 0.0467).

2.2.5. Functional Analysis of Different Cytochrome P450 (CYP) Isoenzymes

To determine the effect of different culture media and/or co-culture with HUVEC on the
functionality of hiPSC-derived HLC, the activity of different pharmacologically relevant CYP
isoenzymes was investigated by analyzing isoenzyme-specific product formation rates after application
of a substrate cocktail (Figure 8). All measured CYP activities were clearly higher in HCM-I/II + EGM
complete or in HCM-I/II + EGM supplements maintained with or without HUVEC as compared
with HCM-I/II control cultures. Only for CYP1A2 differentiation with HCM-I/II + EGM complete in
co-culture with HUVEC resulted in product formation rates similar to the HCM-I/II control (Figure 8A).
And differentiation using HCM-I/II + EGM supplements maintained with or without HUVEC showed
higher activities than HCM-I/II + EGM complete. CYP2B6 showed significantly higher activities for
HCM-I/II + EGM complete with and without HUVEC and for HCM-I/II + EGM supplements when
compared with HCM-I/II control (p < 0.05; Figure 8B). Activity patterns for CYP3A4 were similar
showing significantly higher activities for both co-cultures and for mono-cultures using HCM-I/II +
EGM supplements (p < 0.05; Figure 8C).
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Figure 7. Effect of different media compositions and/or co-culture with human umbilical vein endothelial
cells (HUVEC) on secretion of stage-specific markers during differentiation of human induced pluripotent
stem cells (hiPSC). Differentiation of definitive endodermal cells was performed over 14 days using
hepatocyte culture medium (HCM-I/II), a 1:1 mixture of hepatocyte culture medium and endothelial cell
growth medium, consisting of basal medium and supplements (HCM-I/II + EGM complete) or HCM
enriched with endothelial cell growth supplements (HCM-I/II + EGM supplements) with or without
HUVEC addition. Graphs show the secretion of α-fetoprotein (AFP, A), secretion of albumin (B) and
secretion of urea (C). The area under the curve was calculated and differences between HCM and all other
groups as well as differences between test media and their corresponding co-cultures were detected using
the unpaired, two-tailed Student’s t-test, n = 8; Co-cultures: n = 3; mean ± standard error of the mean.
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Figure 8. Effect of different media compositions and/or co-culture with human umbilical vein
endothelial cells (HUVEC) on activities of cytochrome P450 (CYP) isoenzymes after hepatic
differentiation of human induced pluripotent stem cells (hiPSC). Differentiation of definitive
endodermal cells was performed over 14 days using hepatocyte culture medium (HCM-I/II), a 1:1
mixture of hepatocyte culture medium and endothelial cell growth medium, consisting of basal
medium and supplements (HCM-I/II + EGM complete) or HCM enriched with endothelial cell growth
supplements (HCM-I/II + EGM supplements) with or without HUVEC addition. The graphs show
activities of CYP1A2 determined by measuring the conversion rates of phenacetin to acetaminophen (A),
activities of CYP2B6 determined by measuring the conversion rates of bupropion to 4-OH-bupropion
(B) and activities of CYP3A4 determined by measuring the conversion rates of midazolam to
1-OH-midazolam (C) over 6 h. Differences between HCM and all other groups and differences
between test media and their corresponding co-cultures were detected using the unpaired, two-tailed
Student’s t-test, HCM: n = 8; HCM-I/II + EGM complete and HCM-I/II + EGM Supplements: n = 7;
co-cultures: n = 3; mean ± standard error of the mean.
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3. Discussion

To date, the use of hiPSC-derived HLC in pharmacological drug screening and toxicity testing is
limited by their low hepatic functionality due to a heterogeneous phenotype of HLC [26] resembling
rather fetal than adult primary human hepatocytes [11]. To improve the differentiation outcome of
hiPSC/hESC, several approaches have been focusing on co-culture with non-parenchymal cell types
during the differentiation process, using various cell types and culture systems. A major precondition
to a functional co-culture system is the use of a suitable culture medium, which meets the requirements
of hiPSC as well as those of co-cultured cell types. In the present study, the influence of different
culture medium compositions on HUVEC and hiPSC-derived DE cells maintained separately or in
co-culture with each other was investigated. Culture media tested included media in use for hiPSC
differentiation (HCM), media for HUVEC culture (ECM) and different mixtures of both.

The results from testing different media compositions in HUVEC mono-cultures showed that
HUVEC did not survive using pure HCM-I, whereas use of HCM-I + EGM complete resulted in a
similar growth behavior as EGM complete, and use of HCM-I + EGM supplements also supported
HUVEC growth, although at a reduced level. These findings are in accordance with studies by Takebe
et al. [25], who successfully employed HCM and EGM (both from Lonza) for co-culture of hiPSC with
HUVEC and mesenchymal stem cells. The observation that HUVEC did not grow in HCM-I can be
explained by the fact that this medium lacks some of the ingredients of EGM complete (Table S3), e.g.,
bovine hypothalamic extract containing the potent endothelial mitogen endothelial cell growth factor
(ECGF) [27]. ECGF is even more efficient in combination with heparin [28] also being part of EGM
complete, but not being present in HCM. Furthermore, HCM does not contain basic fibroblast growth
factor (bFGF), which binds to heparin leading to dimerisation of bFGF receptors [29] and selective
induction of endothelial cell proliferation [30]. Insulin, which is included in HCM, but not in EGM
complete, is also reported to increase mitosis in endothelial cells [31], but this effect maybe counteracted
by other factors. For example, transferrin, which is also part of HCM, was shown to have no influence
on endothelial cell proliferation [32], but may play a role in promoting oxidant-induced apoptosis [33].
Furthermore, HCM contains ascorbic acid, which was reported to anticipate oxidative stress-induced
apoptosis in endothelial cells [34]. In addition, the reduced proliferation of HUVEC cultivated in
HCM-I + EGM supplements compared with cultivation in EGM complete might be associated with
the higher glucose concentration of HCM-I + EGM supplements medium (10 mM), as high glucose
concentrations have been shown to increase apoptosis and oxidative stress in endothelial cells [35].
In particular constant exposure to glucose levels above 7 mM, which is defined as hyperglycemia in
the blood, is not physiological and may harm the endothelium [36].

Based on the results from media testing in HUVEC mono-cultures both, HCM-I/II + EGM
complete and HCM-I/II + EGM supplements were tested for their suitability to induce hepatic
differentiation in hiPSC-derived DE cells in presence or absence of HUVEC. The results were compared
with those from using pure HCM-I/II.

As indicated by stage-specific marker expression and CYP activities, both test media improved the
hepatic differentiation of hiPSC as compared with pure HCM-I/II, regardless whether HUVEC were
present or not. The favorable effects of EGM complete or EGM supplements on hepatic differentiation
of hiPSC may be due to some of the factors contained in those media (Table S3). In particular,
the growth factor bFGF contained in EGM supplements has been shown to support the differentiation
of DE cells into hepatoblasts in a concentration-dependent manner [37] and has been employed in
some studies [17,38]. This may explain the distinctly increased gene expression of the hepatoblast
marker AFP in cultures treated with HCM-I/II + EGM supplements, since this medium contains
the highest amount of bFGF. The secretion of AFP was significantly higher in all test groups as
compared with the control cultures maintained in pure HCM-I/II. A higher grade of hepatoblast
differentiation may consequently lead to an increased hepatic maturation, as indicated by distinctly
increased albumin secretion rates in all test groups. The albumin secretion detected in the test groups,
when calculated for the same time interval (days), was more than twice as high compared to other
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studies [9,16,39,40], while Baxter et al. and Gieseck et al. reported even higher albumin secretion
rates of up to 1.5 g/day/106 cells [11,22]. However, it has to be considered that the authors of these
studies have been using different cell lines and culture protocols, which might have influenced the
differentiation outcome and albumin secretion.

Potential reasons for the observed variability in the present data sets can be seen in influencing
factors showing some variations among the experiments, e.g., passage number and seeding efficiency
of different cell batches. In addition the usage of different batches of medium compounds may cause
some variances. For example, B27 supplement used for the definitive endodermal differentiation step
showed substantial variation between specific lots of B27 supplements in neuronal cell cultures [41]
and also in hepatic differentiation experiments [42].

The gene expression of the epithelial marker KRT18 was only slightly increased in differentiated
HLC compared with undifferentiated hiPSC; however, immunoreactivity for KRT18 was clearly
observed in hiPSC-derived HLC cultures. Both, gene and protein expression of KRT18, were barely
influenced by the medium composition or addition of HUVEC. In contrast, the gene expression of
the hepatic transcription factor HNF4A was distinctly increased in all groups compared with the
use of pure HCM-I/II. This observation might again be explained by the effect of bFGF contained
in HCM-I/II + EGM complete and HCM-I/II + EGM supplements since gene expression of HNF4A
was shown to be induced by BMP4/bFGF supplemented media [10,43]. In addition, there are data
indicating that the expression of HNF4A can be influenced by exposure to glucocorticoids [44],
which are contained at a higher level in both test media as compared with pure HCM-I/II. Interestingly
there was a discrepancy between protein expression of HNF4A as analyzed by immune fluorescence
staining and gene expression of that factor. This could be explained by post-translational modifications
of the protein that may reduce the sensitivity of the antibody used for immune fluorescence staining.
Yokoyama et al. reported eight different post-translational modifications sites and observed that one
of these sites is even changing in response to varying glucose levels [45], as occurring in different
culture medium compositions used in this study. The nuclear receptor HNF4A is also responsible
for the transcriptional activation of several CYP isoenzymes such as CYP1A2 [46] and CYP3A4 [47].
Both, the significantly increased HNF4A expression and the higher hydrocortisone concentration in
both test media can explain the significant increase in CYP activities observed in the present study.
Glucocorticoids are known to induce CYP2B, CYP2C and CYP3A in humans [48]. CYP activities were
significantly increased in cultures differentiated in the optimized co-culture media as compared to
the HCM-I/II control group. Maximal activities reached up to 10% of the activities of primary human
hepatocytes cultured for 24 h, which were determined in a previous study of the authors [23].

The presence of HUVEC in hiPSC co-cultures could be confirmed by light-microscopy. In addition,
HUVEC were detected at the end of hepatic differentiation by gene and protein expression of the
endothelial cell marker PECAM1. It was reported that heparin, which is included in EGM supplements,
enhances HGF production at a post-transcriptional level in HUVEC [49]. This may promote hepatic
maturation [50] and proliferation [10,51] in co-cultures. However, in the present study, no supportive
effect of HUVEC on the hepatic differentiation of hiPSC was observed.

An overview of current in vitro co-culture approaches for hepatic differentiation of human
pluripotent stem cells is provided in Table 1. So far, the use of HUVEC to support hepatic
differentiation of hiPSC was reported only in co-cultures together with either human mesenchymal
stem cells [25] or adipose derived stem cells [52]. Takebe and colleagues created highly functional
liver buds, which were able to rescue drug-induced lethal liver failure in immunodeficient mice.
Additionally they observed that culturing hiPSC-derived HLC with endothelial cells alone failed to
form three-dimensional transplantable tissues. Ma and coworkers observed significantly increased
ALB, HNF4A and transthyretin gene expression in their co-culture model compared with hiPSC
mono-cultures [52]. Interestingly, in contrast to the present study, both studies [25,52] omitted the
epidermal growth factor (EGF) in the HCM used for differentiation. Since EGF was shown to stimulate
cell proliferation in HUVEC in a dose-dependent manner [53,54], EGF should not have a negative
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effect on HUVEC during co-culture experiments. Another study applied hiPSC-derived endothelial
cells for co-culture during hepatic differentiation of hiPSC and was able to show significantly increased
albumin secretion [55].

To increase the effect of HUVEC co-culture on hepatic maturation of hiPSC in the here described
model, influencing factors such as the number of HUVEC in relation to hiPSC-derived DE cells, and the
culture technique should be optimized. For example, Transwells [56] or niches separated by different
extracellular matrices [55,57] can be used to provide a larger growth area for HUVEC, in a separate
compartment from hiPSC (Table 1). Another approach would be the detachment of hiPSC-derived DE
cells, which can then be mixed with HUVEC and reseeded [25,58,59]. These approaches would also
enable to add the HUVEC at a later stage of differentiation, namely the hepatic endoderm stage as
described in vitro by Takebe et al. [25] and in vivo by Matsumoto et al. [24]. Since in the present study
HUVEC were expected to adhere in free spaces between the DE cells, the co-culture was initiated
before spreading of DE cells resulting in a decrease of the available adhesion area for HUVEC.

As becomes apparent in Table 1, the most frequently used cell type in current co-culture
approaches for hepatic differentiation of human pluripotent stem cells are murine embryonic
fibroblasts [57,59–61], which increased hepatic gene expression and functionality. In the present study
HUVEC were chosen as a well-established and standardized cell source for parenchymal-endothelial
cell co-cultures. Furthermore, the umbilical vein is the major afferent vessel in the fetal liver [62,63]
and HUVEC might thereby be important for the embryonic liver development. In this context,
HUVEC were already successfully applied as early supporters of hepatic differentiation in previous
studies [25,52]. Another interesting approach would be the usage of tissue-specific endothelial cells
for support of hepatic differentiation through the secretion of tissue-specific factors. It was shown
for several organs that tissue-specific endothelial cells orchestrate organ development as well as
regeneration after injury before building a functional vasculature [64]. Ding et al. could show that liver
sinusoidal endothelial cells release factors, which initiate and sustain liver regeneration induced by
partial hepatectomy in mice [65]. Furthermore, there is evidence that adult hepatocytes also play a role
in stem cell fate decision during liver regeneration by releasing growth factors such as HGF, Wnt and
FGFs [66]. Hence, another strategy would be the co-cultivation with primary adult hepatocytes during
hepatic differentiation.

In future studies the present findings should be verified using additional hiPSC lines to identify
a potential dependency on donor-specific and epigenetic characteristics of individual hiPSC lines.
In addition, a closer investigation of individual factors and compounds in the culture media mixtures
would be helpful to create well-defined culture media formulations and to facilitate the further
improvement of co-culture media.
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Table 1. Studies on hepatic differentiation of human induced pluripotent stem cells (hiPSC) or human embryonic stem cells (hESC) in co-culture with different
cell types.

Cell Type Used for Co-Culture
with hiPSC/hESC

Ratio (hiPSC/hESC-Derived
Cells:Co-Cultured Cell Type(s)) Co-Culture Method Culture Medium Applied Ref.

Murine hepatic stromal cell line
MLSgt20 1:1 Self-aggregation in microwells DMEM + FBS + differentiation factors [58]

Murine embryonic fibroblasts
(3T3-J2) 0.04:1 Seeding of DE cells onto

mitomycin-treated 3T3-J2 feeder cells Hepatocyte culture medium + FBS [60]

Murine embryonic fibroblasts
(swiss 3T3) Not specified Hepatoblast monolayer covered with 3T3

cell sheet L15 medium + differentiation factors [61]

HUVEC and mesenchymal stem
cells 10:7:2 Spontaneous formation of 3D liver buds HCM (without EGF) + EGM, 1:1 [25,67]

hiPSC-derived endothelial cells 2 : 1
Multicomponent hydrogel fibers
containing galactose for HLC and

collagen for endothelial cells
Not specified [55]

Hepatic stellate cell line
TWNT-1 Not specified Cell inserts DMEM-F12 + knockout serum replacer

+ DMSO [56]

Murine embryonic fibroblasts
(3T3-J2) 2:1 or 2.5:1 for cryopreserved HLC Micropatterned co-culture containing

collagen coating and matrigel overlay
RPMI + B27 supplement +

differentiation factors [57]

Murine embryonic fibroblasts
(3T3-J2) 2:1 Self-aggregation in microwells RPMI + B27 supplement +

differentiation factors [59]

Primary rat hepatocytes 1:2 Microfluidic co-culture
DMEM + FBS + maintenance factors

and IMDM + FBS + DMSO +
differentiation factors

[66]

HUVEC and adipose derived
stem cells 1:1:0.02 3D bioprinting of in vivo like liver lobule

structures HCM (without EGF) + EGM-2, 1:1 [52]

HUVEC 2:1 HUVEC grow in free spaces of
hiPSC-derived DE cell monolayers

HCM + EGM complete, 1:1 and HCM +
EGM Supplements

Present
study
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4. Materials and Methods

4.1. Culture of HUVEC

Cryopreserved HUVEC (PromoCell GmbH, Heidelberg, Germany) were thawed as recommended
by the manufacturer and were cultivated in endothelial cell growth medium (PromoCell GmbH),
consisting of basal medium and supplements (EGM complete) and 0.05 mg/mL gentamycin (Merck,
Darmstadt, Germany) on cell culture dishes (ThermoScientific, Waltham, MA, USA) at 37 ◦C in a 5%
CO2 atmosphere. The cells were passaged according to the manufacturer’s instructions when they
reached around 95% confluence. The composition of EGM complete as provided by the manufacturer
is shown in Table S3.

4.2. Culture and Hepatic Differentiation of hiPSC

The hiPSC line DF6-9-9T [68] (WiCell Research Institute, Madison, WI, USA) was cultured under
feeder-free conditions on NunclonTM six-well cell culture plates (ThermoScientific NuncTM, Schwerte,
Germany) coated with 8.68 µg/cm2 Matrigel (growth factor reduced, Corning, NY, USA). Cells
were expanded with mTeSRTM1 medium (Stemcell Technologies, Vancouver, BC, Canada) containing
0.05 mg/mL gentamycin (Merck, Darmstadt, Germany).

Hepatic differentiation of hiPSC was performed according to protocols from Hay et al. [15,18,69]
with some modifications, as described previously [23]. Briefly, when hiPSC reached a confluence of
approximately 70%, differentiation into DE cells was induced with Roswell Park Memorial Institute
(RPMI) 1640 culture medium (Merck) supplemented with 100 ng/mL activin A (Peprotech, London,
UK), 50 ng/mL Wnt3a (R&D Systems, Minneapolis, MN, USA), 1 µM sodium butyrate (Sigma-Aldrich,
St. Louis, MO, USA) and 2% (v/v) B27 supplements without insulin (Life Technologies, Carlsbad,
CA, USA) for three days. Subsequently DE cells were differentiated into hepatoblasts over 13 days
with hepatocyte culture medium consisting of basal medium and single quots (Lonza, Walkersville,
MD, USA) and 10 ng/mL HGF (Peprotech, Rocky Hill, NJ, USA). For further maturation to
hepatocyte-like cells 10 ng/mL OSM (Peprotech) were added during the last four days of differentiation.
The hepatoblast differentiation medium is referred to as HCM-I and the maturation medium is referred
to as HCM-II throughout the whole manuscript. The composition of HCM as provided by the
manufacturer is shown in Table S3.

4.3. Culture Medium Testing in Mono-Cultures of HUVEC

For testing of different culture media, HUVEC were seeded at a density of 4 × 103 cells/cm2 and
cultured over 14 days in the presence of 100% EGM complete (positive control), 100% HCM-I, HCM-I
and EGM complete at a ratio of 1:1 (HCM-I + EGM complete) or HCM-I enriched with endothelial cell
growth supplements (HCM-I + EGM supplements).

4.4. Co-Culture of hiPSC-Derived DE cells with HUVEC

For co-culture experiments, hiPSC were differentiated into DE cells as described above. Further
differentiation was carried out in HCM-I/II + EGM complete or in HCM-I/II + EGM supplements
with HUVEC added to the DE cells at a ratio of 1:2 (5 × 105 HUVEC + 1 × 106 DE cells). In parallel, DE
cells were differentiated in HCM-I/II + EGM complete or in HCM-I/II + EGM supplements without
HUVEC. An overview of culture media and culture medium combinations used for testing in HUVEC
or hiPSC cultures is provided in Table 2.
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Table 2. Culture media and culture medium combinations used for testing in cultures of human
umbilical vein endothelial cells (HUVEC) or human induced pluripotent stem cells (hiPSC).

Component EGM complete HCM-I HCM-II HCM-I/II + EGM
Complete

HCM-I/II + EGM
Supplements

Hepatocyte culture
medium (HCM) Bullet Kit - 100% (v/v) 50% (v/v) 97.5% (v/v)

Endothelial cell growth
medium (EGM) 97.5% (v/v) - 48.75% (v/v) -

EGM Supplements 2.5% (v/v) - 1.25% (v/v) 2.5% (v/v)
Human hepatocyte growth

factor, recombinant - 10 ng/mL 10 ng/mL 10 ng/mL 10 ng/mL

Human oncostatin M,
recombinant - - 10 ng/mL 10 ng/mL 1 10 ng/mL 1

Gentamycin 0.05 mg/mL 0.05 mg/mL 0.05 mg/mL 0.05 mg/mL 0.05 mg/mL
1 only added to media containing HCM-II.

4.5. Analyses of Biochemical Parameters

The metabolic activity of HUVEC was assessed by daily measurement of glucose and lactate
concentrations with a blood gas analyzer (ABL 700, Radiometer, Copenhagen, Denmark). Potential cell
damage was detected by analyzing the release of LDH using an automated clinical chemistry analyzer
(Cobas® 8000; Roche Diagnostics, Mannheim, Germany). The secretion of the albumin precursor
protein AFP and urea during hiPSC differentiation was detected also using an automated clinical
chemistry analyzer (Cobas® 8000, Roche Diagnostics). Albumin secretion, as a marker for mature
hepatocytes, was quantified using an ELISA Quantitation kit and 3′,5,5′-tetramethylbenzidine substrate
(both from Bethyl Laboratories, Montgomery, TX, USA) according to the manufacturer´s instructions.

4.6. Gene Expression Analysis

RNA was isolated from undifferentiated hiPSC, HLC, HUVEC, or HLC-HUVEC co-cultures.
Isolation of RNA and subsequent cDNA synthesis were performed as described elsewhere [70], using
PureLinkTM RNA Mini Kit (Life Technologies) and High Capacity cDNA Reverse Transcription Kit
(Applied Biosystems, Foster City, CA). Each cDNA template was mixed with PCR Master mix (Applied
Biosystems) and human-specific primers and probes (TaqMan GeneExpression Assay system, Life
Technologies, Table 3). Quantitative real-time PCR (qRT-PCR) was performed using a Realtime cycler
(Mastercycler ep Realplex 2, Eppendorf, Hamburg, Germany). The expression of specific genes was
normalized to that of the housekeeping gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
and fold changes of expression levels were calculated with the ∆∆Ct method [71].

Table 3. Applied Biosystems TaqMan Gene Expression Assays®.

Gene Symbol Gene Name Assay ID

AFP α fetoprotein HS00173490_m1
ALB albumin HS00910225_m1

GAPDH glyceraldehyde-3-phosphate
dehydrogenase HS03929097_g1

HNF4A Hepatocyte nuclear factor 4, α Hs00230853_m1
KRT18 Keratin 18 Hs02827483_g1

PECAM1 platelet and endothelial cell
adhesion molecule 1 Hs00169777_m1

POU5F1 POU domain, class 5, transcription
factor 1 HS00999632_g1

VWF von Willebrand factor Hs00169795_m1
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4.7. Immunocytochemical Staining

Immunofluorescence staining was performed as described elsewhere [70]. Antibodies used
are listed in Table 4. Staining of hiPSC-derived cultures was performed in 24-well plates (lumox®,
Sarstedt, Nümbrecht-Rommelsdorf, Germany), while HUVEC were cultured and subsequently
fixed on chamber slides (Thermo Scientific™ Nunc™ Lab-Tek™ II Chamber Slide™ System) for
immunocytochemical analysis.

Table 4. Primary and secondary antibodies used for immunofluorescence staining.

Antibody Type and Specifity Protein
Symbol Species Manufacturer Article-No. Final Conc.

(µg/mL)

Primary Antibody
Cytokeratin 18 CK18 mouse Santa Cruz Sc-6259 2

Hepatocyte nuclear factor 4 α HNF4A rabbit Santa Cruz Sc-8987 4
Platelet endothelial cell

adhesion molecule 1 PECAM1 mouse Abcam ab24590 5

POU domain, class 5,
transcription factor 1 OCT3 rabbit Santa Cruz Sc-9081 2

Von Willebrand factor VWF rabbit Abcam ab6994 35.5
Secondary antibody

Alexa Fluor®488 anti-mouse goat Life Technologies A-11029 2
Alexa Fluor®594 anti-rabbit goat Life Technologies A-11037 2

Fluorescence microscopic pictures were analysed by means of the open source image processing
program ImageJ recording at least 5 visual fields for each group.

4.8. Measurement of Cytochrome P450 (CYP) Isoenzyme Activities

Activities of the pharmacologically relevant CYP isoenzymes CYP1A2, CYP2B6 and CYP3A4 were
measured in hiPSC after completion of hepatic differentiation as described previously [23]. Briefly,
a cocktail containing the CYP substrates phenacetin (CYP1A2), bupropion (CYP2B6) and midazolam
(CYP3A4) was added to the cultures and the formation of the corresponding isoenzyme specific
products was analyzed by LC-MS as described previously [23].

4.9. Statistical Evaluation

Experiments were performed in three to eight repeats, as indicated in the figure legends, and
results are presented as mean ± standard error of the mean. The area under the curve was calculated
for time-courses of biochemical parameters and differences between culture media and/or co-cultures
were detected with a subsequent unpaired, two-tailed Student´s t-test. Differences were judged as
significant, if the p-value was less than 0.05.

5. Conclusions

In summary, the application of co-cultures to generate functional hiPSC-derived HLC is a relatively
new and complex research field. Our study shows that the establishment of a functional co-culture
model requires an intense study of surrounding aspects influencing the cell maintenance. Particular
attention should be given to the composition of the applied media, as our results show that the effect
of the co-culture medium outweighed the effect of the co-culture itself.
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Abbreviations

AFP α-fetoprotein
ALB Albumin
bFGF Basic fibroblast growth factor
BMP Bone morphogenetic proteins
CYP Cytochrome P450
DE Definitive endoderm
DMEM Dulbecco’s modified eagle’s medium
DMSO Dimethyl sulfoxide
ECGF Endothelial cell growth factor
EGF Epidermal growth factor
EGM Endothelial cell growth medium
FBS Fetal bovine serum
FGF Fibroblast growth factor
GAPDH Glyceraldehyde-3-phosphate dehydrogenase
HCM Hepatocyte culture medium
hESC Human embryonic stem cells
HGF hepatocyte growth factor
hiPSC Human induced pluripotent stem cells
HLC Hepatocyte-like cells
HNF4A Hepatocyte nuclear factor 4 α

HUVEC Human umbilical vein endothelial cells
KRT18 Cytokeratin 18
L15 Leibovitz’s
LDH Lactate dehydrogenase
OSM Oncostatin M
PECAM1 Platelet and endothelial cell adhesion molecule 1
POU5F1 POU domain, class 5, transcription factor 1
RPMI Roswell Park Memorial Institute
VWF Von Willebrand factor
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