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ABSTRACT 

 

Human primary hepatocytes (pHEPs) are used as the gold standard model for drug screen-

ing and toxicity testing in the drug development pipeline. However, the rapid post isolation 

changes in cell structure, morphology, gene expression and metabolic activity, together 

with donor availability and heterogeneity, limit their utility. Directed differentiation of hu-

man embryonic stem cells (hESCs) or human induced pluripotent stem cells (hiPSCs) into 

hepatocyte-like cells (HLCs) can be achieved within a short time and in unlimited quantities; 

however their metabolic activity closely represents foetal hepatocytes but not an adult 

hepatocyte metabolic profile. Studies have identified compounds that can increase expres-

sion of some adult enzymes, but a systematic evaluation of multiple compounds in a range 

of concentrations has never been reported in human cells. Studying the maturation of HLCs 

requires identification of distinct markers that are only expressed in the adult liver cells to 

clearly evaluate maturation characteristics as the current literature predominantly investi-

gates the expression of the characteristics observed during the foetal stages.  

In this thesis, the current status of the field is reviewed in Chapter 1. The existing hepato-

cyte differentiation protocol has been re-designed in Chapter 3 taking into consideration 

up-to-date methods, cell line differences and culture medium, availability of human Plu-

ripotent Stem Cells (hPSCs) and differentiation into HLCs on a TECAN Freedom Evo 200 au-

tomated cell culture robot. Based on a published proteomic study, a quantifiable high-

throughput assay was developed to identify distinct adult enzyme markers Cytochrome 450 

1A2 (CYP450 1A2), Cytochrome 450 2C9 (CYP450 2C9) and Cytochrome 450 2A6 (CYP450 

2A6) in Chapter 4. Finally, Design of Experiment (DoE) approaches were utilised in Chapter 

5 to screen 46 identified candidate compounds at a range of concentrations. The results 

predicted that SR12813 at 1.5uM, taurocholate acid at 155uM, CHIR 99021 at 8.5uM, all-

trans retinoic acid at 3uM and ascorbic acid at 1.5mM can enhance the expression of 
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CYP2C9. Chapter 6 discusses the advances of this thesis and their relevance to the current 

literature and the HLCs field.  

 

Figure 1 Overview of the thesis plan and aims.  
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CHAPTER ONE  

IMPROVING THE MATURATION OF HUMAN PLURIPOTENT STEM CELL (HPSC)-

DERIVED HEPATOCYTE-LIKE CELLS USING AN AUTOMATED-DESIGN OF EXPER-

IMENTS (DOE) APPROACH  

1.1. Introduction - Liver’s central role in Biology 

The liver is the largest organ in the body and is important for xenobiotic detoxification, de-

composition of red blood cells and removal of the toxic by-product of urea cycle ammonia 

(Starzl and Lakkis, 2006, Corless and Middleton, 1983). Amongst its key characteristics, it is 

a metabolic and a storage site for nutrients such as glycogen, iron, copper and vitamins and 

regulates the balance of amino-acids and fats known as homeostasis. It responds to hor-

mones such as insulin, glucagon and glucocorticoids, resulting in the maintenance of nor-

mal glucose levels. It also aids digestion of lipids upon bile production, thus controlling the 

cholesterol levels. The liver produces essential proteins such as albumin and alpha-1-

antithrypsin (AAT), enzymes responsible for the metabolism and detoxification such as Cy-

tochrome 450 enzymes (CYP450) and clotting factors such as fibrinogen, thrombopoietin 

and antithrombin. Thus, the liver has key roles in processes that range from food digestion, 

drug metabolism, detoxification, nutrient storage, protein production to hormone homeo-

stasis and immunity (Zorn, 2008, Ramadori et al., 2008, Si-Tayeb et al., 2010a, Starzl and 

Lakkis, 2006, Corless and Middleton, 1983). 

The importance of the liver in human health and disease, as well as its remarkable re-

generative capacity, has been well known since the ancient times highlighted in the story of 

Prometheus (Power and Rasko, 2008, Chen and Chen, 1994). In Greek mythology, Prome-

theus was punished for giving fire to humans and chained with unbreakable chains against 

a solid rock where a giant eagle would tear his liver daily, causing it to regenerate during 

the night for the eagle to return again repeating the process. (Chen and Chen, 1994). 
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1.2. Drug Metabolism  

Among the many functions that the liver undertakes, one of the most critical is the drug 

metabolism. Has been described as the body’s inherent ability to metabolise and remove 

foreign and/or hazardous compounds, xenobiotics, that either intentionally or unintention-

ally have made their way to systemic circulation (Sinz, 2012). These xenobiotics can be nat-

urally occurring substances or synthetic drugs. Metabolism works as the main line of de-

fence inducing chemical changes in their structure so-called biotransformation, in an at-

tempt to transform them into more polar, easily extracted from the human body, but most 

importantly pharmacologically inactive (Doogue and Polasek, 2013, Benedetti et al., 2009). 

Energy for the processes is secured by the membrane-bound CYP450 oxidoreductase that 

donates electrons to the enzymes involved in the metabolism (Pandey et al., 2013).  

In the presence of a xenobiotic, the liver responds by activating key enzymes such as oxi-

dases, reductases and hydrolases and enzymatically converting lipid-soluble substrate into 

a water-soluble and easily exportable metabolite (Kirchmair et al., 2015). An overview of 

the above stages is shown in Figure 2. Often the by-products of metabolism are less solu-

ble, pharmacologically active or toxic compounds that once overcome absorption and bioa-

vailability converting into an active drug, potentially damaging to the system (Obach, 2013). 

In the development of drugs, investment costs are not recouped off at a later stage ie hu-

man clinical trials that flag up as toxic (Sinz, 2012). For this reason, a deeper understanding 

of the metabolism of candidate drugs in the early stages of drug development is of para-

mount interest for the pharmaceutical industry to avoid unnecessary complications, drug 

failures and cost. 

A plethora of metabolic enzymes are responsible for the xenobiotic metabolism of sub-

stances across the body with tissue-specific activity differences (Krishna and Klotz, 1994). 

However, the liver is the main site (Almazroo et al., 2017, Sahi et al., 2010). There are three 
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main categories of enzymes that metabolise xenobiotics.  

Phase I enzymes comprise the CYP450 superfamily composed of 57 genes (Preissner et al., 

2010) (Figure 3). Their role is to chemically modify drugs by adding a functional group and 

 

Figure 2 Overview describing the metabolism of xenobiotics. Following uptake of a drug and transportation 
into the cell, it is metabolized using the Phase I enzymes via oxidation, reduction, or hydroxylation, leading to 
insertion or uncovering of a reactive hydrophilic moiety. At the Phase II, the drug is conjugated with endoge-
nous compounds such as glutathione or saccharides and finally the resulting conjugate is excreted by export 
transporters. Adapted from (Matoušková et al., 2016) and modified. 

 

Figure 3 Overview of the enzymes involved in Phase I and Phase II metabolism. Pie charts demonstrate the 
percentage of phase I and phase II metabolism of drugs that each enzyme contributes to.  ADH, alcohol dehy-
drogenase; ALDH, aldehyde dehydrogenase; CYP, cytochrome P450; DPD, dihydropyrimidine dehydrogenase; 
NQ01, NADPH:quinone oxidoreductase or DT diaphorase; COMT, catechol O-methyltransferase; GST, gluta-
thione S-transferase; HMT, histamine methyl- transferase; NAT, N-acetyltransferase; STs, sulfotransferases; 
TPMT, thiopurine methyltransferase; UGTs, uridine 5'-triphosphate glucuronosyltransferases. Adapted by 
(Evans and Relling, 1999) and modified.  
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diverting them into more water-soluble products to aid their excretion (Figure 2). Major 

substrates for Phase I are steroids, fatty acids, eicosanoids, vitamins, xenobiotics and also 

still unknown substrates (Almazroo et al., 2017, Iyanagi, 2007). Trace elements such as iron 

are important for binding of substrates to the catalytic centre of the enzymes. CYP450 en-

zymes are predominantly localised in the membrane of the endoplasmic reticulum howev-

er, they can also be found in other cellular compartments such as the cell surface or mito-

chondria (Neve and Ingelman-Sundberg, 2010).  

Phase II drug metabolism consists of different families of enzymes (Figure 3), mainly trans-

ferases that further convert Phase I products that cannot be excreted from the body, into 

highly-polar and readily-extractable molecules by conjugating hydrophilic endogenous ele-

ments (Crettol et al., 2010). The most common Phase II enzymes are the UDP-

glucuronosyltransferases (UGTs), N-acetyltransferases (NATs), sulfotransferases (SULTs), 

glutathione S-transferases (GSTs), thiopurine S-methyltransferases (TPMTs) and catechol O-

methyl-transferases (COMTs) (Almazroo et al., 2017, Jancova et al., 2010). This process oc-

curs mainly in the cytoplasm, however it has been described in both the mitochondria and 

peroxisomes (Jancova et al., 2010). The by-products of Phase II metabolism require assis-

tance from Phase III metabolism to facilitate transportation in/out of the cells.  

Phase III metabolism consists of drug transporters in the form of transmembrane proteins 

that assist transportation of conjugated metabolites into the hepatocytes and then into the 

bile canaliculi to successfully excrete the highly hydrophilic by-products from the body (Xu 

et al., 2005). Overall, the most common enzymes responsible for the biotransformation (70-

80% of all drugs and foreign substances) are Phase I and in particular enzymes that belong 

to the CYP450 families 1, 2 and 3. The most important of those are CYP450 enzymes 1A2, 

2A6, 2B6, 2C8, 2C9, 2C19, 2D6, 2E1, 3A4 and 3A5 (Zanger and Schwab, 2013). 

1.3. Drug Development & Key Stages  
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The drug discovery process is a lengthy route that may take between 11-16 years and with 

costs ranging from millions to billions of pounds (Hughes et al., 2011, Avorn, 2015, Ware 

and Khetani, 2016). Figure 4 shows an overview of the drug discovery and development 

progress summarising the key elements in each stage.  

 

Figure 4 Overview of the Drug Discovery and development process divided in 4 key stages. The first stage 
starts with target identification and validation, assay development and lead generation screening up to 
10.000 compounds and lasts from 3 to 5 years. The second stage is the pre-clinical that evaluates in vitro and 
in vivo toxicity, studies the absorption, distribution, metabolism, and excretion (ADME) of the candidate 
drugs with additional pharmacokinetics and pharmacodynamics. The third stage is divided into the 3 clinical 
trial phases that usually last between 6 to 7 years and the regulatory approval at the fourth stage requires 1 
to 2 years. Adapted by (Matthews, H. 2016) 

Commonly, drugs at the final clinical stages fail to succeed because of concerns in safety 

and efficacy that were not predicted in the previous phases of development (Hwang et al., 

2016) or due to adverse effects that lead to induced cardiotoxicity (Liang et al., 2013). Lack 

of predictive power of animal models for humans often causes drug failure at the clinical 

stages (Shanks et al., 2009, Mak et al., 2014). To reduce the failure of drugs and subse-

quently cost of the drug development, pharmaceutical companies now follow the “failing 

fast and cheap” model (Owens et al., 2015). This is usually accomplished by improved toxi-
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cology screens, establishing predictive translational models through a more thorough un-

derstanding of the disease and by identifying predictive biomarkers combined with well-

designed animal model trials (Hughes et al., 2011). Another reason for drug failure is the 

extensive genetic polymorphism among the population that leads to distinct pharmaco-

genetic phenotypes and the enzymes that metabolise drugs at different rates or show a 

different substrate selectivity that might lead to different responses (Zanger and Schwab, 

2013). Translation of this knowledge into drug development is slow and difficult but im-

portant for the development of effective drugs.  

1.4. Requirement for in vivo Models of Liver  

The need for drug testing in animals became a necessity after incidences that led to human 

tragedies. Examples include the use of Diethyl Glycol as a solvent for a drug while its toxici-

ty to humans was not known and 105 fatalities occurred in the USA in 1937 (Wax, 1995). 

This and similar incidents in the USA resulted in establishing laws that require the safety 

testing of drugs on animals before they go to the market. In Europe, the major incident was 

due to the drug thalidomide. This was used as an effective painkiller for coughs, insomnia, 

headaches, cold and to treat morning sickness in pregnant women. Soon after the drug 

went to market, more than 10,000 children in 42 countries were born with body malfor-

mations including missing limbs (Botting, 2002). Even though animal testing was per-

formed, it had not been tested not done in pregnant animals to identify foetal toxicity 

(Botting, 2002, Rehman et al., 2011).  

Apart from incidences similar to the above, drugs may lead to idiosyncratic “Drug Induced 

Liver Injury” (DILI) (Stine and Chalasani, 2015). Idiosyncratic DILI is caused by induced hepa-

totoxicity without obvious aetiology (Teschke and Danan, 2016). Individual variability, ge-

netic and environmental factors may affect the CYP450 enzymes and result in incompetent 

metabolism of a drug that leads to liver toxicity and result in acute liver injury (Chalasani 
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and Björnsson, 2010). Information about potential adverse drug reactions are provided 

along with the drug, however data on hepatoxicity investigations is not always easily acces-

sible (Björnsson, 2016). Drug and toxicity testing models that represent a wide spectrum of 

the population are required so that idiosyncratic DILI cases can be potentially prevented.  

Overall, regulatory authorities concerned on public health, still require animal experimenta-

tion to establish the safety of drug at the pre-clinical stages. However, concerns about the 

humane treatment of animals are widely recognised (Akhtar, 2013). In vitro models can 

help understand aspects of the underlying biology and toxicity of drugs; however they are 

not entirely predictive of the whole-body situation (Akhtar, 2015, Shanks et al., 2009).  

1.5. Animal Models in Research, Species Differences & Limitations  

A range of animal models are currently available ranging from models to identify the func-

tion of a single enzyme/transporter or mouse models where the liver has been repopulated 

with human hepatocytes (Denayer, 2014). However, species differences must be consid-

ered when selecting a model as this will potentially affect the translation of the results into 

clinical trials. Table 1summarises the key advantages and disadvantages of each model.  

Table 1  Advantages and disadvantages of animal models in the drug development and testing 

Model  Advantages Disadvantages 
Knock-out 
models of the 
selected en-
zymes or trans-
porter. 

-Address questions related to 
a single enzyme or trans-
porter. 
-Understanding the function 
of particular genes in drug me-
tabolism by genetic inactiva-
tion of the gene of interest 
(Jiang et al., 2011) 

-Data generated from pre-clinical 
animal models is frequently different 
in humans. 
-Species differences caused by a lack 
of specific enzyme in humans/ ani-
mals, presence of a similar enzyme 
(orthologue) that produces a differ-
ent form of metabolite in different 
species or reduced enzyme activity 
in animals when the same enzyme is 
highly active in humans (Baillie and 
Rettie, 2011) 

Humanised 
mouse models 

-Generated by deletion of the 
mouse orthologue gene and 
insertion of the human genes 
(Brehm et al., 2013)  such as 
mutant superoxide dismutase 

-Expression of the gene cannot be 
controlled and adjusted at human 
levels thus the expression can be 
lower or in a different scenario, ex-
pression at the wrong tissue due to 
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1 which is the cause of Amyo-
trophic lateral sclerosis 
(Gajowiak et al., 2015) 

lack of regulatory sites and promoter 
in the mouse genome relevant to the 
human (Sinz, 2012, Jiang et al., 2011) 
-Species differences are significant 
and data collected in any single spe-
cies cannot translate to induction in 
other species and particularly in hu-
mans (Sinz et al., 2008, Martignoni et 
al., 2006, Graham and Lake, 2008) 

Chimeric mouse 
model 

-Recapitulate key areas of 
drug metabolism based on 
human liver cells (Katoh and 
Yokoi, 2007).  
-Capable to demonstrate met-
abolic profile specific to hu-
mans and separate from the 
wildtype mice as well as pre-
diction of human metabolites 
derived from multiple meta-
bolic reactions (Kamimura et 
al., 2010, Strom et al., 2010, 
Denayer, 2014) 

-As the mice are immunocompro-
mised, cannot be used to analyse 
immune-mediated drug toxicity 
-Cannot be used to identify extrahe-
patic human-specific factors affecting 
drug metabolism or clearance 
-As the degree of biliary tract human-
ization varies, cannot be used to pre-
dict the clearance of drugs in humans 
as it is dependent on human-specific 
transporters (Nishimura et al., 2013) 

 

1.6. Animal Welfare & Reduction, Replacement and Refinement (3Rs) 

Animal research has contributed a vast amount of information during the last decades 

however, its usefulness and suitability is currently debated. In the years before regulation 

of animal research, major discrepancies had been made and the lack of consistencies was 

evident in experimental planning which provided misleading conclusions that later did not 

translate in the clinical domain (Pound et al., 2004, Denayer, 2014). Examples of these dis-

crepancies are lack of set guidelines for reporting animal data, methodological biases to-

wards healthier animals and exclusion of negative results, the use of young animals that 

have no diseases, flaws in experimental design, initiation of the clinical trial before comple-

tion of the pre-clinical trial, but more importantly lack or randomisation and blinded trials 

(Hackam, 2007, Pound et al., 2004, Denayer, 2014). As a result, translation into the clinic 

was difficult and required more stringent criteria and methodologies to justify the use of 

animals in research.  
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In the United Kingdom (UK), efforts to minimise the number of animals in research and use 

of in vitro models was highlighted in 1959 with a seminal book “The Principles of Humane 

Experimental Technique” setting the cornerstone that later formed the framework for the 

“National Centre for the Replacement, Refinement & Reduction of Animals in Research – 

3R’s”. The three proposals were to reduce the number of animals to the minimum neces-

sary per study, replacement of animal model with non-sentient models or in vitro experi-

ments and if animals have to be used, then refinement of an experimental procedure to 

cause the minimum pain and distress (Flecknell, 2002). The 3R’s framework is used as an 

area of common ground for research workers who use animals influencing the way animal 

research is done (Flecknell, 2002, Festing and Wilkinson, 2007). Considering the disad-

vantages of animal research as well as animal welfare and alternatives currently available, 

in vitro drug testing and toxicity studies is becoming the best option.  

1.7. In vitro Models of Liver Toxicity Testing  

Advantages of in vitro models have been acknowledged since the early 90s and include a 

reduced number of animals used in research, reduced cost to animal maintenance and 

care, shortening of the time needed, use of smaller quantities of the drugs, high throughput 

experiments for multiple candidate drugs and metabolites (DelRaso, 1993, Soldatow et al., 

2013). In addition, due to the considerable variability in metabolism among different spe-

cies, it is essential that the in vitro system can be used to more accurately predict metabo-

lism (Kirchmair et al., 2015). Table 2 summarises the key advantages and disadvantages of 

each model.  

Table 2 Advantages and disadvantages of in vitro models in the drug development and testing 

System Advantages Disadvantages 
Recombinant 
single enzymes 
in a controlled 
environment 

-Simple and easy to use  
-Controlled environment 
 

-Rarely used nowadays 
-Not high throughput 

S9 fraction  -Contains Phase I and Phase II -Some metabolic pathways require 
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Enzymes and is isolated by a 
series of centrifugation steps 
(Richardson et al., 2016). 

complete cellular models that con-
tain all 3 Phases of metabolising en-
zymes and can simulate complicated 
biotransformation processes (Sinz, 
2012).  
 

Microsomal 
fraction 

-Specifically contains the CYP450 
enzymes responsible for Phase I. 

Organ slices -Level of intercellular connec-
tions between multiple cell 
types such as endothelial cells 
and fibroblasts (Liu et al., 2014). 
- prepared and used predomi-
nantly for liver but also for kid-
ney, intestine, heart, brain and 
lungs (De Kanter et al., 1999). 

-Declining enzyme activity, within 24 
to 96 hours upon culture conditions 
-The slices have to be used fresh and 
cannot cryopreserved (Sinz, 2012, 
Westra et al., 2016). 
- The thickness of the slice often acts 
as a diffusion barrier for access of 
drug and oxygen. Necrosis occurs 
within 48-72 hours in culture and the 
rate of metabolic activity is signifi-
cantly reduced after 6-72 hours 
(Vickers and Fisher, 2004). 

Organ perfu-
sion 

-Adjustment of concentration of 
the drug, rate of drug delivery in 
a way that is not possible in 
whole animal experiments 
(Curtis et al., 2002). 

- An organ is required for each indi-
vidual experiment, which translates 
as an equal number of animals to an 
animal study. 

1.8. Immortalised Cell Lines  

Early drug discovery and high-throughput studies usually employ immortalised cell lines 

whereas, in later stages and drug characterisation, primary cells constitute a favourable 

option (Soldatow et al., 2013). Immortalised cell lines can grow and divide indefinitely in 

culture hence providing a readily available, inexpensive supply of cells for drug screening. 

Commonly used immortalised liver-derived cell lines in use are Fa2N4, Hep3B, HBG and 

predominantly HepG2 and HepaRG (Guillouzo et al., 2007, Ramboer et al., 2015b, Soldatow 

et al., 2013). The HepG2 cell line was generated in the 1970 and shows expression of liver-

specific genes, however the expression is variable between different laboratories or be-

tween passages of HepG2 cells leading to difficulties comparing results and making conclu-

sions. HepaRG cell line was isolated from a hepatic-differentiated grade 1 Edmonson hepa-

tocholangiocarcinoma (Gripon et al., 2002). It shows high proliferation capacity, expression 

of liver-specific genes, Phase I, II and III enzymes, nuclear receptors and membrane trans-

porters. Unfortunately, expression of liver-specific enzymes in HepaRG, HepG2 and in im-
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mortalised cell lines is considerably lower than the expression in primary hepatocytes and is 

highly variable (Guo et al., 2011, Gerets et al., 2012). HepaRG cell line’s expression is closer 

to the primary human cells; however the sensitivity to identify hepatotoxic compounds 

within a screen is considerably lower compared to primary hepatocytes (Gerets et al., 

2012). Lastly, because of the large variation in expression of drug metabolising enzymes 

and transporters within the population, immortalised cell lines derived from a single donor 

have a very low predictive value for the whole human population and the results generated 

cannot be representative (Sison-Young et al., 2015).  

1.9. Primary Hepatocytes 

Because of the disadvantages of all the above systems, primary animal and human primary 

hepatocytes (pHEPs) have been the gold standard for in vitro toxicity testing producing a 

comprehensive picture of hepatic metabolism for candidate drugs (Zeilinger et al., 2016). 

They can be used fresh but also cryopreserved for long periods of time, enabling routine 

and high-throughput assays. Isolation is based on a two-step perfusion method and dissoci-

ation with collagenase (Lee et al., 2013). The disadvantage of cryopreserved hepatocytes is 

that the quality is not always consistent (Stéphenne et al., 2010) as well as the scarcity of 

human liver tissue as a key issue (Lecluyse and Alexandre, 2010).  

When in two-dimensional culture conditions, pHEPs can maintain functional activities for 

approximately 24-48 hours (Elaut et al., 2006, Zeilinger et al., 2016). This window of oppor-

tunity is enough for enzyme induction studies, inhibition studies and allows medium-

throughput screening of compounds however, it doesn’t allow for long-term studies. After 

a few days in culture, primary cells will start to undergo changes in cellular morphology, 

structure, polarity, significantly reduced gene expression and liver-specific functions that 

are all described under the term “dedifferentiation” (Treyer and Müsch, 2013). Dedifferen-

tiation occurs due to loss of the liver microenvironment that translates as loss of cell to cell 
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interactions, loss of polarity within the liver and membrane-bound structures or even due 

to different oxygen tension (Guo et al., 2017). Therefore, a major bottleneck to the two-

dimensional studies is the longevity of the cell culture and the significant deterioration of 

the metabolic functions.  

To maintain liver-specific functions in primary cell cultures for longer periods, recapitulation 

of the three-dimensional environment within the liver has shown significant advances, im-

proved stability and function of drug metabolising enzymes. Use of the “sandwich” configu-

ration where primary cells are placed between two layers of matrix that can be Matrigel or 

Collagen and leads to increased liver-related functions, restored morphology of the cells, 

induced the formation of cell to cell interactions, prolonged the expression of drug metabo-

lising enzymes and mimic in vivo biliary excretion (Keemink et al., 2015).  

Suspension culture of primary hepatocytes represents a functional unit of drug metabolism 

containing enzymes and co-factors that are required to demonstrate complex multistep 

metabolic reactions (Soldatow et al., 2013). However, drug testing in different vessels re-

quires single cells the use of digestive enzymes to dissociate cell clumps. This leads to dam-

age in surface receptors, cell junctions, antigens and cell membranes of the dissociated 

cells, leading to the loss of their metabolic activity within 4-8 hours after isolation (Weeks 

et al., 2013).  

Co-cultures of primary hepatocytes with liver sinusoidal endothelial cells within a collagen 

gel have improved functions of the hepatocytes such as albumin production and CYP450 

activity essentially highlighting improved stability and long-term culture (Bale et al., 2015). 

Use of spheroids as a model system to investigate DILI have been developed with primary 

human hepatocytes and whole proteome analysis identified that the cells retained their 

phenotype, morphology and hepatocyte-specific functions for a minimum of 5 weeks (Bell 

et al., 2016). Development of bioreactor systems has offered advantages in mass culture 
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and maintenance of primary hepatocytes (Ebrahimkhani et al., 2014). Different designs 

have been employed and tested over time. Sophisticated devices such as hollow fibre bio-

reactors deliver media to the cells through a network of capillaries, in a similar manner to 

the delivery of blood in vivo, proved advantageous in aspects such as albumin production 

compared to monolayer cultures (Storm et al., 2016). Another model is the microfluidic de-

vices that can combine chambers of different living cells, interconnected with porous 

membranes where the flow of media simulates in-vivo conditions reporting increased sur-

vival of primary hepatocytes (Prodanov et al., 2016). Recently the combination of the 4 

main types of murine hepatic cells were included in a microfluidics device and was reported 

that key structures, hepatic functions and primary immune responses were maintained in 

the physiological microenvironment (Du et al., 2017).  

1.10. Human-Pluripotent Stem Cell-Derived Hepatocyte Liver Cells (HLC) 

Current models of drug testing and toxicity screening do have advantages and translational 

power into the clinic, however as discussed above, each has its own limitations and disad-

vantages hence their potential and usefulness are limited. Since the new era in the drug 

industry requires screening of libraries containing thousands of compounds, efficient meth-

ods that use scalable hepatocyte populations in high-throughput studies are required and 

need to be developed. For this reason, models that are representative of the human popu-

lation as well as readily available sources of functional hepatocytes and not limited by 

numbers of donors, are required.  

hPSC could be used to generate a scalable population of HLC as an alternative to primary 

hepatocytes and immortalised cell lines (Szkolnicka and Hay, 2016). The key attributes that 

hPSCs show are self-renewing and the ability to differentiate into virtually any cell type in 

the human body. hPSCs are separated into two categories, human embryonic stem cells 

(hESC) and human induced pluripotent stem cells (hiPSC) that share common characteris-
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tics but also have differences too. The key point is that the hPSC-derived HLCs could poten-

tially become the next model for drug testing as they can be produced in unlimited num-

bers, within a short period of time and most importantly, hiPSC can be derived from differ-

ent individuals that represent for the diversity within the population (Kilpinen et al., 2017).  

1.11. Human Embryonic Stem Cells  

Human ESCs were first derived from human blastocysts that were unsuitable for human 

implantation in 1998 (Thomson et al., 1998). Their characteristics were described that 

maintained a normal karyotype, producing cells with a high nucleus to cytoplasmic ratio, 

prominent nucleoli, express cell surface markers that characterise primate embryonic stem 

cells and express high levels of telomerase activity while they show the absence of markers 

and characteristics of early lineages (Thomson et al., 1998). After 4-5 month long-term in 

vitro culture, the hESC maintained the potential to differentiate to all three embryonic 

germ layers and terminal cell types such as neurons for ectoderm (Schulz et al., 2003), car-

diac cells for mesoderm (Zweigerdt et al., 2003) and hepatocytes for endoderm (Shirahashi 

et al., 2004) as well as extraembryonic tissue (Thomson et al., 1998). Since then, a plethora 

of research laboratories have isolated and generated hESC lines, which have been used to 

generate cell types and enabled in-depth study of basic biology, disease modelling and fur-

ther applications (Watt and Driskell, 2010). 

Along with the major achievement and potential that has been given to science by the iso-

lation of hESC, destruction of blastocysts, even though unsuitable for implantation, was a 

centre of controversy leading to the prohibition of work in some countries (Dhar and Hsi-En 

Ho, 2009). Therefore, efforts were made to establish hESC lines without destroying the 

blastocyst and subsequently human embryos. Derivation of hESC lines from a single blas-

tomere of cleavage stage embryos was an alternative as mimics the procedure of pre-

implantation genetic diagnosis, a routine procedure in the assisted reproduction field for 
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selection of healthy embryos (Sills et al., 2005). Formal description of the type of research 

and potential impact on donor’s privacy and future health was suggested to help couples 

undertaking In vitro fertilisation to decide whether the surplus of blastocysts is cryo-

preserved, discarded or donated to science (Scully et al., 2012). Donation for human devel-

opment research was already possible but now donation for stem cell research was an ad-

ditional option (Kalista et al., 2011).  

Generation of hESC lines that carry specific monogenic inherited diseases was possible and 

would help to model the diseases in a dish and potentially developing therapies (Ilic and 

Ogilvie, 2017). As a consequence, a small number of hESC lines have been derived from a 

small spectrum of diseases, due to the limited number of couples requesting for a Preim-

plantation Genetic Diagnosis. Even though the potential of these cell lines in finding treat-

ments for those diseases was high, the cell lines haven’t been widely used because of the 

limited spectrum of diseases represented, but mainly due to ethical issues associated with 

the destruction of the human blastocysts (Ilic and Ogilvie, 2017, Zheng, 2016) 

1.12. Human Induced Pluripotent Stem Cells  

Human iPSCs have been initially derived after re-programming of differentiated somatic cell 

types into stem cells by inducing expression of a set of 4 transcription factors Oct 3/4, Sox2, 

c-Myc and Klf4 (Takahashi and Yamanaka, 2006). Delivery of the transcription factors occur 

using retroviral vectors that assist insertion of the transcription factor genes into the ge-

nome of the host cell leading to gene expression (Takahashi et al., 2007). However, due to 

the viral vectors not specifically targeting sites for integration, multiple genomic insertions 

could occur and the potential for spontaneous re-activation of transgenes could potentially 

lead to increased oncogenesis in the cell line (Seki and Fukuda, 2015, Shi et al., 2017, Okita 

et al., 2007).  
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Since then, developments in the delivery methods devoid of genomic insertions was 

achieved using a range of methods such as episomal DNA (Yu et al., 2009), adenovirus 

(Stadtfeld et al., 2008), PiggyBac transposons (Woltjen et al., 2009), non-viral minicircle vec-

tor (Jia et al., 2010), direct delivery of recombinant proteins (Kim et al., 2009), synthetically 

modified mRNAs (Warren et al., 2010), microRNAs (Miyoshi et al., 2011), small molecules 

(Biswas and Jiang, 2016) and non-integrated Sendai Virus technology (Fusaki et al., 2009) as 

the most competent system for hiPSC generation (Lieu et al., 2013, Shi et al., 2017). As a 

result, a plethora of hiPSC lines has been generated across the laboratories at different effi-

ciencies and with different genetic and epigenetic variations (Liang and Zhang, 2013).  

The differentiation potential of hiPSC is similar to the hESC and cell types from all the three 

lineages have been generated from hiPSC such as neuronal differentiation for ectoderm 

(Denham and Dottori, 2011), cardiac cells for mesoderm (Lim et al., 2016) and hepatocyte 

cells for endoderm (Song et al., 2009b). Compared to hESC, hiPSC demonstrate major ad-

vantages upon their use, enabling further applications. The major advantage of hiPSC com-

pared to hESC is that since these cells are not derived from the destruction of a human 

blastocyst that later could form an embryo, their use is not ethically controversial (Zheng, 

2016). As a result, hiPSC could now replace hESC in applications that previously ethical re-

strictions were applied.  

Secondly, since the generation of hiPSC can be achieved from theoretically any individual, a 

collection of hiPSC lines that represent a range of genetic background could be generated 

(Holmqvist et al., 2016, Park et al., 2017). Finally, hiPSC have been derived from diseased 

patients and in vitro disease models have been generated enabling study of diseases in a 

dish that in combination with more recent genome editing CRISPR/CAS9 technologies (Kato 

and Takada, 2017) could potentially correct the disease leading to personalised cell thera-

pies (Chamberlain, 2016, Molinari et al., 2017, Avior et al., 2016). 



28 
 

1.13. Differentiation of hPSC into Hepatocyte-Like Cells  

Differentiation of the hPSC into cell types of all three germ layers opened the doors and 

enabled the study of a wide range of cell types including the highly important HLCs. Differ-

entiation of hPSC into HLC could potentially generate a model that fulfils the criteria re-

quired for an expandable cell population that can mimic the complex biology of the human 

liver. One of the very first generations of HLC population from hESC, was achieved in 2003 

and were characterised by expression of liver-associated proteins, accumulation of glyco-

gen, inducible CYP450 activity and lack of AFP expression (Rambhatla et al., 2003).  

That major milestone would have not been possible without previous knowledge and stud-

ies in model organisms predominantly mouse and rat (Hamazaki et al., 2001). Directing the 

differentiation of the hPSC into HLC is a procedure that closely mimics in-vivo liver devel-

opmental signalling pathways and mechanisms, artificially in a dish, using growth factors 

that are present in vivo. Therefore, understanding how liver development occurs in vivo, is 

essential to re-assure that the appropriate signals are present at the right time and concen-

tration to drive the differentiation to a population that is phenotypically and functionally as 

close to primary human hepatocytes.  

1.14. Liver Development  

The development of the liver is a multistep process that occurs under defined signalling 

cascades, precisely regulated in a time and concentration dependent manner (Si-Tayeb et 

al., 2010a, Zaret, 2002). Development can be subdivided into 3 distinct stages each of 

which, cells acquire lineage specific characteristics and ultimately, specify into functional 

hepatocytes. Developmentally, hepatocyte specification follows three distinct stages. At the 

first stage the inner cell mass generates the three embryonic layers which are the endo-

derm, mesoderm and ectoderm. At the second stage, the endoderm generates a bi-

potential population of hepatoblasts that then, at the third stage, specifically mature into 
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hepatocytes (Zaret, 2002).  

In vitro, evaluation and optimization of the required signalling molecules for each stage of 

the hepatocyte differentiation is the subject of a numerous reports however, lack of gener-

ally established criteria (Schwartz et al., 2014) as well as cell line differences (Allegrucci and 

Young, 2007) lead to variations on the protocols and duration for each treatment (Hay et 

al., 2008a, Magner et al., 2013, McLean et al., 2007, Teo et al., 2012, Sui et al., 2013). In 

vitro differentiation follows in vivo developmental rules; hence it is subdivided into the 

same three stages. 

1.14.1. Stage I - Definitive Endoderm  

According to mouse embryonic studies, upon zygote formation the stages that develop-

ment follows are strictly regulated and lead to an increased cell number and implantation 

that then allows gastrulation mechanisms to the embryonic body plan as described (Tam 

and Loebel, 2007, Tang et al., 2016). Developmental cues that follow the blastocyst stage 

are relevant to mimic the liver development in vivo. Initially, gastrulation is evident in the 

mouse on day 6.5 by the appearance of the primitive streak in the posterior epiblast (Murry 

and Keller, 2008). Cells in the epithelial layer of epiblast, ingress through, migrate away and 

specify into mesoderm and endoderm whereas the remaining cells specify into ectoderm 

(Zorn and Wells, 2009, Murry and Keller, 2008). This process is called the Epithelial Mesen-

chymal Transition (EMT) and starts at embryonic day 7 (E7) in mouse (Zhao and Duncan, 

2005, Murry and Keller, 2008). EMT is triggered upon the presence of appropriate stimuli 

and functions through changes in transmembrane adhesive proteins of polarized epithelial 

cells, enabling cell movement (Le Bras et al., 2012).  

The signalling cues predominantly required for specification into Definitive Endoderm (DE) 

upon Activin A/Nodal and through the TGFβ receptor activation (Zorn and Wells, 2007, 

Arnold and Robertson, 2009) and WNT/Frizzled receptor pathway (Zhang et al., 2013, 
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Clevers, 2006).  

Activin A/Nodal ligands seem to play a double role in cell development regulating both 

maintenance of pluripotency and differentiation to certain lineages (Brown et al., 2011). 

However, in differentiation studies to germ layers, studies have demonstrated that Nodal 

acts as morphogen, organizing the axial structures and giving a lineage identity to the epi-

blast cells (Shen, 2007, Lee et al., 2011). The importance of Activin A was proved upon inhi-

bition of TGFβ receptors and commitment of cells to neuroectodermal lineage (Smith et al., 

2008) together with the absence of DE marker expression (Kopper and Benvenisty, 2012). 

The developmental decision between mesoderm and endoderm is dependent upon Activ-

in/Nodal concentration where low doses induce mesoderm and high doses induce endo-

derm formation (Shen, 2007, Vincent et al., 2003, Zorn and Wells, 2007).  

Binding of Activin/Nodal to its receptor Alk4/7 activates phosphorylation of the cytosolic 

proteins Smad2/Smad3 (Singh et al., 2012, Costello et al., 2011). The phosphorylated 

Smad2/3 proteins, bind to Smad4 and the complex translocates to the nucleus where it as-

sociates with DNA-binding transcription factors such as Mix-like homeodomain proteins 

(Mixl1), Forkhead box H1 (FoxH1), Gata-zinc finger factors (GATA) and Sox domain factors 

(SOX) that are essential for stimulation of a gene cascade committing cells to the Definitive 

Endoderm lineage (Zorn and Wells, 2007, Vincent et al., 2003, Le Lay and Kaestner, 2010, 

Singh et al., 2012).  

Mixl1 is an important regulator of this stage playing a role in lineage restriction and 

maintenance of high Nodal expression levels by an autoregulatory loop (Lim et al., 2009). 

Mixl1 is induced by Nodal and has an additional role to repress Brachyury expression, a 

master gene-regulator that upon Fibroblastic Growth Factor (FGF) presence, leads the dif-

ferentiation into mesoderm (Pereira et al., 2011). Therefore, maintenance of a high Activ-

in/Nodal expression during EMT is of utmost importance. In vitro, Nodal activity is replaced 
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by Activin A which binds to the same receptors, triggering similar cascades as Nodal (Wu 

and Hill, 2009, D'Amour et al., 2005, Sulzbacher et al., 2009).  

In addition to the Activin/Nodal signalling, a successful EMT is also dependent upon activa-

tion of the WNT/Frizzled pathway. During EMT, changes in cellular adhesion molecules are 

essential to achieve cell migration (Tam and Loebel, 2007). Regulation of cellular adhesion 

is accommodated by the co-operation of a cell surface protein E-cadherin (van Roy and 

Berx, 2008) and the intermediate molecule β-catenin, that binds to the cytoskeleton and 

induces morphological changes (Choi et al., 2006). In the absence of WNT ligands, the cyto-

plasmic free β-catenin is flagged for degradation by the Glycogen Synthase Kinase 3 (GSK-3) 

impairing changes in cellular adhesion (Li et al., 2012, Larsen et al., 2003).  

 

Figure 5 Early Mouse Liver Developmental stages from day 7 (e7) to postnatal. Gastrulation starts with signal-
ling cues and the Primitive Streak gives rise to the Definitive Endoderm. The Definitive Endoderm is then formed 
as a tube from the anterior to the posterior, folds and generates the primitive gut tube with distinct regions of 
Foregut (fg) Midgut (mg) and Hindgut (hg). The liver develops from the Foregut region into the Liver Diverticu-
lum (ld) and then the Liver Bud (lb) that eventually develops into the postnatal liver. Adapted from (Tang et al., 
2016, Zorn and Wells, 2009, Murry and Keller, 2008). 

In the presence of WNT ligands, inhibition of GSK-3 is achieved and results in increased 

availability of β-catenin (Clevers, 2006). The cytoplasmic free β-catenin then plays a role as 

a transcription factor, binding to the DNA in a multiplex with the Transcription fac-

tor/Lymphoid enhancer-binding factor (TCF/LEF) and co-factors activating genes responsi-

ble for the proliferation and proteases such as ADAM10 and Presenilin-1. Proteases, when 
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free in the cytoplasm, cleave the E-Cadherins to release the β-catenin to feed an autoregu-

latory loop. As a result, the E-Cadherins are not connected to the cytoskeleton (Huber et al., 

2001), the cell is not adherent anymore enabling migratory capacity and invasiveness to 

assist EMT and DE specification (Kalluri and Weinberg, 2009, Heuberger and Birchmeier, 

2010). Ultimately, DE emerges as a flat sheet of cells arising from the anterior end of the 

primitive streak, displacing the visceral extra embryonic endoderm of the yolk sack and sur-

rounding the external surface of the mouse embryo (Zorn and Wells, 2009, Zhao and 

Duncan, 2005).  

1.14.2. Stage II - Hepatoblast Cells 

The flat sheet of DE cells folds in order to create the primitive gut tube structure (Si-Tayeb 

et al., 2010a). Formation of the primitive gut starts at E7.5 in mouse, simultaneously at both 

the anterior and posterior ends, where the epithelial sheet folds over towards the ventral 

midline, forming the foregut and hindgut pockets (Zorn and Wells, 2009). These two events 

expand towards each other, leading to the formation of a primitive gut tube by day 8 (Fig-

ure 5). The primitive gut is patterned in 3 major domains where each gives rise to different 

parts of the gastrointestinal track (Moore-Scott et al., 2007), the liver arises from the fore-

gut endoderm along with gall bladder, pancreas and lungs (Figure 6) (Tremblay and Zaret, 

2005). The midgut forms the small intestine and the hindgut generates the colon (Tremblay 

and Zaret, 2005). 

Once the primitive gut is formed, the second wave of signalling cascade and transcription 

factors initiate. Position of the early liver cells named “Liver Diverticulum” occurs adjacent 

to the developing heart called the “Cardiogenic Mesoderm” and Septum Transversum Mes-

enchyme (STM). Both are key to drive the differentiation towards the hepatic specification 

of the Liver Diverticulum (Serls et al., 2005, Rossi et al., 2001, Si-Tayeb et al., 2010a). The 

Cardiogenic Mesoderm and STM are sources of Fibroblastic Growth Factors (FGFs) and 
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Bone Morphogenetic Proteins (BMPs) respectively, that induce initiation of hepatoblast 

specification resulting in the Liver Diverticulum formation by day 9 (Figure 5). FGFs act in a 

concentration dependent manner, highlighting the importance of DE position in relation to 

the heart (Serls et al., 2005). The DE cells distal to FGF signalling are exposed to low FGF 

levels, hence proceed to a pancreatic fate, whereas DE cells next to the Cardiogenic Meso-

derm initiate a lung gene expression program (Tremblay and Zaret, 2005, Zaret, 2002). DE 

cells in between of these two regions, receive intermediate levels of FGF and this initiates a 

liver related differentiation program, into hepatoblasts that initially show expression of al-

bumin (ALB) protein (Zorn and Wells, 2009, Calmont et al., 2006). In addition to the FGFs, 

BMPs secreted from the Septum Transversum, play an essential role in facilitating a hepatic 

gene expression program while restricting the pancreatic fate (Zaret, 2008). BMPs induce 

expression of the nuclear transcription factor Gata4 and together with the master hepato-

cyte transcriptional regulator FoxA2, initiate expression of ALB securing an early hepatic 

gene expression program (Zorn and Wells, 2009, Si-Tayeb et al., 2010a). FoxA2 has been 

identified as a master transcriptional regulator because not only does it bind DNA and acti-

vates transcription, but due to the conserved wing-helix motif in its structure, it can facili-

tate de-condensation of tightly compacted nucleosomes. Compaction of DNA at the early 

developmental stages is a mechanism to assist and help with maintenance of a pluripotent 

profile. However, during liver development, restriction to the liver faith is achieved by 

FoxA2 binding to a conserved region at the enhancer site of ALB, de-compacting the DNA 

and enabling transcriptionally activation, restricting the potential of the cells to the liver 

lineage (Shin and Monga, 2013, Le Lay and Kaestner, 2010).  

Expression of Haematopoietically expressed Homeobox hex (Hhex) genes are also required 

to enhance the liver-specific gene expression program in the developing liver diverticulum 

(Watanabe et al., 2014, Hunter et al., 2007, Bort et al., 2006). However, in the presence of 

WNT ligands, the WNT pathway represses Hhex gene expression and instead initiates an 
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intestinal gene expression programme by activation of Caudal-related homeobox genes 

(Hunter et al., 2007). Therefore, the presence of WNT inhibitors is ensuring the expression 

of genes related to the liver specification (McLin et al., 2007, Si-Tayeb et al., 2010a). In 

summary, generation of the liver diverticulum is primarily achieved upon successful expres-

sion of Hhex and Albumin (Zorn and Wells, 2009, Zhao and Duncan, 2005). 

 

Figure 6 Specification of the gut tube and generation of the gastrointestinal organs from foregut, midgut and 
hindgut. Adapted from (Zorn and Wells, 2009).  

Proliferation and expansion of the hepatoblast population within the liver diverticulum, is 

accompanied by a transition of the cells from a simple cuboidal morphology, into a pseudo-

stratified epithelium (Bort et al., 2006). The hepatoblast cells now have proliferated to a 

number that cannot be restricted into the liver diverticulum resulting in breakage of the 

surrounding basement membrane and migration into the STM forming the Liver Bud by day 

10 (Figure 5) (Zorn, 2008, Zorn and Wells, 2009, Si-Tayeb et al., 2010a). The process of cell 

migration into the STM is under the control of defined inductive signals (Si-Tayeb et al., 

2010a).  
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The transcription factor Prospero-Related Homeobox 1 (Prox1) is essential for migration and 

formation of the Liver Bud (Burke and Oliver, 2002). Expression of Prox1 initiates on day 8.5 

and induces downregulation of E-Cadherin, enabling cells to transition from mesenchymal 

to epithelial, and form the liver bud (Bort et al., 2006). In addition, the transcription factors 

Onecut-1 (HNF6 or OC-1) and Onecut-2 (OC-2) have an inductive role into the degradation 

of the basal lamina and promoting of hepatoblast migration (Margagliotti et al., 2007).  

In vitro differentiation of DE cells to hepatoblasts is achieved by recapitulating in vivo condi-

tions with the use of BMP4 and FGF2 growth factors (Yanagida et al., 2013, Si-Tayeb et al., 

2010a, Song et al., 2009b). Another approach commonly used for hepatoblast specification 

is the use of Dimethyl Sulfoxide (DMSO) (Hay et al., 2007). The exact mechanism of action is 

not known, however it is known that the DMSO is able to maintain liver metabolic functions 

and morphology features in primary hepatocyte monolayer cultures (Discussed in (Su and 

Waxman, 2004)) as well as acts as a stabiliser for cell membranes leading to improved 

hepatocyte morphology (Duan et al., 2010). Additionally, since cost is a factor of considera-

tion, the use of DMSO is a viable alternative for in vitro differentiation.  

1.14.3. Stage III - Liver Cells 

The liver bud can morphologically be identified as an anatomical outgrowth that rises from 

the ventral wall of the foregut (Zorn, 2008). Invasion of hepatoblasts into STM and the for-

mation of the liver bud is accommodated by the development of hepatic vasculature (Shin 

and Monga, 2013). Endothelial cells and developing stellate cells from STM, contribute in 

the liver bud development secreting expression of proteins and growth factors (Shin and 

Monga, 2013, Freedman et al., 2007) as well as chemotactic factors assisting proliferation 

and differentiation of the bipotential hepatoblast population into hepatocytes or biliary 

cells (Zorn, 2008, Tatsumi et al., 2007). Expansion of the hepatoblast population occurs up-

on activation of multiple signalling pathways with a significant cross-talk and cell-cell inter-
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actions. The inducing factors are produced from the endothelial cell, Hepatic Stellate Cells 

and Haematopoietic Stem Cells present in the surrounding tissues (Shin and Monga, 2013).  

Hepatocyte Growth Factor (HGF), the most potent growth factor for the liver lineage, is 

produced by mesothelial cells from the STM and stimulates proliferation, motility and angi-

ogenesis in developing liver (Nakamura and Mizuno, 2010, Onitsuka et al., 2010, Ishikawa 

et al., 2012). It mediates its action by binding to its only high-affinity receptor, c-Met 

(Ishikawa et al., 2012). Receptor c-Met is widely expressed in hepatoblasts and upon HGF 

binding, it translocates b-catenin in the nucleus leading to activation of genes responsible 

for hepatocyte maturation and proliferation (Nejak-Bowen and Monga, 2008). Additionally, 

HGF regulates expression of integrins that are required for attachment to the ECM, hepato-

cyte proliferation and successful liver structure (Pinkse et al., 2004). A knockout mice model 

for c-Met fails to complete and dies in utero with multiple abnormalities and an underde-

veloped liver (Bladt et al., 1995). HGF is used by a plethora of research groups at the final 

differentiation stage (Hannan et al., 2013, Hay et al., 2008b, Touboul et al., 2010). 

In the developing embryo, haematopoiesis occurs in the liver and hematopoietic cells pro-

duce Oncostatin M (OSM), which induces a paracrine effect and is essential for the last 

phase of the differentiation (Kamiya et al., 2001, Richards, 2013). OSM induces characteris-

tics of mature hepatocytes such as the morphological characteristics, induction of differen-

tiation markers for the postnatal liver and functional maturation (Kamiya et al., 1999). The 

effect of OSM is mediated by the signal transducer gp130. Mice deficient for the glucocorti-

coid receptor show impaired expression of hepatic differentiation markers suggesting that 

gp130 is implicated in the process of hepatic maturation in vivo (Kamiya et al., 1999). At 

birth, the locus of haematopoiesis is changed from the liver to the bone marrow and sub-

sequently, the levels of OSM are reduced. Decreasing the concentration of OSM at the last 

stages of hepatocyte differentiation could potentially mimic the embryonic development 
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closer (Jagannathan-Bogdan and Zon, 2013, Ding and Morrison, 2013). OSM is an essential 

factor in the in vitro differentiation protocols (Magner et al., 2013, Duan et al., 2010, 

Hannan et al., 2013, Toivonen et al., 2013).  

The canonical WNT pathway is involved in the differentiation process from the embryonic 

stages to the later stages. Activation of WNT signalling during the early stages is required 

for a successful DE specification, discussed previously. Additionally, studies have shown 

that activation of WNT after the hepatic specification stage, allowed successful generation 

of proliferative bipotent hepatoblasts, which then were efficiently differentiated into 

hepatocytes (Touboul et al., 2016). Additionally, through complex signalling cascades in-

duces hepatocyte specific signalling pathways. Activation of the β-catenin by secreted WNT 

ligands from the STM leads to initiation of glycogen storage, a characteristic hepatocyte 

function for regulation of glucose levels (Matsumoto et al., 2008). Finally, the importance of 

WNT3a and b-catenin expression for the later stages of liver development such as an out-

growth, expansion and differentiation, maturation, zonation and metabolic activity are 

highlighted by pioneering studies (Nejak-Bowen and Monga, 2008). The small molecule 

CHIR 99021 can bind on the GSK3β kinase and initiates the same responses as the WNT3a 

ligand, but with a reduced cost and increased stability (Leach et al., 2015).  

Activation of the hepatocyte differentiation programme leads to activation of key transcrip-

tion factors CCAAT/enhancer-binding protein beta (C/EBP) and Hepatocyte Nuclear Factor 

4a (HNF4a) both essential for enhancing a hepatocyte gene expression program (Si-Tayeb 

et al., 2010a). The transcription factor C/EBP binds to the ALB enhancer region in the nucle-

us driving hepatocyte differentiation while inhibiting cholangiocyte lineage (Benet et al., 

2010). The HNF4A’s role is equally important as its binding to enhancer regions is crucial for 

expression of liver-related genes (Odom et al., 2004, Fang et al., 2012a). Additionally, 

HNF4a regulates cell adhesion proteins such as E-cadherin, an important regulator of 
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hepatocyte polarity and cell junction assembly for proper liver structure (Battle et al., 2006, 

Satohisa et al., 2005).  

Glucocorticoids such as Dexamethasone and Hydrocortisone have shown to induce expres-

sion of both HNF4a and C/EBP, described as a powerful signal to assist hepatocyte differen-

tiation (Michalopoulos et al., 2003). Differentiation and maturation of the hepatocytes are 

assisted by the activation of the Glucocorticoid Receptor and by regulation of the glucose 

metabolism affecting the maturation of the hepatocytes (Zhang et al., 2011b).  

Differentiation of hepatoblasts into biliary cells is accommodated predominantly by activa-

tion of the transcription factors HNF1b and HNF6 (Si-Tayeb et al., 2010a). When C/EBP is 

suppressed, biliary differentiation takes place through the expression of HNF6 and HNF1β 

(Yamasaki et al., 2006). For differentiation into the biliary lineage, gradients of Activin on 

the TGFβ receptor regulate the differentiation of hepatoblasts into bile duct cells. High gra-

dients of Activin are produced from the portal mesenchyme and can lead to the differentia-

tion of hepatoblasts into biliary cell fate. Equally, lower gradients of Activin acting on the 

parenchyma cells are inhibited by the transcription factors OC-1 and OC-2 allowing only 

hepatocyte fate gene expression (Clotman et al., 2005).  

The Notch pathway is also involved, inducing differentiation of hepatoblasts into biliary 

cells. Localisation of hepatoblasts next to the portal vein mesenchyme is affected by a se-

creted Notch activator, Jagged 1, that triggers downregulation of hepatocyte transcription 

factors such as c/EBP, ALB, HNF4A (Tchorz et al., 2009) while upregulates HNF1β and HNF6 

resulting in differentiation into biliary epithelial cells (Tanimizu and Miyajima, 2004).  

Morphology of HLCs in culture resembles the morphology of isolated primary hepatocytes 

in-vitro (Figure 7). The cells are characterised as a) polygonal shaped cells b) they have dis-

tinct round nuclei, c) may be multi-nucleated cells, d) formation of vacuoles is indicative of 

mature hepatocyte functions such as glycogen storage, e) distinct cell membrane and e) 
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representative size approximately >30-50uM (Schmelzer et al., 2006, Hannan et al., 2013, 

Behbahan et al., 2011, Hay et al., 2008b). 

 

Figure 7: Images demonstrating hepatocyte morphology A) Human primary hepatocytes B) hESC-derived 
hepatocytes. Cells exhibit polygonal morphology, distinct round nuclei often multi-nuclei, presence of vacuoles 
and distinct cell membrane with thick regions. A) adopted by www.vitacell.com and B) adopted by (Hay et al., 
2008b) Original images do not provide scale bars.  

Overall, liver development is a strictly regulated process, accommodated by several signal-

ling pathways, activated by secreted factors produced by hepatoblasts/hepatocytes as well 

as from the surrounding environment. Time precise activation of signalling cascades is 

equally essential for the appropriate flow of the events. All these factors will eventually 

lead to successful liver formation and function within the developing embryo. In vitro, 

hepatocyte maturation stands as the final and most variable part of the differentiation 

among different research labs. Strategies have been designed to replicate the role of 

growth factors in embryonic development and signalling pathways induced by factors dis-

cussed above (Si-Tayeb et al., 2010a). However, the key recipe to generate HLC morpholog-

ically and functionally like the adult human liver has not been described yet. 

1.15. Advantages and Disadvantages of Hepatocyte-Like Cells  

Differentiation of hPSC to hepatocytes cultured in two-dimensions is the current standard 

method for HLC production across different laboratories (Hannan et al., 2013, Sullivan et 

al., 2010, Hay et al., 2008b, Touboul et al., 2010). Advantages and disadvantages associated 

with HLCs are presented in Table 3. In addition to, a great advantage is that can be used as 
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models to study biological systems such as viral infection and replication (Si-Tayeb et al., 

2012) especially when it comes to modelling hepatitis B (Sakurai et al., 2017) and hepatitis E 

(Helsen et al., 2016) virus replication and host interaction, modelling of liver metabolic dis-

orders (Rashid et al., 2010, Yusa et al., 2011) such as fatty liver disease (Graffmann et al., 

2016) or basic biology and regulation of gene expression (Schadt et al., 2008) as well as 

many more examples (Guguen-Guillouzo and Guillouzo, 2010). Finally, can also be used for 

drug screening of new compounds (Csöbönyeiová et al., 2016, Davidson et al., 2015). 

Table 3 Key advantages and disadvantages of the Hepatocyte Like Cells.  

Advantages Disadvantages 
Quick generation of HLCs within 17-23 
days (Hay et al., 2007) 

Long term maintenance of metabolic enzyme 
functionality (Tayeb et al., 2010) 

Expression of key metabolising enzymes 
and secretion of key soluble proteins 
(Si-Tayeb et al., 2010b) 

Limited by the cell culture conditions and low 
activity of drug metabolizing enzymes (DMEs) 
(Kim et al., 2016) 

Morphology characteristics similar to 
the human primary Hepatocytes (Hay et 
al., 2008) 

Low level of Phase I and Phase II metabolizing 
activities (Jensen et al., 2009, Kia et al., 2013) 

Model system to study liver-related dis-
eases (Schwartz et al., 2016)       

Cells are not connected to the circulation or 
other organ systems and lead to lack of suita-
ble absorption, distribution, metabolism, and 
excretion (ADME) properties (LeCluyse, 2001) 

 

This difference in the maturity levels and expression of mature enzymes and functions in 

stem-cell derived populations is not surprising. An in-depth study comparing HLCs with hu-

man foetal and human adult hepatocytes evaluated aspects such as hepatocyte marker ex-

pression via immunocytochemistry, proteomic analysis, gene expression analysis by RNA-

sequencing and phenotypic analysis. The results have indicated that indeed the differentia-

tion stages mimic the human liver development, but the HLCs produced to show a higher 

degree of similarities to the human foetal than human adult hepatocytes (Baxter et al., 

2015). 

Stem-cell derived cardiomyocytes face the same limitations exhibiting a functionally imma-

ture, disorganized, foetal-like phenotype; therefore ways to close the big functionality gap 
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is currently an area of interest (Scuderi and Butcher, 2017, Kolanowski et al., 2017). Not 

only cardiomyocytes but also Stem-Cell derived neurons (Lam et al., 2017), insulin-

producing beta cells (van der Meulen and Huising, 2014) and lung organoid models (Dye et 

al., 2016) face similar limitations.  

The advantage of generating cell populations from stem cells within a few days is already a 

huge progress in the field. However, since the adult cells have had a longer life span in the 

human body, are expected to show a higher degree of adaptation and maturation. To 

achieve a full mature profile that recapitulates characteristics of adult liver cells in the gen-

erated HLC population, manipulation of cell intrinsic and extrinsic signalling pathways is 

required. Understanding the importance of fine adjustments in transcriptional activation 

and expression of drug metabolising enzymes and transporters (Rashid et al., 2015). The 

metabolic functions of the liver are divided further into foetal, neonatal and adult stages, 

which reflect and are also influenced by differences in the source of nutrition. Therefore, 

there are critical maturation steps toward adulthood during which hepatocytes prepare for 

a new phase of life (Kamiya et al., 1999). This is the basis that this thesis has been built on 

and is investigating factors that could achieve progress towards this direction and go a step 

further towards adult hepatocytes.  

1.16. Maturation of HLCs  

Maturation of HLC has been the topic of multiple publications in the field. Strategies to in-

crease expression of Phase I and II enzymes have achieved a considerable progress howev-

er, a set of factors that can be used during the differentiation to assist the generation of 

HLCs to as close as possible to the human primary hepatocytes has not been found. In this 

literature review, identification of compounds that have achieved to induce a positive 

change in HLC and generate more mature, adult-like HLCs was completed. The list contains 

a plethora of different factors such as nutrients, hormones, cytokines, vitamins, growth fac-
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tors, small molecules, epigenetic agents, bile acids, environmental factors, signalling path-

way modulators, lipids and trace elements. Out of the total number, 40 factors have been 

selected as the most potent and/or physiologically relevant to be included in this study (Ta-

ble 23 Appendix).  

1.17. Efficient Evaluation of Multiple Parameters Simultaneously & Design of Experi-

ments  

There are limited methods for characterising the impact (effect) of a certain parameter 

(factor) or a number of parameters in a system and evaluate the outcome (response). The 

most common method, extensively used in the literature, is the traditional One Factor At a 

Time (OFAT) designs. OFAT are based on a trial and error method, characterising the effect 

of a single factor measuring the response generated (Collins et al., 2009, N Politis et al., 

2017).  

OFAT design is simple and straightforward in application and analysis yet suboptimal. This is 

because the factors vary in concentration separately, exploring a very small fraction of the 

experimental space, hence generating graphs with the responses separately (Figure 8A) 

(Anderson, 2010). As a result, evaluation of multiple factors, one at a time, leads to multiple 

experiments increasing the experiment time, the labour and the expense. Most important-

ly, since in biology interdependencies among the factors (factor interactions) are vital, an 

OFAT approach will ignore these interactions and will remain concealed. Therefore, alterna-

tive methods are required to improve understanding of the experimental space, generate 

more informative results, reduce the labour and decrease the expense.  

Design of Experiments (DoE) is a methodology developed to accommodate experiments 

dealing with multiple factors yet yielding the maximum amount of information possible. 

Inspired by Sir Ronald Fisher, a statistician working in the agricultural field in the 1920’s, 

factorial and reduced-factorial designs were developed to study many factors in parallel, 
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matrix-based test plans (Hand, 2015). DoE offers tremendous efficiencies over the serial 

OFAT designs. Experimental runs combine a low or a high concentration for each factor, can 

simultaneously evaluate the effect of the factors and identify the best region of optimum 

within the experimental space (Figure 8B). In summary, the DoE offers the following ad-

vantages over OFAT a) fewer runs leads to fewer resources, hence less expensive, b) less 

time consuming, c) more precise estimates of the effects of each factor, d) information ob-

tained covers a wider experimental space than an OFAT design and e) interdependencies 

among factors are revealed (Collins et al., 2009, Buyel and Fischer, 2014).  

The majority of studies to date attempting to improve the maturation of hepatocytes in 

vitro have used the traditional OFAT approach testing single factors. Therefore, the main 

focus of this thesis was to apply a DoE approach to investigate multiple factors in the cur-

rent hepatocyte differentiation model established in the laboratory and evaluate the effect 

of factors that may induce maturation of HLCs.  



44 
 

 

Figure 8 Description of OFAT and DoE Designs. A) OFAT Design and the experimental space that the low and 
high of each factor can investigate. Example graphs of data generated for each individual factor at different 
concentrations B) DoE and the cubic example of the experimental space, combining low or high concentration 
for the factor simultaneously and the results generated highlighting the experimental space optimum 
(Anderson, 2010). 
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CHAPTER TWO  

MATERIALS & METHODS  

2. Materials & Methods  

2.1. Media Composition 

hPSC Un-Conditioned Medium: DMEM/ F12 (LifeTech 11320), KSR 15% (LifeTech 10828), 

GlutaMAX 1% (LifeTech 35050), NEAA 1x (LifeTech 11140), bFGF 8ng/ml (Peprotech 100-

18B), BME 100nM (Sigma M7522). 

hPSC Essential 8 Commercial (LT-E8): Thermo-Fisher (Cat #A1517001). 

hESC Essential 8 Homemade (HM-E8): The HM-E8 was made following the recipe provided 

by (Burridge et al., 2014) and containing the following: DMEM/F12 with L-glutamine and 

HEPES (Corning 10-092-CM), 64 µg/mL L-ascorbic acid 2-phosphate (Sigma 49752), 20 

µg/mL insulin (LifeTech A11382), 5 µg/mL transferrin (Sigma T3705), 14 ng/mL sodium sel-

enite (Sigma S5261), 100 ng/mL FGF2 (Peprotech 100-18B), 2 ng/mL TGFβ1 (Peprotech 100-

21), 100 ng/mL heparin sodium salt (Sigma H3149). 

Hepatocyte Differentiation Media:  

  Medium A: RPMI 1640 (LifeTech 21875), B27 1x (LifeTech 17504), Activin A 

100ng/ml (Peprotech 120-14), WNT3A 50ng/ml (R&D 5036-WN-010) 

 Medium B: DMEM/F12 (LifeTech 11320), KSR 15% (LifeTech 10828), GlutaMAX 1% 

(LifeTech 35050), NEAA 1x (LifeTech 11140), bFGF 4ng/ml (Peprotech 100-18B), BME 

100nM (Sigma M7522), DMSO 1% (Sigma D2650). 

 Medium C: L15 Medium (Sigma L5520), Tryptose Phosphate Broth 8.3% (Sigma 

T8159), FBS 8.3% (Sigma F-4135), Insulin 1uM (Sigma I9278), Hydrocortisone– Hemi succin-

ate 10uM (Sigma H4881), L-glutamine 0.83% (Invitrogen cat # 25030-024), Ascorbic Acid 

0.245uM (Sigma A7631), HGF 10ng/ml (Peprotech 100-39), OSM 20ng/ml (R&D 295-OM-

010). 

HepG2 Maintenance Medium: DMEM (Invitrogen cat # 2121969035), 10% FBS (EU Ap-

proved, Invitrogen cat # 10270-106), 1% of L-Glutamine (Invitrogen cat # 25030-024) and 

1% of Non-Essential Amino Acids (Invitrogen cat # 11140035). 
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Primary Human Liver Cell Supplements Media Supplement 1 (MS1) and Media Supplement 

2 (MS2) 

MS1: In 24ml water, dissolve 9.15g nicotinamide (Sigma N3376, Niacinamide) add: 

i. 3ml of 3.75mg/ml zinc sulphate (Z4750) (= 13mM) final 1.3mM 
ii. 3ml of 1.0mg/ml copper (II) sulphate (= 6mM) final 0.6mM 

iii. 37.4µl of 4mg/1ml dexamethasone/Ethanol (SIGMA D4902 or D1756) (=10mM) final 
12 µM 

iv. 0.3ml of 0.25mg/ml sodium selenite (CARE! very toxic. Consult COSSH data for han-
dling.) (Sigma S9133 1mg, to be dissolved in 4ml water, stored at 4°C) (= 1.5mM) fi-
nal 15µM 

v. filter sterilise 

 

MS2:  2.5mg/ml transferrin (Sigma T1428) (approx. 3.1mM) in water (prepare 75mg/30ml); 

filter sterilise. 

 

Small Molecules & Maturation Factors:  

Manufacturing guidelines and specification sheet details are followed to prepare the stock 

concentrations in each case. Safety cabinet level 2 is used for stock preparation and filter 

sterilisation of the final product before aliquoting and storage. Stocks are kept at -20oC un-

less specified to store at -80oC. 

2.2. Cell Culture  

Type II biological safety cabinet was used for all manual cell culture. A type II biological 

safety cabinet enclosed the TECAN Freedom Evo 200 where the automated cell culture was 

conducted. Cells were maintained at 37oC in a 5% CO2 and humid atmosphere. Brightfield 

images were captured using a Nikon ECLIPSE TE2000-S inverted microscope or Cellavista 

Imaging Platform, SynenTec. 

2.3. Cell lines  

Human pluripotent stem cell lines were used to generate the data presented in this thesis, 

two being hESC lines (HUES7 and H9) and five being hiPSC lines (CP1, RBL, PhiCr, BT2, 

RBL_PAT). The hiPSC lines were generated using lentiviral vectors for OCT4, SOX2, LIN28 

and NANOG or using the Sendai-virus based Cyto-Tune 2.0 system. Validation of the hiPSC 
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lines is currently written into a publication, data is kept confidential until publication date. 

Mouse embryonic fibroblasts were also used for the purpose of conditioning medium.  

2.4. Coating culture surfaces with Growth Factor Reduced MatrigelTM 

hPSCs were routinely cultured on Matrigel™ basement membrane matrix (Matrigel) (BD 

Biosciences, 354234) coated flasks. Matrigel (BD Biosciences 354234) coating was achieved 

by diluting stock Matrigel at the ratio 1:100 into ice-cold 4oC DMEM (Invitrogen cat # 

2121969035) and coating at 200ul/cm2 of surface area. Coated surfaces (flasks and 96well 

plates) were left at RT for 45 minutes, or at 4oC overnight for the Matrigel to fully polymer-

ise. Surfaces were stored at 4oC for up to a week. Prior to seeding cells, required a PBS 

(Invitrogen 14190169) wash and were left at 37oC to warm up.  

2.5. Preparation of Mouse Embryonic Fibroblasts  

Mouse embryonic fibroblasts (MEFs) were isolated from 13.5-day old mouse embryos. 

These were collected by sacrificing the pregnant female by cervical dislocation, removing 

the uterine horns and collecting the mouse embryos which were sacrificed by decapitation. 

Embryos were kept in Dulbecco’s phosphate buffered saline (DPBS) (ThermoFisher Scien-

tific, 14190-169), homogenised mechanically and by enzymatic dissociation using 0.25 % 

Trypsin EDTA (ThermoFisher Scientific, 10780384) and plated for expansion on 175 cm2 

T175 flasks (Nuclon Δ treated surface, ThermoFisher Scientific, 178883) with MEF culture 

medium. MEF culture medium was made using Dulbecco’s Modified Eagle’s Medium 

(DMEM, ThermoFisher Scientific, 10749764), 10 % (v/v) foetal bovine serum (FBS, Ther-

moFisher Scientific, 10664083), 1 % (v/v) L-Glutamine (ThermoFisher Scientific, 10104042) 

and 1 % (v/v) non-essential amino acids (NEAA, ThermoFisher Scientific, 10358342). Cul-

tures were incubated at 37°C and 5% CO2 in a humidified incubator (Heracell 150). Passag-

ing MEFs for expansion and for cryopreservation was carried by washing with DPBS, har-

vesting with 0.05 % trypsin EDTA (ThermoFisher Scientific, 10462502) for 1 min, neutralis-
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ing with MEF culture medium, centrifugation at 200 g for 5 min (3-16 Sigma centrifuge) and 

re-plating in the fresh MEF medium. Cryopreserved stocks of MEFs were made at passage 1 

by harvesting and then re-suspending cells after centrifugation in 10 % (v/v) DMSO (Sigma, 

D2650), 40 % (v/v) FBS and 50 % (v/v) MEF medium. The cell suspension was transferred to 

1.8 ml cryotube™ vials (cryovials) (ThermoFisher, 377267) and stored at -80 °C for 24 hours 

in a Mr. Frosty™ Freezing container ((Mr. Frosty) Fisher Scientific, 5100-0001) containing 

isopropanol before transfer to liquid nitrogen. 

2.6. Conditioning of Medium for hPSC culture (MEF-CM) 

For generating MEF conditioned medium (MEF-CM), MEFs were thawed from liquid nitro-

gen, cultured to passage 3 where they were seeded on 0.1 % Gelatin- (Sigma, G9391) coat-

ed flasks and treated with Mitomycin C (ThermoFisher Scientific, 10286710) at a concentra-

tion of 10 µg/ml in MEF medium and seeded at a density of 4.8x106 cells per 75 cm2 flask 

(T75, Nuclon Δ treated surface, ThermoFisher Scientific, 156472). MEF-CM was generated 

by incubating MEFS in 25ml of hESC medium containing DMEM Ham’s F12 (DMEM-F12) 

(Fisher Scientific, 11320-074), 15 % (v/v) KnockOut™ Serum Replacement (Fisher Scientific, 

10236902) 1 % (v/v) NEAA, 1 % (v/v) Glutamax (Fisher Scientific, 10388582) 0.01 % (v/v) β-

mercaptoethanol (Sigma, M7522) and 4 ng/ml human basic fibroblast growth factor (FGF, 

Peprotech, EC100-18) for 24 hr, after which this medium was harvested. The procedure was 

repeated daily for 7 collections and the collected MEF - Conditioned Medium (MEF-CM) 

was used after 0.2um filtration and addition of 8ng/ml FGF2 within 3 days of being stored 

at 4oC or 3 months when stored at -20oC. Multiple MEF batches were used during this work. 

Each batch of MEFs corresponded to a different mouse from which embryos were taken. 

2.7. Growth and passage of hESCs with MEF-CM 

Human embryonic stem cell line HUES7 were kindly gifted by Harvard University (Cowan et 

al., 2004). Successful continued culture was maintained by Accutase (Sigma, A6964) passag-
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ing every 3 days on Reduced-Growth factor Matrigel pre-treated T25-flasks (T25, Nunclon Δ 

treated surface, Thermo-Fisher Scientific, TKT-130-150L) with CM for 24 hours. Medium 

was changed daily for cell culture. Human embryonic stem cell line H9 continued culture 

was maintained by Trypsin 0.05% (Invitrogen, cat #25300062) passaging every 3 days on 

Matrigel pre-coated T25-flasks with CM for 24 hours. Medium was changed daily for cell 

culture.  

Briefly, on the 3rd day the cells were washed first with PBS and then 0.5ml of Accutase or 

Trypsin was added for 3 minutes at 37oC. The cells were then detached and the enzyme 

neutralised using unconditioned medium and collected in a 30ml universal tube. A sample 

was collected for manual cell count and the cells were centrifuged at 160g for 4 minutes. 

The supernatant was aspirated and MEF-CM medium was added to a final concentration of 

1x106 cells per ml. Then, 1.5 ml containing 1.5x 106 cells were seeded into a fresh Matrigel-

coated T25 flask in a final volume of 5ml MEF-CM. 

2.8. Growth and passage of hPSCs with LT-E8 or HM-E8 

Culture of hPSCs (hESCs and hiPSCs) with LT-E8 or HM-E8 was maintained by TrypLE Select 

(Invitrogen cat# 12563011) enzymatic passage every 3 days on Matrigel pre-coated T25-

flasks or Robot-Flasks. Medium was changed daily for cell culture. Briefly, on the 3rd day the 

cells were washed first with 5ml of PBS and then 2ml of TrypLE Select was added for 4 

minutes at RT. The TrypLE was aspirated and the flask tapped until the cells detach. Then 

5ml of medium was added with a final 10uM Y27632 (Tocris #129830-38-2) to collect the 

cells. Manual or Cedex counts were performed and 1x 106 cells were seeded into a fresh 

T25 flask, 3x 106 cells into a Robot-Flask in a final of 5ml or 20ml medium in the presence of 

10uM Y27632.  
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2.9. Growth and passage of HepG2 with HepG2 Maintenance Medium 

Culture of HepG2 cells was maintained by Trypsin 0.05% (Invitrogen, cat #25300062) enzy-

matic passage every 7 days in T75-flasks. Medium was changed every 3 days for cell culture 

maintenance. Briefly, on the 7th day the cells were washed with 10ml of PBS and then 2ml 

of Trypsin was added for 4 minutes at 37oC. The cells were then detached and collected in a 

30ml tube using HepG2 medium. A sample was collected for manual cell count and the cells 

were centrifuged for 4 minutes at 160g. The supernatant was aspirated and HepG2 medium 

was added to a final concentration of 1x106 cells per ml. Then, 1ml of Medium containing 

1x 106 cells were seeded into a fresh T75 flask in a final volume of 15ml. 

2.10.  hPSC (hiPSCs and hESCs) Differentiation to Hepatocytes 

Differentiation of hESCs to Hepatocyte initially followed the published protocol from 

(Medine et al., 2011) and modified. In brief HUES7 cells (passage number between 25 and 

32) were dissociated from a confluent flask and counted manually or using the Cedex (Hi-

Res Cell Counter, Roche) and then seeded on a Matrigel pre-coated 96-well plate at the 

density of 17.000cells per well of 96 well plate or 52.000 cells/cm2. 24 hours later confluen-

cy measurements were taken using the Cellavista (Automated Multi-Parameter cell analysis 

equipment Cellavista®, Synen-Tec). When the confluency was between 40-60%, treatment 

with 67ul of Medium A for 3 days was started (d0-d2). On d3, the medium was replaced by 

134ul of Medium B. Cells were fed on d5 and d7 with 134ul of Medium B. On d8 the medi-

um was replaced by 134ul of Medium C. Cells were fed with 134ul of Medium C on d10 and 

d12 and with 34ul of Medium C on d14, on d15 and on d16. Key difference in the technical 

step at the final version of the protocol developed in this thesis was the wash step with 

plain RPMI medium before initiation of the differentiation. For the days 0-2, use 100ul of 

Medium A instead of 67ul. For days 8-17, 200ul of Medium C were added and 100ul were 

replaced every other day until day 17.  
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2.11. Liver Perfusion and isolation of Hepatocytes 

Perfusion of liver isolations was performed within the FRAME laboratories (Prof Andrew 

Bennett, University of Nottingham) following established protocols and methods for the 

isolation and culture of the human liver cells. The cells were collected upon perfusion and 

were seeded in 96 well plate formats, at the density of 126,300 cells per cm2. Plates were 

fed for the desired number of days and fixed with 4% PFA at the FRAME laboratories and 

then were collected for further immunocytochemistry experiments.  

2.12. Cell Analysis 

2.12.1. Cell growth Curves  

Determination of cell growth characteristics or population doubling times has been 

achieved by culturing in parallel at least 2 flasks of the same cell type for more than 5 pas-

sages (unless otherwise stated). Cell counts were taken at each passage and population 

doublings calculated based on the following equations:  

 Cumulative population doubling = Sum (Log10(fold increase in cell number per pas-
sage)/Log10(2)) 

 Population doubling time (hours) = Cumulative time in culture/Cumulative popula-
tion doubling.  

 

2.12.2. Karyotype Analysis 

Cell samples for karyotype analysis were collected at an exponential phase of growth, usu-

ally 48 hours post seeding. The cells were treated with 100ng/ml of KaryoMAX® Colcemid 

(Invitrogen 1512012) diluted in the culture medium for 1 hour at 37oC. All the contents, cul-

ture medium and cells, were collected and centrifuged. The pellet was resuspended in 0.6% 

sodium citrate (Fisher Scientific S/3320) and incubated for 20 minutes at RT. Then the sam-

ple was centrifuged and supernatant aspirated. The cells were resuspended in the fixing 

solution containing 16.7% glacial acetic acid in methanol, centrifuged and resuspended 3 
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times in total and then stored in -20oC. G-band analysis of 30 metaphase spreads were 

completed by Mr Nigel Smith, Clinical Cytogenetics, Nottingham City Hospital in accordance 

with the International System for Human Cytogenetic Nomenclature International Guide-

lines (ISCN, 2005) and results were collected. 

2.12.3. Immunocytochemistry 

In brief, cell samples washed in PBS, fixed with 4% PFA for 15-20 minutes and permeabil-

ised for 10 minutes using 0.1% Triton-X in PBS. Cells were washed 2x with PBS and then in-

cubated with 10% Bovine Serum ALB Fraction V made in 0.1% Tween in PBS for 1 hour at 

RT. Cells were then washed 3x with 200ul of 0.1% Tween in PBS and incubated with 50ul 

per well of the primary antibody diluted in 1% Bovine Serum Albumin Fraction V made in 

PBS and incubated overnight at 4oC. Cells were then washed 3x with 200ul of 0.1% Tween in 

PBS and incubated with 50ul per well of the secondary antibody diluted in 1% Bovine Serum 

Albumin Fraction V made in PBS for 1 hour at room temperature. Samples were washed 3x 

with 200ul of 0.1% Tween in PBS and incubated with DAPI (1ug/ul) for 30 minutes at RT and 

then washed and 200ul of PBS was added. Images were taken using either the Leica DMIRB 

inverted Fluorescence microscope or the Cellavista Automated Multi-Parameter cell analy-

sis equipment Cellavista®, Synen-Tec or the High Content Imaging System Operetta ®, Per-

kin Elmer. Operetta wavelength details. Dapi: Excitation 360-400nm Emission 410-480nm, 

488/EGFP: Excitation 460-490nm Emission 500-550nm, 568/DsRED: Excitation 520-550nm 

Emission 560-630nm, 647/DRAQ5: Excitation 620-640nm Emission 650-760nm. Negative 

controls containing the secondary only antibodies were included in the experiments show-

ing specificity of the primary antibody. However, these results are not presented unless 

necessary.  
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2.12.4. Flow Cytometry  

Cell samples were prepared to run through Flow Cytometry for identification of pluripoten-

cy marker expression. Briefly, a minimum of 0.5x106 cells for each condition were dissociat-

ed using the specified enzyme and then centrifuged. The excess of enzyme was aspirated 

and the cells were washed with 20ml of PBS and centrifuged at 160g for 4 minutes. Then, 

the cells were fixed with 5% PFA for 15 minutes, centrifuged at 160g for 4 minutes and up-

on aspiration of the supernatant, the cells were resuspended with 20ml of PBS and were 

stored at 4oC for up to 7 days until they were stained and analysed. Flow cytometry staining 

protocol and equipment provided by Mr. Jayson Bispham, University of Nottingham. Re-

sults and statistical analysis were performed with the help of Mr Jayson Bispham, University 

of Nottingham using the Beckman Coulter Moflo XDP equipment, Flow Cytometry Suite, 

Queens Medical Centre, Nottingham. The protocol used for staining and analysis parame-

ters are kept confidential due to a pending publication. 

2.12.5. Statistical Analysis 

T-test analysis and two-way ANOVA performed where appropriate using the software 

GraphPad-Prism version 7. Significance represented by *p<0.05 and **p<0.001.  
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Table 4 Antibodies used for Immunocytochemistry 

  Antibody Company Cat.Number Fluorophore Dilution Specie 

Pr
im

ar
ie

s 

FOXA2 / HNF3B R&D  AF2400 - 1:100 Goat 

SOX17  R&D  AF1924 - 1:150 Goat 

AFP ABCAM ab3980 - 1:500 Mouse 

EpCAM ABCAM ab20160 - 1:500 Mouse  

CK19 ABCAM ab7754 - 1:500 Mouse 

CK18 Invitrogen  18-0158Z - 1:100 Mouse 

HNF4A Santa Cruz  sc-8987 - 1:50 Rabbit 

ALB Sigma  A6684 - 1:500 Mouse 

CYP450 3A4 Santa Cruz  sc-53850 - 1:100 Mouse 

A1AT Thermo PA1-37072 - 1:100 Mouse  

CYP450 1A2 Santa Cruz sc-53241 - 1:100 Mouse  

CYP450 2C9 ABCAM ab150364 - 1:600 Rabbit 

CYP450 2A6 Origene TA503832 - 1:100 Mouse 

VIMENTIN Dako #M0725 - 1:400 Mouse 

Se
co

nd
ar

ie
s 

Goat anti Mouse Invitrogen A11001 AF488 1:400 Goat 

Goat anti Rabbit Invitrogen A11008 AF488 1:400 Goat 

Goat anti Rabbit Invitrogen A11011 AF568 1:400 Goat 

Rabbit anti Goat  Sigma F7367 FITC 1:300 Rabbit 
Goat anti Mouse IgG2a Invitrogen  A-21241 AF647 1:400 Goat 

 

 Table 5 Factors evaluated in the Chapter 5, DoE in hepatocyte maturation 

 

Factor Ventor Product code Factor Ventor Product code
Cyclic AMP  Biolog B 007 5-Aza-2’-deoxycytidine Sigma A3656
Lithocholic  Acid Sigma L6250 GW7647 R&D 1677
Taurocholate Acid Merck 580217 Progesterone Sigma P7556
Vitamin K2 Sigma V9378 Testosterone Sigma 86500
FH1 Tocris 5254 17β Estradiol  Sigma E2758
T3 Sigma T6397 Dihexa 
Verteporfin Tocris 5305 Epinephrine Sigma E4642
CITCO Sigma C6240 Glucagon Sigma G2044
Hydrocortisone– hemi 
succinate Sigma H4881

Cobalt(II) chloride 
hexahydrate Sigma C8661

Flavone Sigma F2003 Sodium butyrate Sigma B5887
SR12813 Sigma S4194 Lipid Mixture 1 Sigma L0288
Melatonin Fisher 10255030 FGF19 R&D 969-FG-025
All-trans Retinoic Acid Sigma R2625 K-SR LifetTech 10828
SR11237 Sigma S8951 Ascorbic Acid Sigma A7631
Bexarotene Sigma SML0282 Insulin Sigma I9278
Calcitriol R&D 2551 D-Glucose  Sigma G7021
Chenodeoxycholic acid Fisher 10266950 GlutaMAX LifeTech 35050
ITE  R&D 1803 BSA Solution   7.5% Sigma A8412
Dexamethasone Sigma D4902 MS-1  
Y27632 Tocris 129830-38-2 MS-2  Transferrin Sigma T1428
CHIR99021 Tocris 4423 HGF Peprotech 100-39
Trichostatin A R&D 1406 OSM R&D 295-OM-010
LY 294002 Tocris 1130

Washington State University

Prof.Andrew Bennett Lab 
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CHAPTER THREE 

OPTIMISATION AND GENERATION OF A MODEL CELL SYSTEM FOR THE INVES-

TIGATION OF MATURATION OF HUMAN EMBRYONIC STEM CELL-DERIVED 

HEPATOCYTES  

3. Chapter 3  

Chapter three aims to:  

 Evaluate the current hepatocyte differentiation protocol in terms of hESC line, 

seeding density, timing and technical issues to increase expression of HLC markers 

 Improve maintenance culture by the use of a chemically defined culture medium  

 Evaluate the use of the robotic platform for automated maintenance and hepato-

cyte differentiation of hPSC 

 Finally, screen hiPSC lines, generated in lab, to identify a line that is automation 

compatible and can generate HLC following the established protocol.  

Factors affecting the maintenance of hPSCs such as culture medium and culture substrate 

are discussed. Following, there is a summary of current approaches for in vitro hepatocyte 

differentiation and stage specific factors to drive the differentiation. Finally, a review of au-

tomated cell culture systems is presented, and the Tecan Freedom Evo 200 culture robot is 

introduced. 

3.1. Introduction  

3.1.1. Culture methods for hPSC 

For many years, the majority of hPSC cultures relied on undefined and/or xenogeneic con-

taining culture systems. Initially, hESCs were derived and cultured on a layer of mouse-

embryonic fibroblasts (MEF) with serum supplemented medium (Thomson et al., 1998). The 

foetal bovine Serum supplement is an extremely complex, highly variable mixture with un-
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defined components that may contain factors that induce differentiation of the cells 

(Skottman and Hovatta, 2006). As a result, high variability was introduced into the system 

and batch to batch variation led to low reproducibility of the experiments (Khodabukus and 

Baar, 2014). In addition, animal-derived material carries a risk of transmitting animal path-

ogens to cultures of human cells and therefore studies aiming to transplant cells in a human 

would carry a contamination risk (Koivisto et al., 2004). The induced variability led to lim-

ited applications of hPSC, therefore defined culture systems had to be developed to sup-

port maintenance of the pluripotent nature of the hPSC and self-renewal of the population 

(Chen et al., 2014b).  

Initial attempts were made to replace the animal-derived serum with chemically defined 

Serum Replacement and suggested that a 20% serum replacement, the addition of 8ng 

basic FGF and Insulin, Transferrin and Selenium worked as the best combination to support 

culture and maintenance of hPSC (Koivisto et al., 2004). However, serum replacement con-

tained animal derived albumin, thus it was still not completely defined in nature (Amit et 

al., 2004). Since then, several attempts have been made for the production of expensive 

chemically defined media that support cultures of hPSC lines, achieving various efficiencies 

(Yao and Tatsuma, 2017).  

Recently a defined medium has been developed that contains only essential compounds 

that can support proliferation, maintenance and survival of hPSC cultures as well as deriva-

tion of hiPSC lines (Chen et al., 2011). “Essential 8” or E8 has been developed as a simplified 

medium that is based in DMEM/F12 medium supplemented with human recombinant pro-

teins Insulin, Selenium, Transferrin, L-ascorbic Acid, FGF2, TGFβ and NaHCO3 to regulate 

the pH (Chen et al., 2011). E8 has already been applied in the field supporting passaging 

and scalable xeno-free expansion of both hESC and hiPSC (Badenes et al., 2016, Beers et al., 

2012, Wang et al., 2013), also demonstrated to support highly efficient differentiation to 
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populations of variable lineages (Lippmann et al., 2014) among them into HLC (Siller et al., 

2015). 

Apart from the progress in the culture medium and transition into defined recipes, use of 

undefined substrate such as MEF feeder cells could hinder the differentiation of cells, add 

increased batch to batch variation and potentially introduce xenogeneic factors (Skottman 

and Hovatta, 2006). The advantage of MEF feeder layer is the secretion of growth factors 

and extracellular proteins that induce cell survival and block differentiation of hPSC (Sarkar 

et al., 2012). Development towards xeno-free feeder cells included isolation and mitotic 

inactivation of human placental fibroblasts (Genbacev et al., 2005) or other derivatives of 

human origin supporting maintenance of the karyotype, pluripotency and self-renewal (Lee 

et al., 2005, Amit et al., 2003). Except from the known batch to batch variation, upon γ-

irradiation to mitotically inactivate the cells, over time expression of apoptotic genes was 

found to initiate and that influence self-renewal and proliferation of hPSC (Villa-Diaz et al., 

2009).  

Because the MEF feeder layer limited the reproducibility of the cultures and introduced a 

batch to batch variation, transition into the use of a soluble basement membrane extracted 

from the Matrigel (Engelbreth-Holm-Swarm mouse sarcoma) (Xu et al., 2001) was pro-

posed. Matrigel contains several types of extracellular matrix proteins as well as unknown 

animal derived factors posing a risk to clinical and therapeutic applications (Lei et al., 2007). 

Matrigel has been used widely in the stem cell community reporting optimal growth, long 

term maintenance of pluripotency, self-renewal and karyotype stability. However, issues in 

the culture might be induced due to batch to batch variation (Hughes et al., 2010). More 

recently, completely defined approaches have been developed with single extracellular 

proteins such as recombinant human laminin 511 alone (Rodin et al., 2010) or mixed with E-

cadherin (Rodin et al., 2014) and human recombinant Vitronectin (Braam et al., 2008) re-
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porting support and long term maintenance of hPSCs. 

Key advances for the expansion of stem cell population was the transition from mechanical 

methods of dissociation to enzymatic methods that were less labour intensive, less costly 

and could generate single cell populations (Ellerström et al., 2007). However, enzymatic 

methods of dissociation and passaging of the cells have been described to induce significant 

cell disruption of the cell surface proteins (Ohnuma et al., 2014). Additionally, genomic al-

terations in the long term culture of hESC are known (Maitra et al., 2005) however, recur-

rent gain of chromosomes and genomic instability was associated with the length of culture 

conditions and mainly due to the harsh enzymatic treatment (Tosca et al., 2015, Rebuzzini 

et al., 2015). 

Comparison of mechanical dissection method to the enzymatic method of collagenase-IV 

showed that the occurrence of genomic instability is similar in those two methods to the 

advantage of less time consuming when the latter is used (Tosca et al., 2015). Enzymatic 

passage using Accutase had also been reported in the past, suggesting that maintenance of 

karyotype/genomic stability can be achieved for several months, although issues may arise 

upon freeze-thaw of cells (Kim et al., 2012). The key advantage of enzymatic methods was 

the production of single cell suspension, important for accurate cell measurement experi-

ments.  

In chemically defined cultures of hPSC lines, an EDTA-based passaging method served the 

purpose of long term passaging clumps of cells (Beers et al., 2012). It was reported as 

achieving maximum cell survival without a requirement for centrifugation and removal of 

the enzyme after the incubation, reducing material requirement and limiting the risk of 

contamination (Beers et al., 2012). In a similar manner to EDTA, TrypLE which is a recombi-

nant cell-dissociation enzyme replacing porcine trypsin reported for its ability to generate 

single cell populations in hESC and hiPSC lines plus the advantage of being chemically de-
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fined reducing variation previously described (Chen et al., 2011). 

Progress towards a defined culture medium, defined substrates and dissociation methods 

for culture of hPSC lines, enabled increased reproducibility and reduced batch to batch var-

iation in experiments. With all the development in the cell culture and maintenance of hPSC 

populations, generation of HLC that closely recapitulate human primary hepatocytes could 

be possible. Ideally, considering the advantages and ethical constraints, hiPSC derived HLC 

would be a valuable tool for drug development, toxicity screening and shedding light to the 

genetic variability within the population.  

3.1.2. Hepatocyte Differentiation in vitro  

Differentiation of hPSCs into HLC in vitro is currently a well-established stepwise approach 

that follows distinct liver developmental phases as discussed above (Zaret, 2002, Zhao and 

Duncan, 2005). In the early 2000s, work using mouse embryonic stem cells (Hamazaki et al., 

2001, Yamada et al., 2002) as a model for HLC differentiation, helped to establish a step-

wise approach and evaluate differentiation growth factors and their effect in signalling 

pathways. The first reports for differentiation of hESCs into HLCs were published after 2003 

and reported generation of a 10-15% homogenous HLC population that expressed liver-

associated proteins and liver-related functions such as CYP450 activity (Rambhatla et al., 

2003, Shirahashi et al., 2004). The first higher efficiency differentiation studies were pub-

lished in 2007-8 (Cai et al., 2007, Hay et al., 2008a) and after that multiple reports estab-

lished differentiation protocols reporting a high expression of liver-related proteins and 

functions that represent human liver cells (Table 6).  

The key differentiation steps are as explained in the liver-development process, starting 

with the differentiation into definitive endoderm (DE), then specification into the hepato-

blast lineage and finally direction into the hepatocyte stage (Shin and Monga, 2013). In all  
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Table 6 Review of the hepatocyte differentiation protocols for hESC and hiPSC lines used in the literature. 

Reference Cell Line DE Stage Days Hepatoblast Stage Days Hepatocyte Stage Days Total 
Days 

(Toivonen 
et al., 
2013) 

FES29 
(hESC), 
FiPS5-7 
(hiPSC) 

RPMI, Activin A 100ng/ml, 
B27 2%, WNT3A 75ng/ml, 
NaB 1mM D1/ 0.5mM D2-

7 

7 KO-DMEM, KOSR 20%, DMSO 
1% 

7 L-15, FBS 8.3%, Tryptose 
Phosphate Broth 8.3%, Hy-
drocortisone 10uM, Insulin 
1uM, HGF 10ng/ml, OSM 

20ng/ml 

7 21 

(Medine et 
al., 2011) 

H1, H9, 
RCM-1  

RPMI, Activin A 100ng/ml, 
WNT3A 50ng/ml, B27 1x 

3 KO-DMEM, KOSR 20%, DMSO 
1% 

5 L-15, FBS 10%, HGF 10ng/ml, 
OSM 20ng/ml 

9 17 

(Cai et al., 
2007) 

H1, H9 Activin A 100ng/ml, ITS 0% 
D1/0.1% D2, 1% D3 

3 Hepatocyte Culture Medium 
(Camdex), FGF4 30ng/ml, 

BMP2 20ng/ml  

5 HCM, HGF 20ng/ml D1-5 / 
HCM, HFG 20ng/ml, OSM 

10ng/ml, 0.1uM Dex 

15 23 

(Hay et al., 
2008a) 

H1, H9 RPMI, Activin A 100ng/ml, 
WNT3A 50ng/ml 

3 DMEM, KOSR 20%, DMSO 1% 7 L-15, FBS 8.3%, Tryptose 
Phosphate Broth 8.3%, Hy-
drocortisone 10uM, Insulin 

1uM, HGF10ng/ml, OSM 
20ng/ml 

7 17 

(Si-Tayeb 
et al., 

2010b) 

H9 RPMI, B27, Activin A 
100ng/ml, O2 20%  

5 RPMI, B27, FGF2 10ng/ml, 
BMP4 20ng/ml, O2 4% 

5 HCM-Lonza (-EGF/ 
+SingleQuotes), OSM 

20ng/ml, O2 20% 

5 20 

RPMI, B27, HFG 20ng/ml, O2 
4% 

5 
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Reference Cell Line DE Stage Days Hepatoblast Stage Days Hepatocyte Stage Days Total 
Days 

(Song et 
al., 2009b) 

H1 
(hESCs) / 
3U1 and 
3U2 (hiP-

SCs) 

RPMI, Activin A 100ng/ml, 
0.5mg/ml Albumin frac-
tion A, ITS 0% D1/ 0.1% 

D2/ 1% D3 

3 Hepatocyte Culture Medium 
(Camdex), FGF4 30ng/ml, 

BMP2 20ng/ml 

4 HCM, OSM 10ng/ml, Dex 
0.1uM 

6 22 

HCM, HGF 30ng/ml, KGF 
20ng/ml 

6 DMEM, N2, B27 3 

(Hay et al., 
2008b) 

H1, H7 RPMI, Activin A 100ng/ml, 
1x B27, Sodium Butyrate 
1mM D1 / 0.5mM D2-3  

3 DMEM, KOSR 20%, DMSO 1% 7 L-15, FBS 8.3%, Tryptose 
Phosphate Broth 8.3%, Hy-
drocortisone 10uM, Insulin 

1uM, HGF10ng/ml, OSM 
20ng/ml 

7 17 

(Agarwal 
et al., 
2008) 

H9/H1-
GFP 

RPMI, Actinin A 100ng/ml, 
FBS 0.5% D1-2/ KOSR 2% 

D3-5 

5 RPMI, KOSR 2%, FGF4 
10ng/ml, HGF 10ng/ml 

3 HCM+SingleQuotes, FGF4 
10ng/ml, HGF 10ng/ml, OSM 

10 ng/ml, Dex 0.1uM 

9 20 

MDBK-MM, BSA 0.5mg/ml, 
FGF4 10ng/ml, HGF 10ng/ml 

3 

(Asgari et 
al., 2013) 

Royan 
hiPSC1 / 

Royan H5 

RPMI, Actinin A 100ng/ml, 
ITS 0% D1/ 0.5% D2/ 1.5% 

D3 

3 RPMI 90% D1-6 / RPMI 50% -
HCM 50% D7-8, 10% KOSR, 

FGF4 10ng/ml, HGF 10ng/ml  

8 HCM, 10% KOSR, 10ng/ml 
OSM, 0.1uM Dex 

10 21 

(Chen et 
al., 2012b) 

H9/ 
CFB46 
(hiPSC 
line) 

RPMI, Activin 100ng/ml, 
Wnt3A 50ng/ml, HGF 

10ng/ml 

3 DMEM, 20% KOSR, DMSO 1% 4 IMDM, OSM 20ng/ml, Dex 
0.5uM, ITS (premix) 50mg/ml 

5 12 
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Reference Cell Line DE Stage Days Hepatoblast Stage Days Hepatocyte Stage Days Total 
Days 

(Touboul 
et al., 
2010) 

H9 CDM, Activin A 100ng/ml, 
BMP4 10ng/ml, FGF2 

20ng/ml, LY294002 10uM 

3 CDM/PVA, FGF10 50ng/ml 3 CDM/PVA, FGF4 30ng/ml HGF 
50ng/ml, EGF 50ng/ml 

10 18 

CDM/PVA, FGF10 50ng/ml, 
Retinoic Acid 0.1uM, 

SB431542 10uM 

2 

(Hannan et 
al., 2013) 

H9, Val9, 
FES22/29

, hSF-6 
and 

hiPSC 
lines 

CDM-PVA, Activin A 
100ng/ml, FGF2 100ng/ml, 
BMP4 10ng/ml, LY294002 

10uM, CHIR99 3uM 

2 RPMI, Activin A 50ng/ml 3 HBM, HGF 50ng/ml, OSM 
30ng/ml 

1-19 11-29 

RPMI, Activin A 100ng/ml, 
FGF2 100ng/ml 

1 RPMI, BMP4 10ng/ml, FGF10 
10ng/ml 

4 

(Duan et 
al., 2010) 

H9  RPMI, Activin A 100ng/ml 
D1-2 / RPMI, Activin A 
100ng/ml, B27 1x, NaB 

0.5mM D3-8 

8 RPMI, FGF4 20ng/ml, HGF 
20ng/ml, BMP2 10ng/ml, 

BMP4 10ng/ml D9 / + DMSO 
0.5% D10-22 

13 HCM+SingleQuotes, FBS 5%, 
DMSO 0.5%, Dex 100nM, 

FGF4 20ng/ml, HGF 20ng/ml, 
OSM 50ng/ml 

10 31 

(Magner et 
al., 2013) 

H9 RPMI, Activin A 100ng/ml 
BSA 0.5% D1-2 / B27 D3-8 

8 IMDM, FBS-Hyclone 20%, 1-
thioglycerol 0.3mM, Dex 

100nM, h-Insulin 0.126 U/ml 

8 HBM+HCM+SingleQuotes, 
DMSO 0.5%, Dex 100nM, 

FGF4 20ng/ml, HGF10ng/ml, 
OSM 50ng/ml 

8 24 

(Siller et 
al., 2015) 

H1, De-
troit 551 
(ATCCCCL

-110), 
hESC207 

RPMI1640, B27 1x, CHIR 
99021 3/4uM  

1 KO-DMEM, Serum Replace-
ment 20%, DMSO 1% 

5 L-15, FBS 8.3%, Tryptose 
Phosphate Broth 8.3%, Hy-
drocortisone 10uM, Insulin 

1uM, Sodium ascorbate 
50ug/ml, Dihexa 100nM, Dex-

amethasone 100nM  

10 17 

RPMI1640, B27 1x, +/- 
Insulin 

1 
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Reference Cell Line DE Stage Days Hepatoblast Stage Days Hepatocyte Stage Days Total 
Days 

(Baxter et 
al., 2015) 

HUES7, 
H9  

RPMI1640, Activin A 
100ng/ml, WNT3a 
25ng/ml, FBS 0.5% 

2 Hepatocyte Culture Medium 
(HCM), BMP2 20ng/ml, FGF4 

30ng/ml  

6 Hepatocyte Culture Medium 
(HCM), HGF 20ng/ml 

5 30 

RPMI1640, Activin A 
100ng/ml, FBS 0.5% 

2 Hepatocyte Culture Medium 
(HCM), OSM 10ug/ml, Dexa-

methasone 100nM 

15 

(Takayama 
et al., 
2014) 

H1, H9, 
KhES1-4,  

L-Wnt3A-expressing cell 
(ATCC, CRL2647)-

conditioned RPMI1640 
medium, Activin 

100ng/ml, FBS 0.2%, B27 
1x 

4 RPMI1640, BMP 30ng/ml, 
FGF4 20ng/ml, B27 1x,  

5 RPMI1640, HGF 20ng/ml, B27 
1x 

5 25 

Hepatocyte Culture Medium 
Lonza, Oncostatin 20ng/ml 

11 

(Asplund 
et al., 
2016) 

SA121, 
SA167, 
SA181, 
SA461, 
Val9, 

ChiPSC4, 
ChiPSC6b, 
ChiPSC20 

Cellartis DE Differentiation 
Kit (Takara Bio Europe AB; 

Y30030) 

6 Re-plating into Fibronectin-
coated wells, Hepatocyte 

Thawing and Seeding Medium 
(Cellartis Hepatocyte Differ-

entiation)  

3 Hepatocyte Progenitor Medi-
um (Cellartis Hepatocyte Dif-

ferentiation Kit) 

5 29 

Williams Medium E, HCM Sin-
gle Quots, OSM 10ng/ml, HGF 

40ng/ml, Dex 100nM, BIO 
1.4uM 

15 
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the above approaches (Table 6), the key similarities for each stage and the growth factors 

commonly used, are presented. For the DE stage, use of Activin A is essential for activation 

of the TGFβ receptor (Zorn and Wells, 2007) and in most reports WNT3a is used for the ac-

tivation of the WNT/Frizzled receptor (Zhang et al., 2013). Some reports include factors like 

Foetal Bovine Serum or Albumin, Insulin-Transferrin-Selenium, Sodium Butyrate, B27, HGF, 

LY294002 and CHIR99021 that have identified to induce differentiation and generate a 

more robust population of DE cells.  

For the Hepatoblast specification, the field is divided into using the defined developmental 

signals of BMP/FGF or use of the chemical inducer DMSO (Baxter et al., 2015, Takayama et 

al., 2014) however, cost implications and batch to batch variation in growth factors led to 

the use of DMSO. Additionally, Serum replacement or serum albumin, B27, HGF, KGF, Ret-

inoic Acid, SB431542 and insulin are used by various groups (Table 6). The hepatocyte spec-

ification stage is the most variable of all including a variety of growth factors and small mol-

ecules. Mainly the differentiation is accommodated by the use of two key growth factors, 

described in liver development, HGF and OSM (Zaret, 2002). Additionally, protocols have 

used Insulin, Hydrocortisone or Dexamethasone, Serum, Tryptose Phosphate Broth, B27, 

N2, FGF4, FGF10 and EGF. Commercially available proprietary medium formulations for this 

stage are also available however, require the addition of growth factors (Takayama et al., 

2014, Baxter et al., 2015, Magner et al., 2013). Although not necessary, in some differentia-

tion protocol steps were divided into two phases, using different factors in each so that 

specification into a more relevant type is assisted (Song et al., 2009b, Agarwal et al., 2008, 

Hannan et al., 2013).  

Key differences in all the reports presented in Table 6 are a) cell lines that have been used, 

b) time of treatment for each stage, c) the concentration of each factor used in the protocol 

and d) criteria to judge the final population. The cell lines used, cover a wide range of hESC 
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and hiPSC that are either commonly available or derived in the same laboratory. Predomi-

nantly, the field uses the H1, H7 and H9 hESC lines derived from Thomson in 1998 at the 

University of Wisconsin-Madison (Thomson et al., 1998) however, hiPSC lines are used in a 

range of protocols (Toivonen et al., 2013, Song et al., 2009b). The time to achieve formation 

of the desired population, in each differentiation step, is highly variable and is ranging be-

tween 17 and 31 days (Duan et al., 2010, Hay et al., 2008b). More specifically, the DE stage 

ranges between 2-8 days, the hepatoblast between 4-10 days and the hepatocyte specifica-

tion between 5-20 days. The concentration of each factor used in each study, varies accord-

ing to the laboratory’s optimisation procedures, adding another element of variability 

among the current protocols. Finally, the criteria to characterise the HLC population gener-

ated are variable across the field and between labs. Common guidelines have not been es-

tablished and this is causing difficulties cross-comparing studies, results and efficiencies 

(Discussed in Chapter 4).  

Recombinant growth factors are commonly used in the hepatocyte differentiation increas-

ing the cost of HLC production. Exception in the above differentiation protocol table is the 

Siller et al study, which presented a protocol using chemically synthesised small molecules 

to generate HLCs, at a similar efficiency as the growth factor approaches (Siller et al., 2015). 

This approach opened new opportunities for minimising the cost of the differentiation pro-

tocol enabling large scale HLC production. Recently, a combination of commercially availa-

ble step-directing differentiation kits replaced parts of the step-wise protocols and demon-

strated efficient generation of HLC from multiple cell lines (Asplund et al., 2016). 

3.1.1. Automation in the field of Stem Cells  

Exploiting the full potential of stem cells is dependent on the consistency in the production 

of genetically stable cell populations, maintenance, expansion and differentiation of them 

in an operator dependent manner (Liu et al., 2010, Daniszewski et al., 2017). hPSCs are 
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highly sensitive to culture conditions (Veraitch et al., 2008). Maintenance and expansion of 

hPSCs in the undifferentiated state is labour intensive and requires considerable manual 

input, skilled operators and a long time for generating large population numbers (Kami et 

al., 2013).  

Variation in manual culture is introduced by the use of undefined components such as se-

rum and substrates as discussed in the section above (Skottman and Hovatta, 2006). How-

ever, factors such as exposure to laboratory conditions, fluid flow, dissociation enzymes, 

centrifugation forces and shear forces are all dependent on the judgment of the operator 

to achieve the desired phenotype (Veraitch et al., 2008). Environmental induced differences 

that the cells have been exposed in the establishment and culture can introduce additive 

inherited variation in the genetic and epigenetic status of cells (Allegrucci and Young, 2007).  

To avoid process variability, automated methods that tightly control physical forces could 

lead to minimised variation in environmental conditions and achieve maintenance of phe-

notype and high yield of cells (Veraitch et al., 2008). Additionally, to meet the demand re-

quired by industry or clinicians, automating bioprocess could enable high-throughput appli-

cations (Thomas et al., 2009, Daniszewski et al., 2017). Especially in pharmaceuticals where 

screening of drugs and testing conditions in stem cell derived populations requires that the 

final cells have been prepared in an identical way. Automation provides reproducibility, 

scalability and reduces the cost for expansion of the cells (Archer and Williams, 2005) and 

removes the operator dependent variation (Thomas et al., 2009).  

The risk of a contamination of the manual culture of cells may arise from poor operator 

aseptic technique or laboratory environment (Stacey, 2011). Maintaining cultures within a 

closed system and transferring culture plates directly between the incubator and the work-

table can minimise the risk of contamination during automated handling, avoiding exposure 

to airborne contaminants in the laboratory and improving operator safety (Note, 2010, 
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Kato et al., 2010).  

For those reasons, automated systems have been developed that incorporate liquid and 

labware handling in enclosed cabinet systems to ensure sterile conditions combining incu-

bator, centrifuges or other equipment in a modular set up (Daniszewski et al., 2017). There-

fore, attempts to automate stages or complete processes have been described by several 

groups discussed below (Joannides et al., 2006, Thomas et al., 2009).  

Enzymatic methods of dissociation and passaging of the cells had been described to induce 

significant cell damage and disruption of cell surface proteins (Ohnuma et al., 2014). To 

avoid cell damage, initial attempts in the field of stem cells targeted to automate the pas-

saging of hESC populations and move from manual, time-consuming enzymatic passaging, 

that requires a skilled operator to judge the minimum incubation time, to automated me-

chanical passaging using an automated mechanical dissection of the colonies (Joannides et 

al., 2006). In this method, use of the McIIwain tissue chopper (Mickle Engineering, 

Gomshall, Surrey, UK) was used to produce colony fragments of approximately 200um 

wide, achieving a reproducible and automated passaging method and reporting mainte-

nance for more than 100 days in culture (Joannides et al., 2006).  

Automation of hESC lines and their cultures on the CompacT SelecT (The Automation Part-

nership, Cambridge) achieved to maintain 90xT175 flasks simultaneously, generating proof 

of principle data and confirming automated production of approximately 3 billion hESC for 

further applications (Thomas et al., 2009). Maintenance of pluripotency, consistency of the 

expansion rate, expression of hESC markers, karyotype stability, differentiation into the 3 

germ layers and successful production of pharmacologically responsive cardiomyocytes 

were reported (Thomas et al., 2009). The same platform was also used to expand hiPSC 

lines growing as aggregates, maintaining their pluripotent capabilities and differentiating 

into the three germ layers that was reported as better than manual methods (Soares et al., 
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2014).  

The need for visual assessment and consistent density identification to determine the ap-

propriate time for stem cell passaging was required upon inconsistent outcomes from 

manual operator decisions (Ker et al., 2011). In 2013 the robotic system AutoCulture® was 

developed to assist with large-scale reproducible cultivation of stem cells for clinical trial 

applications (Kami et al., 2013). That was an automated real-time computer vision-based 

system consisted of a phase-contrast time-lapse microscope and a server, the next step to-

wards automation of automated passaging of the cells and density measurements. This sys-

tem replaced the operator need and could handle the maintenance and expansion of cells 

based on a morphological assessment by capturing images and assessing confluency of 

cells. The system was reported to maintain growth rate, expansion and characteristics of 

the cells from multiple cell lines (Kami et al., 2013).  

Development of automated platforms led to the establishment of a modular robotic plat-

form that is capable of iPSC reprogramming, maintenance and differentiation with minimal 

manual intervention. When an automated platform was used to produce iPSC lines, it was 

demonstrated that can generate a high number of iPSC lines at better efficiencies than 

those manually produced (Paull et al., 2015). 

An important parameter of the automation is the liquid handling function to reassure ho-

mogenous cell suspensions. Pipetting cell suspensions must be carefully controlled to max-

imise accuracy and precision while reducing exposure to fluid flow (Veraitch et al., 2008). 

Currently, liquid-handling robots are widely used in the pharmaceutical industry for high-

throughput screening of large compound libraries. Advantages of their use highlight the 

increased accuracy and reproducible dispensing, low variation and elimination of a poten-

tial manual error (Gaisford, 2012). Additionally, reduced usage of experimental reagents 

has also been reported (Gaisford, 2012) along with time efficiency and practicality com-
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pared to manual liquid handling (Kong et al., 2012). Applications of low-volume liquid han-

dling robots refer mainly to quantitative-PCR studies and the epigenetic field (Gaisford, 

2012) but also gene sequencing, protein crystallisation, antibody testing and drug screening 

(Kong et al., 2012). Biological sample dilution preparation is a process that when is com-

pleted manually, is prone to human error, especially when a large number of factors are 

needed. Therefore a way to automate the process is by use of the TECAN Freedom EVO150 

(Tecan, Zurich, Switzerland) liquid handling unit that is able to generate accurate and pre-

cise bioanalytical data (Jiang et al., 2012).  

Since the development of maintenance and expansion of hPSC in automated platforms was 

achieved the next step included automated differentiation of those cells into lineages of the 

three germ layers. Generation of ectoderm derivate dopaminergic neurons and endoderm 

derivative pancreatic islet cells was described from an automated culture of hiPSC 

(Konagaya et al., 2015). The key characteristic of these reports is that manual and automat-

ed approaches generated comparable populations; however noticeable inter-sample varia-

tion was identified upon manual differentiations (Paull et al., 2015, Konagaya et al., 2015, 

Daniszewski et al., 2017).  

3.1.2. Tecan Freedom Evo 200 Culture Robot  

To facilitate the maintenance of hPSC lines and differentiation into HLC using automation, 

the robotic platform TECAN Freedom Evo 200 culture robot was utilised (Figure 9A). This 

platform is a modular robotic system that incorporates warm (37oC) and cold (4oC) incuba-

tor (StoreX) and integrated cell counter facility (Cedex Hi-Res). The incubators are linked to 

the robotic platform with a trolley system (Figure 9B-C). The robotic platform is enclosed in 

a sterile level 2 safety cabinet (Big Neat Class II safety cabinet) (Figure 9H).  

The platform is equipped with three robotic arms to facilitate liquid and labware handling. 

Liquid handling is facilitated by the LiHa arm with 4 high volume fixed tips and 4 low volume 
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disposable tips. Pipetting volumes in 96 well plate formats is facilitated by a 96-tip multi-

channel head (MCA96) while movement of culture vessels, by the Robotic Manipulator 

(RoMa) arm (Figure 9G). 

On the automated platform, there are additional hardware systems in place, to enable the 

maintenance of hPSC lines and facilitate a variety of experimental protocols. The hardware 

contains a) station for MCA96 tips, b) warm carrier for 300ml medium troughs to warm up 

medium to 37oC, c) various sizes holding vessels, d) liquid waste collection vessels, e) lab-

ware waste collection, f) cell culture plate holders, g) flask flipper that can hold Roboflasks 

and h) connection to the cell counter (Figure 9).  

 

Figure 9 Images of Tecan Freedom Evo 200 Culture robot. A) Overview of the robotic platform, B) StoreX warm 
incubator, C) StoreX warm incubator towers and roboflasks/plates capacity, D) Overview of the platform 
1=MCA96, 2=position for MCA96 tips, 3=warm carrier, 4=trolley connecting warm incubator, E) Overview of the 
platform 1=various size holding vessels, 2=liquid waste station, 3=labware waste station, F) Overview of the 
platform 1=plate holder, 2=connection with Cedex, 3=flask flipper, G) 1=LiHa robotic arm, 2=RoMa robotic arm, 
3=Cedex cell counter, H) Overview of the platform enclosed in the Big Neat cabinet and I) Roboflask.  
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3.2. Results  

3.2.1. Culture and Phenotype Assessment of HUES7 hESCs Demonstrated 

Maintenance of the Pluripotent Characteristics and Growth Rate 

HUES7 hESCs (Cowan et al., 2004) were adapted in lab to feeder-free Matrigel culture in 

MEF conditioned medium (Denning et al., 2006). Cells were typically maintained in culture 

at low passages between 20 and 32 to minimise karyotype instability upon long-term cul-

ture (Lund et al., 2012, Rajamani et al., 2014). HUES7 cells showed characteristics such as 

low cell death and densely packed cells with angular cell walls when ready for passage (Fig-

ure 10).  

 

Figure 10 Culture of HUES7 hESCs A-C) Brightfield images from representative stages of the HUES7 culture in 
MEF-conditioned medium A) on day 1 when cells seeded at 1.5 million per T25, B) on day 2 and C) on day 3 
before passage D) Growth Curve of HUES7 expansion starting from passage 25 to passage 29. Duplication time 
calculated as 2.5 days based on parallel cultures. N=3 flasks Scale bar (A-C) represents 100um 

Cells were passaged by accutase enzymatic dissociation for 3 minutes at 37oC and seeded at 

the density of 1,500,000 cells in a T25 flasks, every 72 hours. Expansion of the cells is char-

acterised as linear with a doubling time of 2.5 days. Typically, the karyotype of HUES7 hESCs 

was normal at low and high passages, (Passage 20, Spreads 30, Karyotype 46,XY[27], 45,XY,-

5[1], 45,XY,-11[1] and 45,XY,-20[1] and Passage 32, Spreads 30, Karyotype 46,XY[27], 
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45,XY,-11[1], 47,XY,+12[1], 47,XY,+22[1]). Karyotypes were performed by Mr Nigel Smith, 

Clinical Cytogenetics, Nottingham City Hospital.  

 

Figure 11 Maintenance of pluripotency in HUES7 hESCs. A) Flow cytometry of HUES7 p24 and p29 samples and 
screening for expression of TRA-1-81, OCT4, SSEA3, SSEA4 and NANOG B) Percentage of positive HUES7 hESCs 
for each of the pluripotency markers as defined by unstained control and Fluorescence Minus One (FMO) con-
trol. Error bars represent standard deviation of the mean. Replicates =3, N=1  

To assess the pluripotency markers expressed in the HUES7 MEF-CM cells, samples from a 

low (p24) and late (p29) passage were collected and screened using a Multicolour Flow Cy-

tometry panel developed by Mr Jayson Bispham, University of Nottingham. Figure 11A 

shows 85%-97% of cells positive for TRA-1-81, Oct4, SSEA-3, SSEA-4 and NANOG. Not signif-

icant differences were identified between p24 and p29 HUES7 MEF-CM (Figure 11B). Over-

all, these results demonstrate that HUES7 MEF-CM hESCs maintain cell morphology, expan-

sion rate and markers of pluripotency between the passages that the cells were used for 

subsequent experiments.  
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3.2.2. HUES7 cells cultured in Conditioned Medium Demonstrate Differentiation 

into Hepatocyte-like cells and Expression of Hepatocyte Markers  

Initially, HUES7 were differentiated into HLCs in a 96 well plate at the density of 17.000 

cells/well following the protocol established in the laboratory by Dr Yan Sun. As shown in 

Figure 12A, this was a modification of the protocol developed in Dr David Hay Laboratory 

(Medine et al., 2011) with the addition of FGF2 from days 3-8.  

 Figure 12 Demonstration of differentiation HUES7 hESCs into HLCs. A) Schematic of the differentiation proto-
col showing stages, day plan, medium used and concentration of each component B) Brightfield images of the 
differentiation phases, C) Phase contrast images during the last stage of the differentiation, white arrows indi-
cate distinct cell borders D) Immunofluorescence staining for SOX17 and FOXA2 expression on Day3, E) Immu-
nofluorescence staining for AFP, CK18/19, ALB, EpCAM and HNF4a expression on D8 and F) Immunofluores-
cence staining for AFP, A1AT, EpCAM, HNF4a, ALB and CYP3A4 expression on Day 17 (D-F) 20x magnification 
lenses.  
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On day 0 the differentiation initiated and on day 1 the cells started to expand and form De-

finitive Endoderm (DE). By day 3, the cells had formed DE-like cells with morphology of 

cobblestoned, tightly packed and small round-shaped cells as indicated in Figure 12B. To 

assess the expression of DE markers on day 3, immunofluorescence staining was performed 

for SOX17 and FOXA2. The results showed positive expression for both SOX17 and FOXA2 

confirming a successful production of DE (Figure 12D).  

By day 8, the cells became flatter and larger than the day 3 cells, starting to resemble 

hepatoblasts (Figure 12B) (Medine et al., 2011). Immunostaining showed that the cells 

stained positive for hepatoblast markers AFP, CK18/19, ALB, EpCAM and HNF4A (Figure 

12E). During the last phase of the differentiation, hepatoblasts further increased in size-

diameter to approximately 40-60um, showing a monolayer of cells with distinct cell borders 

(Figure 12B/C). Immunostaining for AFP, A1AT, EpCAM, HNF4a, ALB and CYP450 3A4 indi-

cate hepatocyte characteristics of the day 17 cells (Figure 12F), (Medine et al., 2011).  

3.2.3. Potentially improved conditions were identified from (Szkolnicka et al., 

2013) 

More recent alterations to the Hay protocol were reported to increase expression of the 

drug-metabolising enzymes CYP450 3A4 and CYP450 1A2 (Szkolnicka et al., 2013). A collab-

orative visit was made to the laboratory in 2014 to further learn their latest culture devel-

opments. In Edinburgh, H9 cells were cultured in mTeSR and differentiated to HLC as shown 

in Figure 13A.  

As found, morphology on day 3 indicated formation of DE cells with the presence of cobble-

stoned, tightly packed and small round-shaped cells (Figure 13B). Day 3 cells expressed 

SOX17, GATA4 and GATA6 (Figure 13C). On day 8, the expected hepatoblast morphology 

was observed. Expression of GATA4/6 was maintained from day 3. HNF4a, ALB, AFP and 

CK19 were expressed similar to HUES7 MEF-CM in section 2.3.2 (Figure 14A). Notably, re-
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gions of cells that generate compact 3-dimensional structures were observed and remained 

throughout the differentiation. On day 17, the cells generated a characteristic hepatocyte 

morphology (Figure 14B) and cells expressed ALB, AFP, CK18/19, CYP450 3A4 and HNF4 

similar to HUES7 MEF-CM. CYP450 2D6, E-CAD and MRP1 (Figure 14B) were also shown to 

be expressed although these were not evaluated in HUES7 MEF-CM.  

 

Figure 13 Differentiating h9 into HLCs with 2013 Edinburgh differentiation protocol. A) Timeline and 
conditions for Edinburgh differentiation protocol, B) Phase contrast images for morphology of the cells on days 
3, 8 and 17 taken with 10x lenses, C) Immunofluorescence staining for SOX17, GATA4/6 on the day 3 cells. Scale 
bar (D) represents 100um.  

Multiple differences were identified between the protocols as shown in Table 7. The differ-

ences were split into 4 categories: 1) hESC line, 2) culture medium and substrate, 3) seeding 

density for experimental set up and 4) technical aspects on the differentiation protocol. 

After comparing the full set of differences, a shortlist of factors perceived as most critical 

was highlighted for further investigation and shown in the right column in Table 7. Undesir-

able for this thesis were: (2) use of mTeSR medium and passaging with collagenase as colla-

genase passaging generates clumps (Heng et al., 2007) and counting accurate number of 
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cells with the Cedex cell counter would cause issues, (3) Matrigel increased cost for use of 

1-36 compared to 1-100 when a high-throughput experiment is designed and (8) Hepato-

ZYME is a proprietary medium produced by Thermo-Fisher and the contents are not availa-

ble, thus not compatible with a study that investigates maturation factors. Additionally, it 

includes EGF (Garcia et al., 2001) which predominantly induces proliferation of hepato-

cytes.  

 

Figure 14 Day 8 and Day 17 Immunostaining of H9 differentiated with the Edinburgh protocol A) Day 8 cells 
evaluating the profile of the hepatoblast cells GATA4/6, HNF4a, ALB, AFP and CK19 B) Day 17 cells evaluating 
the HLC profile of cells ALB, AFP, CK18/19, CYP450 1A2, CYP450 2D6, E-CAD, CYP450 3A, MRP1 and HNF4a (A,C) 
Scale Bar represents 100um.  
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Table 7 Differences identified between Nottingham Protocol and Edinburgh Protocol. 

 Differences Nottingham Protocol Edinburgh Protocol TEST 

1 Cell Line HUES7 H9 √ 
2 hESC Medium/                 

Dissociation Enzyme 
MEF-CM /Accutase mTeSR/Collagenase X 

3 Matrigel  1-100 1-36 X 
4 Medium A RPMI+B27+Activin 

A+WNT3a 
RPMI+B27+Activin 

A+WNT3a 
NA 

5 Medium A Feeds 67ul every 24H 100ul every 24H √ 
6 Medium B DMEM/F12, 15% KSR, 

DMSO 1%, bFGF 4ng/ml 
KO/DMEM, 20% KSR, 

DMSO 1% 
X 

7 Medium B feeds 134ul every 48H 200ul every 48H √ 
8 Medium C L15, 10uM Hydrocortisone, 

10ng/ml HGF, 20ng/ml 
OSM 

HepatoZYME, 10uM Hy-
drocortisone, 10ng/ml 

HGF, 20ng/ml OSM 

X 

9 Medium C Feeds 134ul 3x every 48H, 34ul 
3x every 24H 

200ul 1st feed, 100ul re-
placed every 48H 

√ 

10 Seeding Density 52.000cells/cm2 
(17000cells/well) 

200.000cells/cm2 
(60000cells/well) 

√ 

11 Growth Factors  Pre-added In the Medium Added fresh  √ 

12 Pre-Medium A Wash NO YES √ 

3.2.4. Evaluating the effect of Technical Differences between the Edinburgh 

(2013) and Nottingham protocols on HLC differentiation  

The key technical variations identified for further evaluation were a) pre-wash with 

RPMI+B27 to remove the growth factors from the MEF-CM that cells were set up with, b) 

feeding with different volumes of medium and c) fresh or frozen medium A and C (Figure 

15). 

 

Figure 15 Experimental set up to evaluate the technical differences between the Nottingham hepatocyte pro-
tocol and the Edinburgh hepatocyte protocol. HUES7 cells were used for the experiment that split into appro-
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priate number of wells to accommodate the different conditions. Blue-shaded conditions follow the feeding 
volumes from Nottingham protocol (Medium Volumes) and orange-shaded conditions the feeding volumes 
described at the DH protocol (High Volumes). Freshly made medium A and Frozen (ready-made) Medium A and 
Medium C was evaluated.  

To evaluate the effect of the above changes, HUES7 cells were set up in a 96 well plate for-

mat at 17.000 cells per well and allowed to grow overnight. On day 0, differentiation initi-

ated taking into consideration the different volumes described at the previous section and 

in Figure 15. The differentiation process was assessed on day 3 and day 17, immunofluores-

cence staining for DE/hepatocyte markers and on day 17 by brightfield microscopy.  

Quantification analysis for nuclear localisation and co-localisation with nuclear stain (Dapi), 

demonstrated that on average there was an 80% of positive expression for both FOXA2 and 

SOX17. Two-way ANOVA identified that there are no significant differences in the expres-

sion of FOXA2 or SOX17 (Figure 16).  

On day 17, brightfield microscopy showed formation of cobblestoned cells, densely packed 

with distinct cell borders and polygonal appearance in all conditions. High Volume, Fresh 

medium A generated a homogenous monolayer of HLCs, whereas Frozen Medium A, gener-

ated regions with sparse HLCs as indicated by the white arrows (Figure 17A). In Medium-

volume cases, there was formation of HLCs similarly across the board (Figure 17A).  

There was also a higher expression of HLC specific markers on the cells treated with High 

volumes and Fresh Medium A and C compared to the other conditions (Figure 17B). Expres-

sion of ALB was similar across the samples but very low in conditions C and D, HNF4a ex-

pression was lower in conditions B, G and H (Figure 17B). CYP450 3A4 was expressed higher 

in conditions A and B, lower in conditions C and D and very low for E, F, G and H. CYP450 

2D6 expression was higher in conditions A and B and lower in the rest. The HLC markers 

CYP450 1A2, A1AT, CK19 and Vimentin showed stable expression were across the condi-

tions (Figure 17B). Examples are shown in Figure 17C.  
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Figure 16 Effect of Medium Volume + Fresh or Frozen on SOX17/FOXA2 in d3 A) Expression of FOXA2 and 
SOX17 at the different samples as labelled for the 1st row fed with High Volume and Fresh or Frozen Medium A 
and the 2nd row fed with Medium Volume and Fresh or Frozen Medium A B) Quantification for the nuclear ex-
pression of FOXA2 and SOX17 for the different conditions. No statistical significance between the treatments. 
Error bars represent standard deviation of the mean. Scale Bars A) 100um 

 

In summary, there was not a significant effect observed on the day 3 DE cells, however, it 

was demonstrated that generations of cobblestoned HLCs, densely packed with distinct cell 

borders, polygonal appearance and a higher expression of ALB, HNF4a, CYP450 3A4 and 

CYP450 2D6 was observed with High volumes and fresh Medium. Therefore, these altera-

tions were incorporated into the Hepatocyte Differentiation protocol. 
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Figure 17 Evaluating the effect of different technical parameters on the differentiation of HUES7 cells into 
HLCs on day 17. A) Brightfield images of day 17 cells at the different conditions. White arrows indicate areas 
with sparse hepatocyte morphology, B) Summary table presenting a qualitative assessment comparing expres-
sion of HLC markers across the different conditions and C) Representative examples of staining from HLC mark-
ers on the day 17 cells at different conditions. Scale bar (A &C) 100um. 
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3.2.5. H9 hESC line Differentiated to Hepatocytes, Showed a Significantly Higher 

percentage of positive Hepatocyte Marker Expression on Day 17 Compared to the 

HUES7 cells 

To evaluate the differences between H9 and HUES7 hESC lines, as well as the seeding densi-

ty effects, H9 cultures were established. H9 hESCs (Thomson et al., 1998) were previously 

used in the lab by Dr. Elena Matsa and were adapted to a Matrigel culture in MEF-CM me-

dium. Cells appeared healthy with low cell death, densely packed cells when ready for pas-

sage with angular cell walls (Figure 18A-C).  

 

Figure 18 Culture of H9 hESCs A-C) Brightfield images from representative stages of the H9 culture in MEF-
conditioned medium A) on day 1 when cells seeded at 1.500.000 cells per T25, B) on day 2 and C) on day 3 be-
fore passage D) Growth Curve of H9 expansion starting from passage 40 to passage 45. Duplication time calcu-
lated as 2.8 days. Scale bar (A-C) represents 100um 

Cells were passaged by trypsin enzymatic dissociation for 3 minutes at 37oC and seeded at 

the density of 1,500,000 cells in T25 flasks every 3 days. Expansion of the cells was charac-

terised as linear with a duplication time of 2.8 days. Typically, the karyotype of H9 hESCs 

was normal at low and high passages (Passage 40, Spreads 30, Karyotype 46,XX[28], 45,XX,-

13[1] and 45,XX,-15[1] and Passage 50, Spreads 30, Karyotype 46,XX[29], 45,XX,-17[1]). Kar-
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yotypes were performed by Mr Nigel Smith, Clinical Cytogenetics, Nottingham City Hospital. 

Flow cytometry for pluripotency markers was identified positive for 95%-100% of cells 

stained for NANOG, OCT4, SSEA4 and SSEA3 (Figure 19). To compare HUES7 to the H9 cell 

line, hepatocyte differentiations were set up. H9 cells were set up in a 96 well plate at 

17,000, 30,000 and 60,000 cells-per-well and the HUES7 at 17,000 and 30,000 cells per well 

and allowed to grow overnight. The 60,000 cells-per-well for HUES7 was not possible since 

lab users were reporting high cell death and low viability in past experiments. 

 

Figure 19 Expression of pluripotency markers in H9 hESCs. A) Flow cytometry of H9 CM p39 samples screened 
for expression of NANOG, OCT4, SSEA4 and SSEA3 B) Percentage of positive HUES7 hESCs for each of the plurip-
otency markers as defined by unstained control and Fluorescence Minus One (FMO) control. Error bars repre-
sent standard deviation of the mean. Replicates =3, N=1 

On day 0, approximately 50-60% of the surface was covered at the density of 17.000 cells 

per well for both H9 and HUES7 cells (Figure 20B - white arrows indicate empty area), 

whereas at the densities of 30.000 and 60.000, a 100% coverage was identified (Figure 

20B). By day 3, DE was generated as indicated by the characteristic morphology of cobble-

stoned, tightly packed and small round-shaped cells, (highlighted with the black arrows in 

Figure 19B) with no significant differences between SOX17 or FOXA2 (Figure 20C). On both 

days 8 and 17, both cell lines acquired the expected HLC characteristic morphology  
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Figure 20 Differentiation of HUES7 and H9 hESCs at different densities. A) Hepatocyte differentiation protocol 
followed, B) Brightfield images of the different conditions on day 0 and day 3. White arrows indicate empty 
area. Immunofluorescence staining representative images from the day 3 samples for FOXA2 and SOX17 C) 
Quantification analysis for nuclear expression of FOXA2 and SOX17 on day 3 cells at different conditions. Error 
bars represent standard deviation of the mean. Scale bars 100um. 

(Figure 21). At the 30.000 cell per well densities, regions lacking HLC morphology and show-
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ing characteristics of dedifferentiation (lack of cell wall definition) were identified (high-

lighted with black arrows) in both cell lines (Figure 21B). The 60,000 density generated 3D 

structures in H9 and was not evaluated further (Figure 21B - white arrows). 

 

Figure 21 Assessment of HUES7 and H9 cells on day 8 and 17 by brightfield microscopy A) Images taken from 
representative wells to demonstrate morphology of the cells on day 8. Whole well image, followed by an image 
of the centre of the well, B) Similar as (A) for day 17 HLCs. White arrows indicate 3D structures and black arrows 
indicate flat cells with no HLC characteristic morphology, Scale bar (A-B) Whole well 3mm and well centre 
100um. 

The 17.000 density expressed ALB with a 40% of cells; this was significantly higher com-

pared to the other conditions (Figure 22B). Expression of AFP was significantly lower at 

HUES7 cells at 17.000 density (Figure 22B). Expression of HNF4a, A1AT and CYP450 3A4 was 

on average under 20% of cells and no significant differences identified (Figure 22B). In con-

clusion, differentiation of the H9 hESC line seeded at 17.000 density was more efficient on 

the basis of HLC specific marker expression (Figure 22).  
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Figure 22 Assessment of HUES7 and H9 cells on day 17 by immunofluorescence staining A) Representative 
images for expression of ALB, AFP, HNF4a, A1AT and CYP450 3A4. Top panel presents the well overview and 
lower panel presents 1 Field of View (FoV). B) Quantification analysis and ANOVA for positive HLC marker ex-
pression on day 17 cells upon immunofluorescence staining. Significance represented as * p<0.05. Error bars 
represent standard deviation of the mean. Scale bar (A) Well overview 400um, 1FoV 100um. Replicates =3, N=1 

 

3.2.6. Transition of H9 hESCs Into Chemically Defined, Essential 8 Medium to 

Achieve a More Controlled Environment for Pluripotent Stem Cell Culture 

In our lab experience, MEF batches showed considerable variation, growth rates, cell death, 

morphology and differentiation efficiencies. To maintain a fully defined hESC /hPSC culture 

expansion, a fully defined media was evaluated. Life-Technologies Essential 8 Medium (LT-

E8) is a xeno-free and feeder-free medium formulated for the growth and expansion of 

human pluripotent stem cells while it has been extensively tested and proved to maintain 

pluripotency in multiple iPSC lines, maintaining stable karyotype overtime (Chen et al., 

2011).  

Transition from MEF-CM to LT-E8 occurred on the day before the cells were passaged di-

rectly into LT-E8 (Figure 23A-a). Cells maintained the typical confluent characteristic mor-

phology of MEF-CM cells as monolayer before the first passage (Figure 23A-b). On day 2 

after the passage, the cells started organising into colonies (Figure 23A-c) that proliferated 

by day 3 and required a second passage (Figure 23A-d). By day 4, cells were organised into 

colonies (Figure 23A-e), the day after the colonies were greater in size (Figure 23A-f) and by 

day 6 another passage was required (Figure 23A-g). The cells were considered LT-E8 cul-

tured upon 3 passages maintaining the characteristic colony morphology (Figure 23A-h/i).  

Growth curve of LT-E8 H9 hESCs showed a duplication time of 1.6 days which enabled use 

of low seeding densities (500.000 cells per T25 flask) requiring a passage every 3rd day (Fig-

ure 23B). Overall, transition of H9 hESCs from MEF-CM into LT-E8 was successful, showing a 

stable proliferation rate and colony morphology of the cells.  
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Figure 23 Transition of H9 cells cultured in MEF-CM into LT-E8 defined medium. A) Series of images for mor-
phological changes the cells undertaking during transition. a)pre-transition cells fed with LT-E8, b)maintenance 
of the typical confluent layer pre-passage, c) morphology upon the first passage with LT-E8, d) increased conflu-
ency of LT-E8 cells and requirement for a passage, e) morphology upon the second passage with LT-E8 f) expan-
sion upon the second passage, g) morphology before the third passage, h) morphology upon the third passage 
and i) morphology the day after. B) Growth Curve of H9 cells cultured in LT-E8 starting from passage 49 to pas-
sage 54. Duplication time calculated as 1.6 days. Scale bar (A) represents 100um. 
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3.2.7. Effect of Differentiation initiation time on Hepatocyte Differentiation 

Since differentiation efficiency is known to be influenced by starting cell state, H9 LT-E8 

cells were plated at 17,000 cells per well in a 96 well plate for 24 or 48 hours prior to initiat-

ing the latest protocol shown in Figure 24. All conditions generated cells with the expected 

HLC morphology of cobblestoned cells, although the 48H pre-differentiation time point 

formed 3-dimentional structures (Figure 25-black arrow).  

 

Figure 24 Hepatocyte Differentiation protocol and stages of differentiation with required supplements.  

 

Figure 25 Importance of the pre-differentiation time on LT-E8 H9 cells for the generation of a flat monolayer 
of HLCs. Morphology of H9 cells on day 17, presence of 3d structures indicated with black arrows in the centre 
of the well or in whole well view. Scale Bars Well overview 3mm, Centre View 100um. 
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Figure 26 Assessment of H9 cells differentiated to HLCs upon 24H or 48H pre-differentiation time. Assessed on 
the expression of HLC markers on day 17 by immunofluorescence staining. A) Well overview of a representa-
tive well for the markers ALB, AFP, HNF4a, A1AT and CYP450 3A4. Lower panel shows 1 representative Field of 
View (FoV) for each condition described above. FoV taken from the central region. B) Quantification analysis 
and two-way ANOVA for the expression of the hepatocyte markers ALB, AFP, CYP450 3A4, HNF4a and A1AT in 
H9 HLCs upon the pre-differentiation times. Significance represented as * p<0.05. Error bars represent standard 
deviation of the mean. Scale Bars (A) Well overview 400um/ 1FoV 100um  

ALB, AFP and HNF4a were expressed at similar levels in 24H and 48H pre-treatments, alt-

hough expression of A1AT and CYP450 3A4 were significantly lower in the 48H (Figure 26B). 

Since 3-dimensional structures were not formed in the 24H pre-differentiation time point, 

the 24H time point was selected for future experiments.  
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3.2.8. Automated HLC Differentiation of H9 LT-E8 cells 

To minimise user variability, hPSC maintenance was evaluated using the automated, liquid 

handling platform “TECAN Freedom Evo 200”. At the start of this project, protocols for au-

tomation of routine maintenance of hPSCs had been developed in the laboratory. Key for 

consistency of the established harvesting and seeding methods, was the ability of the au-

tomated platform to produce single cell suspensions using functions of the Flask Flipper, 

that enabled accurate cell counting using the automated cell counter Cedex High Resolution 

(Cedex Hi-Res). 

Manual processes performed for passaging the cells, were translated into a series of robotic 

actions, with scripts developed to control accurate movements of the robotic arms and 

precise liquid handling operations. The robotic protocols used for culture of hESCs refer to 

the main requirements for the maintenance of pluripotent cells which are a) feeding and b) 

passaging of cells subdivided into harvesting and seeding protocols. The robotic protocols 

used for (a) and (b) are described in tables 8-9.  

Table 8 The flow diagram depicting the automated feeding process for hPSCs using the “TECAN Freedom Evo 
200”. Green highlighted boxes describe positioning and transfer of flask into the desired location, Orange high-
lighted box describes removal of spent medium and Blue highlighted box for the addition of fresh medium.  
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Table 9 The flow diagram depicting the automated passaging process of hPSCs using the “TECAN Freedom Evo 
200”. Green highlighted boxes describe positioning and transfer of flask into the desired location, Orange high-
lighted boxes describe harvesting processes and Blue highlighted box describes seeding processes. 

 

Prior to each robotic protocol, a manual action was required to supply the required con-

sumables for each process to the allocated positions. For the feeding protocol, the only 

supply required was (a) a 100ml trough containing the appropriate volume of fresh medium 

that was placed on the warm carrier (Figure 27A).  

 

Figure 27 Overview of the Tecan Freedom Evo deck prior to an automated passaging protocol and positions 
for allocated labware and consumables. A) Screenshot of the deck shown in the Freedom Evo software, (a) 
100ml trough, (b) position for collection vessel, (c) enzyme block, (d) cold carrier for TrypLE and (e) Roboflask on 
the Flask Flipper B) Actual Tecan Freedom Evo deck and C) Incubator StoreX. 
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For the passaging protocol (a) a 100ml trough containing the appropriate volume of fresh 

medium was placed on the warm carrier, (b) a collection vessel was required to collect the 

cell suspension upon dissociation of cells, at collection vessels position 1, (c) enzyme block 

to warm up the enzyme on the warm carrier, (d) 10ml of TrypLE enzyme loaded in the en-

zyme trough on the cold carrier and (e) the required Roboflask for passaging, in StoreX in-

cubator position 1 tower 1, that when was moved on the deck (e), a fresh Roboflask con-

taining 15ml of medium was placed in the same position (Figure 27).  

To evaluate the maintenance of hPSCs in the robotic platform, H9 cells routinely cultured in 

MEF-CM, transitioned as described before (Section 2.4.7) into LT-E8 cultured and after 3 

passages in LT-E8 the cells were transferred to the robotic platform where they were main-

tained for 8 passages, from p46 to p54.  

To assess the pluripotency markers expressed after 8 passages in LT-E8, cultures at p54 

were compared to manual cultures of H9 in MEF-CM isolated at a previous time (Figure 

28A). Expression of OCT4, SSEA3 and NANOG was similar between the conditions (Figure 

28A). The growth curve of the automated cultures was monitored for 5 consecutive pas-

sages and demonstrated a stable expansion rate with a duplication time of 2.3 days (Figure 

28C). The karyotype of H9 LT-E8 cells was normal at low and high passages when main-

tained in the robotic platform (Passage 54, Spreads 30, Karyotype 46,XX[28], 45,XX,-18[1] 

and 45,XX,-20[1] and Passage 63, Spreads 30, Karyotype 46,XX[28], 45,XX,-11[1] and 45,XX,-

9[1]). Karyotypes were performed by Mr Nigel Smith, Clinical Cytogenetics, Nottingham City 

Hospital. Overall, the results demonstrated that the conditions in robotic platform can 

maintain a stable population of pluripotent cells. 
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Figure 28 Assessment of pluripotency for H9 LTE8 automated platform culture. A) Multicolour Flow Cytometry 
for pluripotency markers in cultures of H9 in CM p39 and after transition and transfer to the automated plat-
form H9 LTE8 p54. B) Quantification of the pluripotent marker expression and student t-test. Significance repre-
sented as * p<0.05. C) Growth curve of H9 cells cultured on the robotic platform and D) Brightfield images 
showing daily expansion and colony morphology of H9 cells. Error bars represent standard deviation of the 
mean. Scale Bar (D) 200um.   
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3.2.9. Robotic Cell Culture Can Successfully Differentiate the H9 Cell Line into 

HLCs in 96 well plates.  

The automated Hepatocyte Differentiation protocol described in section 2.8 was divided 

into two distinct processes, (a) cell seeding in 96 well plates and (b) stage-specific medium-

change. Upon harvesting of a Roboflask as described above, an appropriate volume of the 

remaining cell suspension containing 17.000.000 cells was diluted into 50ml of LT-E8 medi-

um in a trough (making a final concentration of 17.000 cells per 50ul). The trough was 

placed on the warm carrier and seeding of the cells in the 96w/p was achieved using the 

“PlatingMCA96 well_1” automated protocol described in Table 10. Labware required for 

the process was a set of 96 well-tips for the MCA96 head placed on the Labware position as 

indicated in Figure 29A. 

Table 10 Flow Diagram for automated seeding protocol of hPSCs in 96 well plates using the “TECAN Freedom 
Evo 200”. Green highlighted boxes describe positioning and transfer of 96 well-plate into the desired location, 
Orange highlighted box describes removal of spent medium and feeding with fresh medium.  

 

The second phase responsible for stage specific-medium change (PlateFeed96wellHepDiff), 

required positioning of the prepared volume of medium in a 100ml trough and position on 

the warm carrier as shown in Figure 29. In addition, prior to the robotic protocol, manual 

positioning of labware was required at the appropriate locations; an empty 100ml waste 

trough was required and 2 sets of 96 well-tips were needed for the MCA96 head (Table 11 

& Figure 29).  
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Table 11 Flow Diagram for automated feeding process of Hepatocyte Differentiation 96 well plates using the 
“TECAN Freedom Evo 200”. Green highlighted boxes describe positioning and transfer of 96 well-plates into the 
desired location and Orange highlighted boxes describe removal of spent medium and feeding with fresh. 

 

 

Figure 29 Overview of the Tecan Freedom Evo deck prior to an automated passaging protocol and positions 
for allocated labware and consumables. A) Screenshot of the deck shown in the Freedom Evo software, B) 
Actual Tecan Freedom Evo deck and C) Incubator StoreX. 

Typical confluency measurements across wells of the H9 LT-E8 96 well plates were deter-

mined using a CellaVista plate reader (SYNENTEC, Germany) shown to be between 40-60% 

(Figure 27). It is worth mentioning that due to sheer forces and resuspension of the medi-

um containing cells for seeding, the outside wells of the 96 well plate were showing an in-

creased Standard Deviation in the cell confluency and that would lead to variable results on 

day 17. Therefore, it was decided that the outside wells of the 96 well plates will not be 

taken into account for experiments (Figure 27). The differentiation was initiated following  
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Figure 30 Cellavista measurement for confluency of 96 well plate in format of heatmap before initiation of 
the Hepatocyte Differentiation. Increased Standard Deviation when taken into account all 96 wells but it is 
lower when the inside wells (green box) are used. Blue represents a low confluency, Red represents high 
confluency and colours in between average confluencies.  

 

Figure 31 Brightfield microscopy for two separate production runs for day 17 HLCs generated using the auto-
mated platform. Overview of two example wells for each production highlight the absence of 3-dimentional 
structures, centre well images demonstrates HLC formation and focused images show the characteristic HLC 
morphology that was identified on day 17. Scale bars Overview 1mm, Centre well/Focused 100um. 
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the stage-specific “PlateFeed96 wellHepDiff” automated protocol.  

Typically, the morphology obtained on day 17 followed the characteristics of HLC described 

before. Two separate production runs are shown in Figure 31 with examples of two repre-

sentative wells. ALB, AFP, HNF4a, A1AT and CYP450 3A4 were expressed similarly in both 

productions, confirming the reproducibility of the hepatocyte differentiation using the au-

tomated platform (Figure 32). Quantification detected ALB 39.4%±9.7, AFP at 80.7%±12.8, 

HNF4a at 64.2%±7.9, a1-antithrypsin at 71.6%±1.5 and CYP450 3A4 at 8.3%±2.2. Two-way 

ANOVA analysis, identified no significant differences between the two separate productions 

(n=3), confirming reproducibility of the experiment (Figure 32B). 

 

Figure 32 Assessment of HLC differentiation by immunocytochemistry staining for HLC markers on the day 17 
HLCs generated using H9 LT-E8 cultured cells p50 and p52 in the automated platform. A) Well overview of 
representative wells for the markers ALB, AFP, HNF4a, A1AT and CYP450 3A4. Lower panel shows 1 representa-
tive Field of View (FoV) for each condition described above. B) Quantification analysis and two-way ANOVA for 
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the expression of the hepatocyte markers ALB, AFP, HNF4a, A1AT and CYP450 3A4. Significance represented as 
* p<0.05. Error bars represent standard deviation of the mean. Scale Bars (A) Well overview 400um/ 1FoV 
100um. N=3, Runs=2. 

3.2.10. Transition from commercially-produced LT-E8 into Home-Made E8 can 

Maintain Characteristics of H9 hPSCs Long Term and generate HLCs  

Experimental cost for the commercial LT-Essential 8 culture medium was a burden to the 

scientific research and the experimental design for the project. Home-Made Essential 8 

(HM-E8) culture medium was estimated that can be produced significantly cheaper (16,7% 

of the price) by buying the 8 components in bulk and preparing it in-house (Table 12). The 

recipe for the HM-E8 was followed from the published protocol (Burridge et al., 2015).  

Table 12 Cost differences between Commercial Life-Tech Essential 8 and Home-Made Essential 8.  

 

Adaptation of H9 cells into the HM-E8 started the day before cells become confluent. The 

cells were passaged, fed and allowed to grow with HM-E8, until confluent. The process re-

peated for 3 passages (Figure 33A). Morphology and colony formation of the cells was 

maintained before and after the transition, similarly for the characteristic morphology of 

the colonies, as seen in Figure 33A. The level of cell death was noted as higher compared to 

the LT-E8 cultures. Another difference noted was the extended growth of colony edge cells 

as shown in the examples in Figure 33B. The extended colony edge cell morphology was 

maintained through the culture using HM-E8 culture medium.  

Transitioned cells had a duplication time of 2.4 days and their expansion rate was stable 

over the 12 days (Figure 34). Normal karyotype was retained (Passage 54, Spreads 30, kary-

Ingredients as per protocol (Burridge et al., 2015) Size Price £ 250L Total
DMEM/F12 (Corning, cat. no. 10-092-CM)  0.5L  £11.65  500x 0.5L £2,912.50

L-ascorbic acid 2-phosphate tri sodium salt (Sigma 49752-10G) 10g £26.10 16g £26.10
Recombinant human insulin (Life Technologies, cat. no. A11382ij) 5g £469.36 5g £1,540.00
Recombinant human transferrin (Sigma-Aldrich, cat. no. T3705-1G) 1g £340.50 1250mg £340.50

Heparin sodium salt (Sigma-Aldrich H3149-250KU) 250KU £186.00 10 mg/mL stock £186.00
Sodium selenite (Sigma-Aldrich, cat no. S5261-10G) 10g £20.00 70 mg/50 mL £0.00

Recombinant human FGF2 (Peprotech, cat. no. 100-18B) 10x1mg £3,000.00 25mg £7,500.00
Recombinant human TGFB1 (Peprotech, cat. no. 100-21) 500ug £1,700.00 500ug £1,700.00

LT E8 HB8
per 500ml £169.30 £28.41

per 250L £84,650.00 £14,205.10
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otype 46,XX[28], 45,XX,-19[1], 45,XX,-20[1]). Duplicate flasks of H9 cells cultured in LT-E8 

and in HB-E8 were maintained for additional 14 passages (from p48 to p62).  

 

Figure 33 Transitioning of LT-E8 H9 cells into HM-E8 culture Medium. A) Morphology of the cells during each 
day of the first 3 transitioning passages. B) Examples of extended colony edges. Scale bars (A) 100um.  

 

Figure 34 Growth curve of H9 cells cultured in HB-E8 (Post-transitioning) Duplication time was calculated as 2.4 
days. Stable expansion rate was maintained. 
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CellaVista confluence measurements were similar for LT-E8 and HB-E8 cultures (Figure 

35C). Note that, because measurements of the whole surface required in average 40 

minutes per Roboflask, a representative area of the Roboflask was scanned instead (Figure 

35A). A confluence between 30-40% was identified for day 1, 40-60% for day 2 and on day 3 

the confluency was ranging between 80-100% (Figure 35B). Therefore, the growth rate of 

H9 cells in both media was confirmed as stable over long-term cultures.  

 

Figure 35 Long term culture of H9 cells in LT-E8 and HB-E8. A) Representative area of a Roboflask evaluated for 
confluency measurements B) Image of the Daily confluency measurements for H9 cells cultured in LT-E8 and 
HB-E8 between passages 48 and 62. Error bars represent standard deviation of the mean. 

As seen in Figure 36, morphology of cells in day 1 was highlighted by small clumps of cells, 

on day 2, colonies were formed, expanded in size and separated from other colonies and on 

day 3 the colonies had merged and expanded more in size ready for the next passage (Fig-

ure 36). The only difference between the LT-E8 and HM-E8 was the morphology of the col-

onies, as described during the transition into HM-E8, with cells on the edges appearing to 
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Figure 36 Long term culture of LT-E8 and HM-E8 H9 cells demonstrated similar characteristics over time. Im-
ages were taken from both cultures, daily, from passage 46 to 47, as an early stage and from passage 60 to 61 as 
a late stage. Days 1 to 3 are shown. Characteristic morphology of expanded edge cells for HM-E8 compared to 
absence of this morphology for LT-E8. Scale bar 400um.  

reach other colonies (Figure 36/Figure 33B). Karyotype at passage 63, Spreads 30, was 

46,XX[30]. Overall, the above data demonstrated that the H9 cells can be cultured in either 

LT-E8 or HM-E8 for long term, using the automation platform and automated scripts devel-

oped.  
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Figure 37 Brightfield microscopy for the day 3 and 17 DE and HLCs generated using H9 HM-E8 cultured cells in 
the automated platform. Two separate productions of HLC were generated. A) Overview of DE cells B) Over-
view of HLC stage. Representative wells and absence of 3-dimentional structures, Centre well images demon-
strated HLC formation and Focused images indicate the characteristic HLC morphology. Scale bars Overview 
1mm, Centre well/Focused 100um. N=3 Runs=2. 

Hepatocyte differentiation was initiated with transitioned H9 HM-E8 cells in the robotic 

platform as described before in Section 2.3.9. Two separate productions were prepared and 

the cells generated on day 3 and day 17 indicated characteristics of the distinct phases of 

DE and HLCs (Figure 37). Quantification analysis detected ALB expressed 40.4%±11.5, AFP 

69.8%±2.4, HNF4a 17.2±2.0, A1AT 80.9%±8.2 and CYP450 3A4 12.7%±1.4 of cells (Figure 

38). Two-way ANOVA analysis, identified no significant differences between the two runs 

confirming reproducibility of the experiment.  
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Figure 38 Assessment of HLC differentiation by immunocytochemistry staining for HLC markers on the day 17 
HLCs generated using H9 HM-E8 cultured cells p54 in the automated platform. A) Well overview of representa-
tive wells for the markers ALB, AFP, HNF4a, A1AT and CYP450 3A4. Lower panel shows a representative Field of 
View (FoV) for each condition described above. B) Quantification analysis and two-way ANOVA for the expres-
sion of the hepatocyte markers ALB, AFP, HNF4a, A1AT and CYP450 3A4. Significance represented as * p<0.05. 
Error bars represent standard deviation of the mean. Scale Bars (A) Well overview 400um/ 1FoV 100um. N=3, 
Runs=2. 

3.2.11. CP1 Induced Pluripotent Stem Cell Line (iPSCs) Can Differentiate to HLC at 

a Significantly Greater Efficiency Among the Commonly Used iPSC Lines Generated in 

the Lab.  

To enable clinical translation of research and future applications for hPSCs-derived HLCs, 

use of iPSCs was required to evaluate the protocol and identify a cell line that can produce 

HLCs. For this reason, 5 different iPSC lines generated in the lab, were screened for their 
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potential to form HLCs. Cell culture was achieved by using LT-E8 culture medium and enzy-

matic passage using TrypLE for 3-4 minutes at room temperature and cells seeded at 1 mil-

lion per T25 flask. The cell lines used for this experiment were the RBL_PAT, BT2, PhiCr, RBL 

and CP1. Hepatocyte differentiation was initiated following the protocol described before 

the DH/Edinburgh additions.  

On day 3, cells had formed DE cells however, BT2 showed a slower expansion rate and for-

mation of 3-dimentional structures (Figure 39). On day 8, cells had adopted a hepatoblast-

like morphology, exception were the BT2 that generated clusters of 3D structures (Figure 

39) and on day 17 cells had generated HLCs as seen in Figure 39. Limited Images are pre-

sented due to computer hard drive failure and loss of data.  

 

Figure 39 Morphological assessment of the iPSC lines RBL_PAT, BT2, PhiCr, RBL and CP1 on days 3, 8 and 17 
following the hepatocyte Differentiation protocol. Images missing due to computer hard drive failure and loss 
of raw data. Black arrows indicate 3-dimentionsl structures noticed at the BT2 cell line. Scale bar 100um.  

Day 17 staining demonstrated variable levels of protein expression and patterns of 3D 

structures generated on day 17 (Figures 40-41). Quantification of protein expression, 

showed that RBL and CP1 cells have an overall significantly higher expression than 
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RBL_PAT, BT2 and PhiCr (Figure 41B). Overall, cell morphology and protein expression data 

indicated that the CP1 iPSC line has achieved to generate HLCs that express proteins of 

hepatocyte lineage. RBL_PAT, BT2 and PhiCr had a significantly lower expression of markers 

and morphology characteristics that could not fit to the HLC definition. RBL cell line 

achieved equally well to the CP1 however, it had significantly lower expression of ALB and 

CYP450 3A4 compared to CP1. Therefore, CP1 was selected as the hiPSC for future experi-

ments.  

 

Figure 40 Immunocytochemistry for ALB, AFP, HNF4a, A1AT and CYP450 3A4 on day 17 on iPSC Lines differen-
tiated to HLC. Well overview of representative wells for the markers ALB, AFP, and HNF4a. Lower panel shows a 
representative Field of View (FoV) for each condition described above. Scale Bars Well overview 400um/ 1FoV 
100um. R=3, N=1 
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Figure 41 Immunocytochemistry for ALB, AFP, HNF4a, AAT and CYP450 3A4 on day 17 on iPSC Lines differen-
tiated to HLC and Quantification of the results. A) Well overview of representative wells for the markers a1-
antithrypsin and CYP450 3A4. Lower panel shows a representative Field of View (FoV) for each condition de-
scribed above B) Quantification analysis and two-way ANOVA for the expression of the hepatocyte markers ALB, 
AFP, A1AT, HNF4a and CYP450 3A4. Significance represented as * p<0.05. Error bars represent standard devia-
tion of the mean. Scale Bars (A) Well overview 400um/ 1FoV 100um. R=3, N=1 

 

3.2.12. Reproducible Hepatocyte Differentiation of CP1 Cells into HLCs Cultured 

with HM-E8 Provides a System for Hepatocyte Maturation Screening Study 

To accommodate for the hepatocyte maturation screening study in Chapter 4, a system 

that combines use of the CP1 hiPSC line which can differentiate into HLCs in the robotic 



107 
 

platform was investigated. Initially, it was investigated whether the use of the latest 

hepatocyte differentiation protocol, with 24H pre-differentiation time, could eliminate the 

formation of 3-dimentional structures (LT-E8 Manual). The second step evaluated the use 

of HM-E8 culture medium (HM-E8 Manual) and the third step evaluated the automated 

platform to generate HLCs (HM-E8 Robotic). The results are presented together.  

Initially, cell culture of CP1 cells was achieved using LT-E8 culture medium and passaged 

using TrypLE enzyme every 3rd day and seeding at 1,000,000 cells per T25 flask. CP1 cells 

were transitioned into HM-E8 as described previously (Section 2.3.10) and maintained in 

manual cultures as well as in the automated platform.  

CP1 cells from each cell culture condition set up at 17.000 cells per well. On day 3, all condi-

tions had formed DE with the characteristic morphology of cobblestoned, tightly packed 

and small round-shaped cells (Figure 42). On day 17, all conditions formed HLC as it was 

evident by the presence of densely packed cobblestoned cells, distinct cell borders and po-

lygonal appearance (Figure 42). Absence of 3-dimentional structures was evident indicating 

the generation of a monolayer structure (Figure 42).  

Staining on day 17 (Figure 43A) indicated that LT-E8 cells generated a significantly higher 

population for HNF4a, a1-antithrypsin and CYP450 3A (Figure 43B). Expression of markers 

between the manual culture and the robotic culture of HM-E8, did not show significant dif-

ferences, maintaining expression at a similar rate that was ALB 29.5%±4.7, AFP 81.5%±4.0, 

HNF4a 79.2%±4.9, A1AT 50.5%±6.6 and CYP450 3A4 6.1%±3.2 (Figure 43B).  

Overall, this experiment demonstrated that the hepatocyte differentiation protocol using 

the CP1 iPSC line was reproducible when the cells were cultured using the HM-E8 culture 

medium. In conclusion, CP1 cells achieved to efficiently produce HLCs in the automated 

platform confirming reproducibility which was essential for use of the cell line in future ex-

periments. 
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Figure 42 Brightfield assessment for the CP1 cells cultured in LT-E8 M, HM-E8 M and HM-E8 R on day 3 and on 
day 17. Day 3 cells demonstrate generation of Definitive Endoderm cells with the characteristic morphology and 
day 17 cells demonstrate generation of HLC cells excibiting HLC characteristics. Top panel shows the well 
overview and lower panel shows the central field of view (1FoV). Scale bars Overview 1mm, Centre 
well/Focused 100um. N=3, 2 productions per condition. 
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Figure 43 Immunocytochemistry for ALB, AFP, HNF4a, AAT and CYP450 3A4 on day 17 upon differentiation of CP1 cells to HLCs and Quantification of the results. A) Well overview of repre-
sentative wells for the markers above. Lower panel shows a representative Field of View (FoV) for each condition described above B) Quantification analysis and two-way ANOVA for the ex-
pression of the hepatocyte markers ALB, AFP, A1AT, HNF4a and CYP450 3A4. Significance represented as * p<0.05, **p<0.001. Error bars represent standard deviation of the mean. Scale Bars 
(A) Well overview 400um/ 1FoV 100um. N=3, 2 productions per condition. 
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3.3. Discussion 

Summary  

In this chapter, HLCs generated from the hepatocyte differentiation protocol were shown 

to express markers of hepatocyte cells ALB, AFP, A1AT, HNF4a and CYP450 3A4. The 

hepatocyte differentiation protocol from the University of Edinburg was tested and differ-

ences with the currently used were compared. Incorporation of technical features, also 

comparing HUES7 and H9 cell lines and starting density, generation of a significantly higher 

expression of HLCs was achieved. Increased reproducibility of experiments was attempted 

by testing a chemically defined culture medium LT-E8 that also generated HLCs. Use of the 

robotic platform to facilitate maintenance, expansion and differentiation was tested suc-

cessfully with commercial LT-E8 or in-lab prepared HomeMade-E8, generating HLCs repro-

ducibly, at similar efficiencies. Lastly, in-lab developed hiPSC lines were evaluated for their 

efficiency to generate HLCs and the CP1 cell line was selected and tested in the automated 

platform with HM-E8.  

Generation of Hepatocyte-Like Cells 

Hepatocyte differentiation of hPSCs into HLCs demonstrated expression of markers com-

monly used in the literature (Touboul et al., 2010, Hannan et al., 2013, Medine et al., 2011). 

Immunostaining and images acquired in this study for ALB demonstrated intensity of ex-

pression higher than in (Touboul et al., 2010) similar to (Toivonen et al., 2013, Asplund et 

al., 2016), similar to the day 15 immature hepatocytes generated in (Si-Tayeb et al., 2010b, 

Agarwal et al., 2008) but not as high as the HLCs produced at (Hay et al., 2008b). AFP was 

highly expressed, similarly to (Baxter et al., 2015, Asgari et al., 2013, Agarwal et al., 2008, 

Toivonen et al., 2013) or similar to the small molecule approach in (Siller et al., 2015). Vari-

ation in the expression of HNF4a was detected, low expression in the hESC-derived HLCs 

but high in the hiPSCs-derived HLCs while it was expressed higher in (Si-Tayeb et al., 2010b, 

Toivonen et al., 2013, Agarwal et al., 2008, Asplund et al., 2016). A1AT was expressed high-
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er than in (Asplund et al., 2016, Baxter et al., 2015, Touboul et al., 2010) and similar to 

(Siller et al., 2015, Asgari et al., 2013). Lastly, CYP450 3A4 was lower than in (Hay et al., 

2008b).  

Overall, similarities and differences with the current literature are present. However, direct 

comparison of hepatocyte marker expression may lead to incorrect conclusions due to 

technical differences in immunostaining and imaging acquisition protocols (Lamvik et al., 

2001). Additionally, current literature only presents images of a specified area of expressing 

cells, omitting the overview that might include areas of lower expression. In this study, the 

aim was to generate HLCs reproducibly that could later be used to evaluate factors identi-

fied and their effect on HLC generation. Therefore, comparison to the current literature was 

not required as long as the results from staining indicate that the day 17 cells have acquired 

hepatocyte characteristics.  

A few studies show sequential morphology figures of the differentiation process to com-

pare with and similarities can be identified at the DE and hepatoblast stages (Hay et al., 

2008b, Song et al., 2009b, Hannan et al., 2013, Wu et al., 2012). Regarding the expected 

hepatocyte morphology, it is described as polygonal, distinct nucleus and multinuclear 

morphology with distinct regions along the cell membrane that indicate presence of bile 

canaliculi at the end stage of differentiation (Krueger et al., 2013, Asgari et al., 2013, 

Takayama et al., 2013, Cai et al., 2007) which are similar to the HLCs generated in this the-

sis. The increased similarity to primary hepatocytes confirms the phenotypic characteristics, 

thus increasing the confidence for the generated HLC population (LeCluyse et al., 2005, 

Sunman et al., 2004). Finally, hepatocyte size generated in this study was approximately 

between 40-60um while in the literature, it is reported between 30-50um (Turner et al., 

2011). 
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Variability of hPSCs and HLC generation 

In this thesis, the hESC lines H9 and HUES7 were evaluated in the HLC differentiation and 

identified that H9-derived HLCs could express hepatocyte related markers with a greater 

efficiency. Current literature for HLC generation primarily uses the hESC line H9 (Hay et al., 

2008b, Si-Tayeb et al., 2010b, Cai et al., 2007, Agarwal et al., 2008, Chen et al., 2012b, 

Touboul et al., 2010, Hannan et al., 2013, Duan et al., 2010, Magner et al., 2013, Baxter et 

al., 2015, Takayama et al., 2014) while few studies have generated HUES7-derived HLCs 

(Baxter et al., 2015). As discussed above, differences in the differentiation protocols in be-

tween laboratories lead to different HLC generation efficiencies. Additionally, in this thesis, 

5 hiPSC lines were differentiated with the same protocol at the same time and variability 

was identified in the expression of hepatocyte related markers. This variability is explained 

by genetic and epigenetic variations in hESCs and hiPSCs that contribute to the functional 

variability between cell lines leading to lineage bias (Cahan and Daley, 2013) and complica-

tion when the development of universal protocols is attempted (Ortmann and Vallier, 

2017).  

Comparison of cell lines and assessment of differentiation potential into pancreatic and 

cardiac lineages reported that the HUES 8 hESC line produced the highest expressing pan-

creatic cells and the HUES3 the highest expressing cardiomyocytes (Osafune et al., 2008). In 

a similar manner, differentiation of 17 cell lines into motor neurons highlighted that signifi-

cant differences in 2 of them differentiating at either significantly low or significantly high 

efficiency (Di Giorgio et al., 2008). Recently a differentiation protocol was developed that 

allowed differentiation of 5 hESC and 20 hiPSC lines to HLCs however, functional assays and 

expression of proteins varied in each line (Asplund et al., 2016). In conclusion, the inherent 

cell line variability affects the generation of differentiated cell populations, therefore at-

tempts for quick cell line screens to identify capability for further differentiation (Siller et 

al., 2016) are required to reduce the cost and time associated.  
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Seeding Density & Initiation Time for HLC Generation 

Seeding density, culture medium and initiation time for hepatocyte differentiation in this 

thesis, demonstrated to have an impact in both the expression of metabolising enzymes 

and generation of a monolayer sheet of HLCs on day 17. The best performing seeding densi-

ty for hepatocyte differentiation was identified at 5.2x104 cells/cm2 (or 17.000 cells per 

well) while the 9.1 x104 cells/cm2 (30.000 cells per well) or 18.3 x104 cells/cm2 (60.000 cells 

per well) led to significant loss of metabolising enzyme expression and led to significant 

formation of three-dimensional structures.  

In the hPSC field, seeding density was reported to affect the generation of insulin secreting 

pancreatic beta-cells (Gage et al., 2013). High seeding densities (5.3x104 cells/cm2) showed 

increased expression of PDX1 and pancreatic related markers compared to the medi-

um/low seeding densities (3.3x104 cells/cm2) concluding that seeding densities should be 

optimised for differentiation protocols. Additionally, the high seeding densities (5.3x104 

cells/cm2) also improved definitive endoderm differentiation judged by SOX17/CXCR4 posi-

tive cells (Gage et al., 2013). Densities of 3.0x104 to 4.0x104 cells/cm2 were used in other 

studies reporting high CYP450 1A, 2C9, 2D6 and 3A activities (Asplund et al., 2016).  

Initiation of differentiation occurs when the confluence is between 50% and 70% (Hay et 

al., 2008b) while others reported higher confluencies of 70% (Cai et al., 2007) or 80% 

(Agarwal et al., 2008). Similarly, Siller et al reported that each cell line requires optimised 

cell density while the differentiation initiated 24 hours post seeding (Siller et al., 2015). 

Overall, details for seeding densities and time before initiation of the differentiation are 

omitted, making difficult to replicate experimental procedures (Agarwal et al., 2008, Cai et 

al., 2007, Touboul et al., 2010, Toivonen et al., 2013, Song et al., 2009b). In conclusion, even 

though these parameters should be optimised for each cell line, the optimised seeding den-

sity, the time before initiation of differentiation and confluency for the cell lines used in this 
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thesis was in accordance with published studies.  

Maintenance of Cell Cultures in Chemically Defined Medium 

Maintenance of the hESCs in MEF-CM and transition to the commercial LT-E8 and then HM-

E8 was accompanied by noticeable changes in the cells. Initially, colony formation of the 

hESCs was identified, similar to reports in the literature upon the use of the LT-E8 (Chen et 

al., 2011). Differentiation into HLCs in this study led to the formation of HLC morphology as 

discussed above and as achieved in (Siller et al., 2015) where LT-E8 was the maintenance 

medium.  

Interestingly, in this study, transitioning from LT-E8 to the HM-E8 was accompanied by two 

noticeable alterations. Initially, the cell morphology in HM-E8 was changed with the cells at 

the edge of the colonies appearing to reach nearing cells and secondly the expression of 

HNF4a in the day 17 HM-E8 derived HLCs was significantly lower compared to the day 17 

LT-E8 derived HLCs. In the original publication where HM-E8 was developed, morphology 

alterations were not mentioned (Burridge et al., 2015). Additionally, another report pre-

senting a HM-E8 recipe did not report morphology alterations (Beers et al., 2012). Howev-

er, expression of pluripotency markers by flow, cell growth and expansion rates were pre-

sented comparable to the LT-E8.  

A significant difference was identified by the expression of hepatocyte markers in LT-E8 and 

HM-E8. In HM-E8 expression of HNF4a for hESCs and HNF4a, A1AT and CYP450 3A4 in hiPSC 

was significantly lower than LT-E8. Although similar results are not reported in literature, it 

has been discussed that the differentiation protocols require optimisation. In this case, the 

differentiation protocol from LT-E8 was transferred to HM-E8 cultures. Potentially, an addi-

tion of 1-2 extra days at the final stage of hepatocyte maturation could increase the expres-

sion of the markers above. Future work should include stage optimisation towards this tar-

get.  
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Maintenance & Differentiation on the Robotic Platform  

Since manual cultures were reported as labour intensive, operator dependent and highly 

sensitive to culture conditions (Kami et al., 2013) use of robotics and automation could in-

crease reproducibility of cell cultures by minimising variables (Veraitch et al., 2008). In this 

thesis maintenance of hPSCs was succeed for at least 14 passages on the TECAN Freedom 

Evo system and the cells reported to maintain expansion rate and stable karyotype over 

time. Automated cultures in the literature are reporting maintenance of hiPSCs for >5 pas-

sages on a similar customised TECAN Freedom Evo (Crombie et al., 2017), 20 passages on a 

custom made automated culture system (Konagaya et al., 2015), or 8-10 passages using the 

CompacT SelecT system (Thomas et al., 2009) maintaining expression of pluripotency mark-

ers and expansion rate. Even though there are advantages using the robotic platform, a dis-

advantage noticed was the uneven seeding of cells into the 96well plates and not use of the 

outer wells leading to a reduced number of wells per plate. Using automation can achieve 

better seeding confluencies but a reduced number of wells that can be used. Overall, suc-

cessful maintenance of hPSC line culture for 14 passages in this thesis can be compared 

with current literature and highlighted the advantages of using the automated platform.  

Differentiation of hPSCs to HLCs in an automated culture system has not been reported be-

fore using an automated platform. However, only recently, the same robotic platform was 

reported for maintenance of hiPSC lines and differentiation towards retinal cells (Crombie 

et al., 2017). 

Future Work  

Re-plating of DE cells is presented as an alternative way to produce an increased quality of 

the hepatocyte cell population. Duan et al (Duan et al., 2010) demonstrated highly in-

creased drug metabolic activity of the generated HLCs, while (Hay et al., 2008a) and 

(Agarwal et al., 2008) presented that re-plating of cells improved expression of markers 
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that recapitulate liver development (Duan et al., 2010, Hay et al., 2008a, Agarwal et al., 

2008). Additionally, a uniform morphology was reported, indicative of a homogeneous 

population (Agarwal et al., 2008). Recently, re-plating of DE cells was reported as a key in 

differentiation for 25 hiPSC lines into HLCs (Asplund et al., 2016). Time constraints in this 

thesis did not allow evaluation of a re-plating step, upon DE generation and additionally, 

automating the step in the robotic platform would require time consuming trial and error 

methods, therefore the differentiation was completed without passaging of the cells.  

Matrices for hepatocyte differentiation influence the success of HLC generation due to the 

presence of growth factors, proteins and components within (Suzuki et al., 2003). In this 

study use of Matrigel was the common practice during maintenance of hPSCs and hepato-

cyte differentiation achieving the results reported above. Initial studies for HLC generation 

were conducted on MEFs (Song et al., 2009b, Brolén et al., 2010) and as a consequence not 

useful for clinical use due to the danger of viruses and exogenous antigens (Skottman and 

Hovatta, 2006). Those studies reported efficient differentiation into HLCs not highlighting 

issues with the nature of MEFs. However, the requirement for a MEF seeding density was 

reported as a key parameter affecting the culture and survival of hESCs (Heng et al., 2004) 

Therefore, considerations regarding the use of uncontrolled and undefined MEF feeder lay-

ers were discussed (Chen et al., 2014b). Pioneering studies used Matrigel instead (Hay et 

al., 2008a) reporting efficient differentiation into HLCs and expression of a range of markers 

such as ALB, AFP, HNF4a and A1AT as well as morphology that resembles primary hepato-

cytes. Evaluation of fibronectin-coated surfaces reported generation of HLCs that could fa-

cilitate the development of clinical grade hepatocytes for transplantation (Touboul et al., 

2010). More recently, fibronectin used as the supporting matrix to study differentiation of 

25 hPSC lines demonstrating functional activities following a differentiation protocol par-

tially based on commercially available kits (Asplund et al., 2016). Lastly, Cameron et al, used 

recombinant laminin substrates and reported significant improvements in cell function and 
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phenotype (Cameron et al., 2015). A future step in the differentiation protocol presented in 

this thesis could evaluate the use of recombinant laminins or fibronectin as substrates re-

placing the need for Matrigel in an attempt to minimise variability between Matrigel batch-

es and undefined factors.  
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CHAPTER FOUR   

ESTABLISHING A QUANTIFIABLE IMMUNOFLUORESCENCE ASSAY FOR THE 

IDENTIFICATION OF MATURE MARKER CYP450 EXPRESSION IN DAY 17 GENER-

ATED HEPATOCYTE-LIKE CELLS 

4. Chapter 4 

Chapter four aims to:  

 Investigate the current set of outputs available in literature to evaluate efficiency of 

hepatocyte differentiation protocols 

 Identify the requirement for markers that characterise a mature phenotype of HLCs 

 Identify and select proteins based on a complete human proteome study 

 Evaluate the selected proteins and their expression in HLCs and pHEPs  

 Identify quantifiable differences between HLCs and pHEPs 

 Built a quantification assay that can detect expression of the selected proteins at 

comparable intensities to pHEPs. 

Therefore, the current outputs and functional assays to identify hepatocyte characteristics 

in HLCs are presented. Following, the need for markers that can identify the maturity level 

of HLCs is presented. Then, a step wise approach to identify mature markers is followed, 

the markers are evaluated in both HLCs and pHEPs and a finally a quantification script is 

built step by step to accurately measure characteristics of mature CYP450 expression.  

4.1. Introduction 

4.1.1. Hepatocyte Differentiation Outputs  

As discussed in the previous chapter, hepatocyte differentiation protocols are variable 

among laboratories. Similarly, outputs measured to confirm the generation of HLC are high-

ly variable (Table 24 Appendices). Morphology of the HLCs using brightfield or phase con-
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trast microscope is presented in the majority of the studies and the HLCs have been charac-

terised as polygonal cells with distinct cell walls and prominent nuclei (Duan et al., 2010, 

Hannan et al., 2013). Immunostaining is commonly used to identify the presence of cells 

expressing specific proteins such as ALB, AFP, A1AT, CYP450 3A4 and HNF4a, that charac-

terise both HLCs and pHEPs (Si-Tayeb et al., 2010b, Hay et al., 2008b). Polymerase Chain 

Reaction (PCR), developed in the 1990s (Mullis, 1990) is used in the HLC field investigating 

mRNA/gene expression of key hepatocyte genes in key studies (Hay et al., 2008a, Baxter et 

al., 2015). Additional methods used are Flow cytometry (Touboul et al., 2010, Hannan et al., 

2013) and Western blot (Si-Tayeb et al., 2010b, Baxter et al., 2015) however, these are only 

used in rare occasions (Table 24 Appendices).  

Primary hepatocytes and HLCs produce and secrete proteins that can be detected in the cell 

culture medium using techniques such as Enzyme-Linked Immunosorbent Assay (ELISA) 

(Table 24 Appendices). The most common are ALB which is essential for the regulation of 

osmotic pressure and as a carrier for compounds (Buyl et al., 2015, Levitt and Levitt, 2016), 

AFP as a foetal marker produced during pregnancy and perinatal development (Kuhlmann 

and Peschke, 2006, Mizejewski, 2004), A1AT that protects primarily the lungs by neutrophil 

elastase (O'Reilly et al., 2014, de Serres and Blanco, 2014), urea as a by-product produced 

upon ammonia detoxification (Bolleyn et al., 2015) and fibrinogen as a scaffolding molecule 

used in tissue repair processes (Zuliani-Alvarez and Midwood, 2015).  

Enzymatic activity of CYP450 phase I and phase II metabolism has also been used as an out-

put (Medine et al., 2011, Agarwal et al., 2008, Asplund et al., 2016). It is based on the prin-

ciple that enzymes in the hepatocytes are inducible upon the presence of substrate that 

gets metabolised (Walsky and Obach, 2004). A range of substrates are offered for different 

CYP450 enzymes. Examples are general CYP450 enzymes activity, CYP450 3A4, 3A7, 2D6, 

1A2, 2C9 and Alcohol Dehydrogenase activity (Table 24 Appendices). A more thorough in-
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vestigation of the metabolic activity requires the use of Liquid Chromatography/Mass spec-

trometry but it is rarely used due to cost implications (Duan et al., 2010).  

Finally, assays are available for a diverse range of hepatocyte functions that confirm a 

hepatocyte profile (Krishna, 2013). Glycogen synthesis and storage in the hepatocytes oc-

curs naturally as part of the glucose metabolism (Rui, 2014). The periodic acid-Schiff (PAS) 

stain is used for identifying the presence of glycogen deposition in hepatocytes examples in 

(Cai et al., 2007, Chen et al., 2012b) and (Table 24 Appendices). The test substance Indocy-

anine Green (ICG) is exclusively eliminated by hepatocytes (Yamada et al., 2002). Uptake of 

the visually green ICG substance by metabolically active hepatocytes and successful elimi-

nation is used as an assay (Table 24 Appendices). In some occasions, Oil Red O staining is 

used to identify the presence of fat globules that contain lipids, naturally occurring in 

hepatocytes (Rui, 2014, Walther and Farese, 2012). Finally, the ability of the hepatocytes to 

accumulate and uptake Low-Density Lipoprotein is decreasing the risk for development of 

atherosclerosis and coronary heart disease (Roy, 2014). The presence of the LDL receptor in 

hepatocytes and anti-LDL antibodies are used to identify active LDL uptake in hepatocytes 

as a measure of functionality (Table 24 Appendices).  

Overall, the diversity of the outputs among studies highlighted the lack of established crite-

ria in HLC characterisation. Frustratingly, even when the same output has been used, varia-

bility between laboratories and users lead to limited comparison (Anagnostou et al., 2010, 

Phetsouvanh et al., 2013).  

4.1.2. Need for outputs that specifically measure maturation & current variabil-

ity in the literature 

Differentiation of hPSCs to HLCs leads to the generation of a foetal-like population of 

hepatocytes rather than mature adult hepatocytes (Baxter et al., 2015) as discussed in 

Chapter 1. The current literature primarily uses outputs based on characteristics that are 
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not necessarily mature and not uniquely expressed at the hepatocyte maturation stage.  

Timepoint experiments throughout the hepatocyte differentiation in multiple studies, con-

firm the lack of specificity of the currently used markers towards a mature hepatocyte sta-

tus. Additionally, comparison studies between HLCs and foetal/adult pHEPs demonstrate 

similarities or differences in the maturation status. For example, ALB protein and gene ex-

pression was present on the hepatoblast stage and the hepatocyte maturation stage and 

demonstrated in these studies (Asgari et al., 2013, Hay et al., 2007, Si-Tayeb et al., 2010b, 

Hay et al., 2008b, Medine et al., 2011). Interestingly, in some reports, it was only present 

during the hepatocyte maturation stage (Agarwal et al., 2008). Compared to foetal and 

adult pHEPs, its expression, detected by western blot was similar (Hay et al., 2007). Its gene 

expression was significantly lower in (Chen et al., 2012b) or gradually increasing to reach 

foetal and adult expression levels (Hay et al., 2008b). Interestingly, when an ALB secretion 

assay was performed on HLCs, a 10-fold difference (Song et al., 2009a) or a 2-fold differ-

ence was identified (Baxter et al., 2015) compared to adult pHEPs.  

HNF4a followed a similar protein expression pattern to ALB during hepatoblast and hepato-

cyte maturation stages (Hay et al., 2007, Si-Tayeb et al., 2010b, Touboul et al., 2010, 

Agarwal et al., 2008) while gene expression studies showed presence at the initial stage of 

hepatoblasts (Hay et al., 2008b). As compared to foetal and adult pHEPs, its expression de-

tected by western blot was gradually increasing (Hay et al., 2007) while surprisingly, it was 

absent from pHEP in (Chen et al., 2012b). Timepoint trial showed that HNF4a mRNA from 

the hepatoblast stage was detected at a similar intensity as the adult pHEPs (Hay et al., 

2008b). 

AFP protein expression is mainly detected at the hepatoblast stage (Asgari et al., 2013, Hay 

et al., 2007, Touboul et al., 2010, Hay et al., 2008b) similar to its gene expression (Agarwal 

et al., 2008, Medine et al., 2011). However, its presence was also reported only at the initia-
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tion of the hepatocyte maturation stage (Si-Tayeb et al., 2010b). Comparing gene expres-

sion with pHEPs, AFP was detected at similar levels in HLCs (Chen et al., 2012b) or signifi-

cantly higher than in adult pHEPs but present in foetal pHEP in (Hay et al., 2008b). Mature 

hepatocytes completely lack AFP expression (Baxter et al., 2015, Hay et al., 2007) therefore 

its use as an output is not recommended. A1AT protein expression was detected during the 

hepatocyte maturation stage but its gene expression was present from the hepatoblast 

stage (Agarwal et al., 2008). Protein expression and gene expression assays identified the 

presence of A1AT equally between HLCs generated and pHEP sample (Song et al., 2009a). 

Additionally, western blot analysis identified similarities between HLCs, foetal and adult 

pHEPs (Hay et al., 2007).CYP450 3A4 gene and protein expression were identified in HLCs 

however at a lower rate compared to pHEPs (Song et al., 2009a). Comparison of CYP450 

3A4 activity and urea production between HLCs and pHEPs was identified as similar howev-

er, the source of pHEPs was not reported (Chen et al., 2012b). Not amongst the most stud-

ied markers but it has been reported that CYP450 2A6 expression was significantly higher in 

the pHEP population compared to HLCs (Baxter et al., 2015). CYP450 1A1 was expressed 

primarily in HLCs but not in pHEPs while CYP450 1A2 followed the opposite pattern 

(Asplund et al., 2016). Similarly, CYP450 2C9 was reported as highly expressed in the pHEPs 

(Asplund et al., 2016) while it is equally expressed in HLC and foetal pHEPs (Hay et al., 

2008b). Finally, CYP450 2C19 was reported highly expressed in the pHEPs (Hay et al., 

2008b).  

Phase II enzymes Transthyretin expression was similar between HLC, foetal pHEPs and adult 

pHEPs while Tryptophan Dioxygenase was low in HLC, average in foetal and high in adult 

pHEP (Hay et al., 2007). Overall, the current literature primarily investigates and compares 

the expression of markers that are expressed throughout the stages of the hepatocyte dif-

ferentiation and in some cases, also expressed at comparable levels to pHEPs. As a result, a 

limited number of markers were available for identification of mature hepatocyte charac-
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teristics. Therefore, alternative methods were evaluated to identify markers that were spe-

cifically expressed at the last stage of the hepatocyte maturation and were highly expressed 

in pHEPs.  

4.2. Results  

4.2.1. Screening for a Range of Proteins Across day 17 HLC and Primary Hepato-

cyte Cells to identify Candidate Proteins differentially expressed.  

To investigate the maturation of Hepatocyte Like Cells (HLC), a set of proteins that are high-

ly expressed in primary Hepatocytes (pHEP) cells and low expressed in the HLC were re-

quired to form a maturation screening assay. For this reason, the hepatocyte-related anti-

bodies available within the facility were used to compare expression of hepatocyte-related 

proteins in CP1-derived day 17 HLC and freshly isolated pHEP cells. Isolation and of the 

pHEP cells from a liver tissue sample was achieved following the liver perfusion protocol, 

collecting and seeding of the primary hepatocytes into two 96 well plates, kindly prepared 

by Monika Owen (FRAME Laboratories, School of Medicine, University of Nottingham). The 

cells were then cultured and fed daily for 2 and 4 days in primary Hepatocyte culture medi-

um and then were fixed.More pHEP cells expressed ALB, CYP450 3A4, HNF4a and CYP450 

1A2 than HLCs. In contrast, AFP was not expressed in pHEPs. Both cell types expressed 

A1AT. While the fluorescent intensity of ALB increased in pHEP between days 2 and 4, there 

was no change in the other markers (Figures 44-45).  

In conclusion, the proteins ALB, CYP450 3A4 and CYP450 1A2 could possibly be used to 

identify maturation in the HLC since the difference detected was significant and highly ex-

pressed in the pHEP cells. Expression of HNF4a and A1AT was similar in HLC and pHEP, 

therefore they were rejected. Lastly, loss of AFP expression could be associated with a 

higher maturation profile, although since it could also be a sign of an unsuccessful hepato-

cyte differentiation, it was rejected.  
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Figure 44 Representative images of ALB, CYP450 3A4 and HNF4a protein expression in HLC generated 
following the established 17 day Hepatocyte Differentiation protocol compared to fresh pHEP cells seeded 
and fixed on day 2 and on day 4 upon isolation. Scale bar Overview 1mm, 1FoV 100um. 
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Figure 45 Representative images of CYP450 450 1A2, AFP and A1AT protein expression in HLC generated 
following the established 17 day Hepatocyte Differentiation protocol compared to fresh pHEP cells seeded 
and fixed on day 2 and on day 4 upon isolation. Scale bar Overview 1mm, 1FoV 100um. 
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4.2.2. Differences Between Foetal and Adult Primary Human Hepatocyte Cells 

were evaluated and differentially expressed proteins were identified  

In order to selectively identify proteins that can distinguish foetal stage HLC from 

adult/mature stage of HLC, a study that has processed and analysed data for the complete 

human proteome in foetal and adult tissues was used (Kim et al., 2014).  

For this reason, the complete protein level expression matrix dataset was downloaded from 

http://www.humanproteomemap.org. The dataset contained values for 30,058 reference 

sequences and values for expression across a range of foetal and adult tissue containing 

foetal and adult liver. Initially, the absolute difference in protein expression between foetal 

liver and adult liver was calculated. Then, the results were filtered from the highest to the 

lowest difference and the top 30 genes were selected for further analysis (Figure 46). At the 

next step, a heatmap of protein expression was generated for the top 30 expressed pro-

teins to aid the analysis and selection of the best candidates.  

Initially, it was decided that proteins expressed in both foetal and adult tissue would be less 

useful as a robust indication of maturation. Instead, Filter 1 selected the proteins that were 

expressed in the foetal tissue but not expressed in adult tissue and vice versa and restricted 

the number of potential candidates to 20.  

Loss of foetal protein expression is predominantly associated with a mature Hepatocyte 

profile. However, hepatocyte differentiation, it could also be associated with sub-standard 

differentiation and/or de-differentiation of cells and general loss of hepatocyte characteris-

tics. Therefore, Filter 2, selected only 16 proteins of these, that are expressed in the adult 

tissue (Figure 46, Filter 2 column).  

Since the expression of candidate proteins was not limited to a liver tissue, but also in tis-

sues derived from all 3 germ layers, Filter 3 was applied to discard the proteins that are ex-

pressed in non-liver, Endoderm-derived tissues. Of these, only 11 were selected (Figure 46).  
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Figure 46 A heatmap of the Top 30 genes selected upon analysis of RefSeq data downloaded from humanpro-
teomemap.org and ranked based on the highest absolute difference in protein expression between foetal 
liver and adult liver. Expression is depicted by a heat map (red indicates higher expression) in the Human 
Proteome Map portal. 

Application of those 3 filters achieved to restrict the candidate proteins and characterise 

them as highly expressed by the adult cells, uniquely expressed in the adult liver tissue and 

absent from any other Endoderm-derived tissue.  

CYP450 1A2 was identified as hit number 8 was also shown to be absent in HLC and highly 

expressed in pHEP cells as seen previously. Other CYP450 family enzymes were represented 

in the top 8 were CYP450 2C9, 2C8 and 2C19. This data highlights that this enzyme family 
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was highly expressed in the adult tissue, CYP450 2C9 specifically fulfils the criteria set above 

and since it was ranked as hit number 1, it was selected for the study. CYP450 2A6 was also 

selected as a recent study comparing HLC generation upon Hepatocyte Differentiation of 

hESCs and hiPSCs cell lines including pHEP cells, highlighted the specificity of CYP450 2A6 as 

an adult liver enzyme that was absent during the foetal stages and highly present during 

the adult life (Baxter 2015).  

In conclusion, the proteins CYP450 1A2, 2C9 and 2A6 were selected based on complete 

human proteomic expression, previous work within the laboratory and studies comparing 

HLC cells and pHEP cells as highly specific proteins, selectively expressed in adult Hepato-

cyte cells. Last but not least, the selection of three maturation related proteins was decided 

to strengthen the case for differentiation towards the HLCs. A foetal HLC protein that its 

expression is reduced at the more mature stages was not selected as there is only one final 

timepoint and not several to compare expression rates.  

4.2.3. Evaluation of CYP450 2A6 and 2C9 antibodies for protein expression in 

HLC and pHEP cells 

CYP450 2A6 and 2C9 had not previously been used in our differentiation system. CYP450 

2A6 expression was absent from day 17 HLC although in pHEP cells, it was highly expressed 

on day 2, reducing in intensity by day 4 (Figure 47), confirming the published studies. 

CYP450 2C9 was expressed in relatively few HLC but expressed in the majority of pHEP cells 

(Figure 47). This confirmed that the differentiation protocol used for HLC differentiation, 

could induce expression of CYP450 2C9, although there was opportunity for improvement. 

In conclusion, CYP450 1A2, 2A6 and 2C9 were appropriate markers for a maturation screen-

ing assay.  
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4.2.4. Development of a Maturation Screening Assay for High-Throughput Study 

& Proof of Principle Confirmation  

Selection of three proteins to indicate maturation of HLCs required combination of them in 

a format that would involve minimum resources and provide maximum data output from 

each well. For this reason, a triple stain was desired. Combining primary antibodies usually 

requires that they are raised in different species. In this case, both CYP450 1A2 and 2A6  

 

Figure 47 Representative images of CYP450 2A6 and CYP450 2C9 protein expression in HLC generated 
following the established 17 day Hepatocyte Differentiation protocol compared to fresh pHEP cells seeded 
and fixed on day 2 and on day 4 upon isolation. Scale bar Overview 1mm, 1FoV 100um. 
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were raised in Mouse and could be detected by a Goat-anti-Mouse (GaM) pan-IgG AF488 

antibody while the CYP450 2C9 was raised in Rabbit and could be identified by a Goat-anti-

Rabbit (GaR) pan-IgG AF568 antibody. However, CYP450 1A2 was an IgG1 isotype while 

CYP450 2A6 was an IgG2a isotype. Therefore, a commercial GaM secondary antibody that 

had been affinity purified and cross-adsorbed against mouse IgM, mouse IgA, pooled hu-

man sera, purified human paraproteins, and mouse isotypes IgG1, IgG2b, and IgG3 prior to 

conjugation with a different fluorophore (AF647), was selected to specifically identify 

Mouse IgG2a isotypes.  

A triple stain protocol was first evaluated in readily available HepG2 cells. Because in-lab 

HepG2 cells do not express the CYP450 1A2 protein (variable expression in between labora-

tories (Guguen-Guillouzo and Guillouzo, 2010)) the CYP450 1A2 antibody was replaced by 

an AFP also raised in Mouse with IgG1 isotype. Triple staining in one incubation, would lead 

to detection of both IgG1 and IgG2a mouse primaries by the GaM p-IgG.  

Therefore, a two-step approach was developed were Mouse IgG1 and Rabbit IgG1 prima-

ries were incubated at the first step, following by the GaM p-IgG and Rabbit p-IgG1 second-

aries and in a second step, the second incubation was with the IgG2a primary and followed 

by the GaM IgG2a secondary (Figure 48). To confirm that the GaM IgG2a AF647 was specific 

for IgG2a and did not detect any other IgG isotype, a control treatment was required omit-

ting the CYP450 2A6 primary from the protocol.  

To test the triple staining, HepG2 cells plated at 62,500 cells per cm2 in 96 well plate and 

incubated with the antibodies as described in Figure 48. As seen in Figure 49A, expression 

of the proteins AFP, CYP450 2C9 and 2A6 was identified in some HepG2 cells. No GaM 

IgG2a AF647 signal was detected in the control well that omitted CYP450 2A6, confirming 

its specificity (Figure 49B). In addition, wells incubated with secondary antibodies, separate-

ly or in a step-wise approach, demonstrated absence of signal detection (Figure 49C). In 
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conclusion, a novel immunocytochemistry maturation screening assay was developed, ena-

bling identification of 3 proteins of interest, at the same time, within the same well. 

 

Figure 48 Principle of the triple-staining procedure. Plan for the triple staining incubations with the antibod-
ies.  

 

Figure 49 Triple Staining protocol in HepG2 cells A) Positive signal detected in HepG2 cells, C) Specificity of 
GaM IgG2a, no signal detected when CYP450 2A6 primary was omitted and D) Secondary control for each 
secondary separately and together.  
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4.2.5. Evaluation of the Maturation Screening Assay combining CYP450 1A2, 2C9 

and 2A6 in HLC and pHEP cells.  

To evaluate the triple stain in HLC and pHEP cells, CP1 cells were seeded in a 96 well plate 

and differentiated to day 17 HLC. Fresh human adult liver tissue from three donors was col-

lected and processed following the liver perfusion protocol within the FRAME laboratories 

(Prof Andrew Bennett, University of Nottingham). The cells were then seeded, maintained 

in culture for 2 and 4 days with daily feeds and fixed on day 2 and day 4 as before. 

CYP450 1A2, 2C9 and 2A6 expression in HLC was present at a significantly lower proportion 

of cells (Figure 50) compared to the pHEP population (Figure 51) while no signal was de-

tected in the secondary-only control wells (Figure 50). 

Variability in the expression pattern of CYP450 1A2 and 2C9 was identified among the do-

nor isolates. Samples from donor #1, demonstrated a lower expression of CYP450 1A2 and 

2C9 compared to the samples from isolations #2 and #3, although expression of CYP450 

2A6 was not affected. Samples from isolations #2 and #3 were similar regarding expression 

of CYP450 1A2 and 2C9 (Figure 51). 

In conclusion, the results highlighted the foetal characteristics of the HLC day 17 population 

compared to pHEP cells and demonstrated that there was potential for the HLC population 

to increase expression of the selected proteins to a level comparable to pHEP cells. Fur-

thermore, this dataset confirmed the suitability of the triple-staining assay, as a tool to 

identify maturation characteristics by identifying expression of the mature markers CYP450 

1A2, 2C9 and 2A6. 
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Figure 50 Maturation Screening Assay in HLC day 17 samples. Well overview and 1 Field of View are 
presented. Two different wells are presented in A) example of expression of CYP450 1A2, 2C9 and 2A6 while 
in B) early stages of expression for CYP450 1A2, 2C9 and 2A6, highlighted with the arrows. C) Secondary only 
controls upon triple-staining in HLC and pHEP cells. Absence of signal confirmed the specificity of binding at 
the positive controls. Scale bar Overview 500um, 1FoV 100um.  
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Figure 51 Maturation Screening Assay in 3 Isolations of fresh pHEP cells fixed on day 2 and day 4. Green-
AF488 is CYP450 1A2, Yellow-AF568 is CYP2C9 and Red-AF647 is CYP2A6. Well overview and 1 FoV are 
presented with the expression for CYP450 1A2, 2C9 and 2A6. Scale bar Overview 500um, 1FoV 100um. 

 

 

 

 

 

 

  



 

135 
 

4.2.6. Development of Quantifiable Outputs Based on the expression of CYP450 

1A2, 2C9 and 2A6  

Both percentage positive cells in the populations and any differences in fluorescence inten-

sity within the positive cells were potential distinguishers of maturation-inducing candi-

dates. A quantifiable output that could specify the percentage positive cells was required 

for the maturation screening assay. For this the Operetta High-Content Imaging System 

(Perkin Elmer) was used. To develop an analysis method that detects expression of positive 

cells, two elements were required: a) accurate identification of cells and area of the cell 

that the protein was localised and b) the threshold of the Fluorescent Intensity (FI) of a cell, 

that would characterise it as positive for each marker.  

4.2.6.1. Development of Signal Recognition Scripts for cytoplasmic CYP450 pro-

teins  

The sequence of analysis commands developed to enable accurate identification of a cell 

and the expected region of CYP450 cytoplasmic localisation is summarised in Figure 52. Ini-

tially, DAPI-stained nuclei were recognised as objects. Any objects that fell on the border of 

two images were then removed to avoid double measurements. Following this, objects 

smaller than 40um2 were removed and considered as fragments of nuclei and cell-debris. At 

this stage, the remaining cell nuclei were characterised as “Accepted Objects”. Because se-

lected CYP450 belong to Phase I drug metabolism enzymes, their expected localisation is in 

the membrane of the endoplasmic reticulum (Neve and Ingelman-Sundberg, 2010), a ring 

extending at 60% of the nuclei diameter, around the nuclei was designed (yellow circles, 

Figure 52Ae) to determine the area of cytoplasm where CYP450 expression would be de-

fined. An example of the finally “Accepted Objects” for each CYP450 is shown in Figure 52B. 

In conclusion, the quantification script was able to accurately detect protein expression and 

localisation of each marker. 
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Figure 52 Development of the Quantification script A) Process of defining the Cytoplasmic Region and B) 
Respective images of “Accepted Objects” for each CYP450. 
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4.2.6.2. Establishment of Thresholds for Accurate Quantification Measurement of 

Appropriate CYP450 Expression  

Although it is common practice to threshold positive cells against the Fluorescent Intensity 

of cells stained only with the secondary antibodies, that approach would lead to a popula-

tion of cells that would not be similar to the pHEPs population where majority of cells ex-

press the CYP450 (Figure 50-48). As seen in Figures 47 and 48, few HLCs express CYP450 at 

a comparable level to pHEPs additionally, their fluorescent intensity is substantially lower 

than the pHEP population. To identify HLCs that are functionally relevant to the pHEP popu-

lation, higher thresholds were required.  

Figure 53 shows the Fluorescent Intensity for the HLC and pHEP (day 2 and day 4) popula-

tions additionally to the secondary only controls, for each CYP450. For CYP450 1A2, the 

secondary only control for the HLC population was reaching 100 units while for the pHEP 

population, 150 units. This difference was potentially explained due to the Goat-anti-Mouse 

(GaM) pan-IgG potentially binding to the rich mix of extracellular matrix proteins excreted 

by the pHEPs. Therefore, to selectively identify true positive cells in an HLC population that 

upon maturation could produce a similar set of ECM proteins, the threshold was set at the 

150 units.  

For CYP450 2C9, the secondary only control for the HLC population was reaching the 70 

units and a substantial population of positive HLCs was evident. The Goat-anti-Rabbit (GaR) 

pan-IgG secondary for the pHEP population was reaching the 150 units, for the same rea-

sons as the GaM pan-IgG. To select a relevant population to the pHEP, the threshold was 

set at 150 units. For CYP450 2A6, for both populations, the specific secondary GaM IgG2a 

showed similar values for HLC and pHEP populations. To select HLC population relevant to 

the pHEP population, the threshold set at 60 units. The percentage positive cells obtained 

upon use of the  
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Figure 53 Analysis of the Frequency and the Fluorescence Intensity (FI) per object for Triple-Staining positive 
and secondary only control (2’CTRL) in HLC and pHEP cells. Increased FI for the pHEP population compared to 
HLC population. Black vertical dotted line represents the threshold set for each CYP450.  
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thresholds described above, are shown in Figure 54. As identified, expression of CYP450 

1A2 ranged between 10-60%, CYP450 2C9 between 10-68% and 90-98% for CYP450 2A6 in 

the pHEP population while in the HLCs it was at 1.8±0.7% for CYP450 1A2, 13.1±2.9% for 

CYP450 2C9 and 0.6±0.3% for CYP450 2A6 (Figure 54).  

The difference in expression of CYP450 1A2 and 2A6 between pHEP and HLC populations 

was characterised as significant upon ANOVA (p<0.001). In contrary, expression of CYP450 

2C9 in HLC population was not significantly different from Isolation #1 but it was compared 

to isolations #2 and #3 (p<0.001). Regarding variability of protein expression within the 

pHEP Isolation, it was identified that CYP450 1A2 and 2C9, were significantly lower ex-

pressed in Isolation #1 compared to Isolation #2 and #3 (p<0.001) but not CYP450 2A6 ex-

pression (Figure 54 – red asterisk). In conclusion, it was demonstrated that HLC population 

was inducing expression of CYP450 1A2, 2C9 and 2A6 at a significantly lower expression 

rate compared to the pHEP cells. 

 

Figure 54 Evaluation of the percentage positive expression of each marker in the 3 Isolations of pHEP cells 
compared to the HLC generated cells. Significant differences identified between pHEP and HLC (highlighted 
with ** p<0.001). Significant differences identified between Isolation CYP450 1A2 and 2C9 compared to 
Isolations 2 and 3 (highlighted with ** p<0.001). 
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4.2.7. Percentage of Double Nuclei Cells as an Additional Quantifiable Measure 

of Maturation  

During the study, it was noticed that an increased number of cells with two nuclei was pre-

sent within the population of the pHEP cells but not in the population of HLC (Figure 55). 

Since multinucleation is a characteristic of adult primary hepatocytes (Gentric et al., 2012, 

Davoli and de Lange, 2011), it was decided to evaluate the percentage of Double Nuclei 

Cells (DNC) in pHEP cells and in HLC cells and identify if that it could be used as an addition-

al quantifiable measure of maturation.  

 

Figure 55 Examples Double Nuclei Cells present in the 3 available pHEP isolations and in the day 17 generated 
HLC population. Scale bar 50um.  

To achieve that, a quantification script was required, to specifically identify and select the 

DNC population based on morphology properties. Three morphological properties were 

used to select for the DNC. The first was based on the area of the nucleus. It was identified 

thresholding area of nucleus at 80um2 for pHEP and 200um2 for HLC, it was discarding ma-

jority of the single cell population (Figure 56) allowing cells with an increased nucleus area 

and DNC present for further analysis. Next, was the width to length ratio of the nuclei. In 

the DNC population, the width of the nucleus was twice the length and vice versa. There-
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fore, restricting the ratio to <0.6, it was possible to select specifically the DNC within the 

population. 

 

Figure 56 Process of quantification script built with blocks of commands filtering the cells and leading to spe-
cific identification of DNC within the population of pHEP (A) or day 17 generated HLC cells (B). Average size of 
single-nuclei, width to length ratio and roundness ratio were used as filters to exclude the single nuclei cells 
and specifically select the DNC population. Details in text. Scale bar 100um.  
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The third property used was the roundness of the nucleus. It was mostly used to discard 

not-DNC from the pHEP population and didn’t make a difference for the HLC population. In 

the end, the remaining cells were characterised as DNC and their percentage compared to 

the initial number of nuclei could be calculated (Figure 56).  

The DNC quantification script was then run through the raw data of pHEP Isolations #1, #2 

and #3 and the HLC population to identify whether the difference was significant. As seen in 

Figure 57, the average number of DNC within the pHEP isolations ranged between 12-24% 

while in the HLC population it ranged at 3.6±0.9%. ANOVA analysis demonstrated that the 

difference was significant between pHEP and HLC populations therefore, the DNC quantifi-

cation script could be used to specifically identify and quantify the percentage of DNC as an 

additional measure of maturation for the maturation screening assay.  

 

Figure 57 Evaluation of the percentage of DNC in the 3 Isolations of pHEP cells compared to the HLC 
generated cells. Significant differences identified between pHEP and HLC (highlighted with ** p<0.001).  

4.2.8. Distinct Morphological Differences Between HLC and pHEP cells were 

Used as Qualitative Output  

Differences in the morphology of HLC and pHEP cells could be used to identify distinct char-

acteristics that are related to a more mature profile of cells. Comparing HLC and pHEP cells 
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and reading the literature (Schmelzer et al., 2006, Hannan et al., 2013, Behbahan et al., 

2011, Hay et al., 2008b), it was found that some of the characteristics were polygonal cells, 

visible nuclei, bi-nucleation and distinct cell borders. 

For this reason, a grading scale from 1 to 4 was decided as a qualitative guide to rank the 

morphology of the final day 17 HLCs based on the characteristics above. Those characteris-

tics were set in a scale that grades the morphology of HLC from 1 to 4. Grade 1) was given 

for absence of HLC morphology and absence of polygonal cells, grade 2) presence of polyg-

onal cells with visible nuclei, grade 3) presence of polygonal cells with visible nuclei & dis-

tinct cell borders between hepatocytes and grade 4) pHEP like morphology including pres-

ence of polygonal cells with visible nuclei, distinct cell borders between hepatocytes & bi-

nucleated cells (Figure 58). 

 

Figure 58 Morphology grading system 1 – 4 for HLC differentiation. Grade 2 is produced following the current 
17day Hepatocyte Differentiation Protocol and Grade 4 is pHEP cells. Scale bar 100um 
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4.3. Discussion 

Summary 

In this chapter, quantification methods that discriminate adult from foetal characteristics 

were developed in a high-throughput assay that later is used for the DoE approaches. Ini-

tially, investigation of the currently available antibodies for hepatocyte related proteins in 

HLCs and pHEPs identified candidates and their expression in both cell types. To further 

investigate the range of proteins expressed, analysis of the complete human proteomic da-

ta in foetal and adult pHEPs (Kim et al., 2014) highlighted that CYP450 1A2, 2C9 and 2A6 

were specifically and highly expressed in adult pHEPs. These markers were then validated in 

HLCs and a significantly lower expression was confirmed. Quantification methods were then 

developed to specifically measure the percentage of marker expressing cells to a compara-

ble efficiency to pHEPs. Additionally, double nuclei cells were identified to be present at a 

significantly lower number in the HLC and identification of them was then built in the quan-

tification analysis. Finally, morphological criteria were set to evaluate the success of 

hepatocyte differentiation that could lead to pHEPs morphology.  

Immaturity of HLCs compared to pHEPs and limitations of the current methods  

The cells generated following the hepatocyte differentiation protocol in this study were 

identified as immature, as it was expected from the literature (Cai et al., 2007, Hannoun et 

al., 2016). Several reasons can potentially lead to this phenotype however currently it is 

poorly understood (Schwartz et al., 2014). Initially, the differentiation protocol generates 

HLCs from hPSCs within 17 days and most of the differentiation protocols range between 

17 and 30 days (Table 6). Developmental processes during human development require 

approximately 9 months from the stage of the blastocyst to the generation of foetal 

hepatocytes and adult hepatocytes following strict developmental cues (Zaret, 2002, Zhao 

and Duncan, 2005). Even though the differentiation protocols can mimic liver development 
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as close as possible, the time that is required for the changes to take effect is critical. Addi-

tionally, limited transcriptional activity of enzymes is also highly correlated with hyper-

methylation of promoter regions leading to subsequently lower expression levels of down-

stream associated metabolizing genes (Kim et al., 2016).  

Liver development has unravelled the most important signalling cues that take part and 

lead to the differentiation into foetal HLCs however, important factors that are produced in 

vivo might have been omitted or never identified. Current literature (Chapter 1) has identi-

fied a range of factors naturally produced or chemically synthesised that could be the key 

unlocking signalling pathways for increased expression of mature liver related proteins.  

Evidence indicates that the respiratory activity in mitochondria of stem cells is kept low due 

to the associated induced DNA damage upon generation of reactive oxygen species (Parker 

et al., 2009). Differentiation into metabolically active HLCs requires increased expression of 

mitochondrial proteins and biogenesis regulators, within the mitochondria, to support vital 

roles (Wanet et al., 2014). Changing of mitochondrial functions during the differentiation is 

essential to support the new hepatocyte functions (Hopkinson et al., 2017) however, the 

way that this can be achieved at a greater efficiency is still not clear. 

Another reason that could limit the potential of HLCs is the expression of foetal proteins. 

AFP expression in the HLCs generated in this study was highly expressed in between 80% 

and 90% of the cells. In adult pHEPs, expression of AFP is absent (Baxter et al., 2015, Hay et 

al., 2008b). Expression of AFP in the HLCs is connected with an inability to switch off gene 

expression leading to a persistent immature phenotype (Yu et al., 2012b). Repression of 

AFP postnatally is reported to occur in a species dependent way as the cells are transition-

ing from the foetal stage to the adult stage (Kuhlmann and Peschke, 2006). Interestingly, in 

liver disease models and liver cancers, AFP expression is elevated and used as prognostic 

marker, however its role is still not clear (Sell, 2008, Schiødt et al., 2006).  
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Expression of CYP450 1A2, 2C9 and 2A6 in relevant cell models 

In the results, CYP450 1A2 was identified as absent from the HLCs while it’s expression in 

pHEPs ranged in between 10% and 65% of the cells. In the literature, CYP450 1A2 gene ex-

pression in HLCs was identified as low (Baxter et al., 2015) and when it was compared to 

pHEPs its lower expression in HLCs was demonstrated (Duan et al., 2010). Additionally, 

gene expression analysis also identified a 200-fold difference in the expression between 25 

HLCs and 4 pHEPs lines (Asplund et al., 2016) confirming the results of the above experi-

ment. 

In the results, CYP450 2C9 was identified expressed in the HLCs at 13.1±2.9% while it’s ex-

pression in pHEPs ranged in between 10% and 70% of the cells. In the literature, gene ex-

pression of CYP450 2C9 was lower in 4 different HLC lines compared to adult pHEPs (Duan 

et al., 2010), while surprisingly its gene expression was higher than foetal pHEPs and close 

to adult pHEPs in (Hay et al., 2008b). The activity of CYP450 2C9 in 25 HLCs was lower com-

pared to adult pHEPs and gene expression analysis indicated at least 25-fold difference in 

the expression between 25 HLCs and 4 pHEPs lines (Asplund et al., 2016). Activity of CYP450 

1A2, 2C9 and other enzymes (CYP450 3A4, 2C19, 2E1 and UGT2B7) assessed by Liquid 

Chromatography/Mass spectrometry indicated significant differences 15-fold for CYP450 

1A2 and 250-fold for CYP450 2C9 metabolic activity, however still reporting presence of 

enzymes that are responsible for 85% of known oxidative drug metabolism activities in the 

HLCs (Zhao et al., 2013).  

In the results, CYP450 2A6 was identified as absent from the HLCs while it was highly ex-

pressed in between 90% and 99% of the pHEPs. In other studies, gene expression was iden-

tified as lower in HLC lines compared to the pHEPs (Song et al., 2009b). Gene expression in 

4 different HLC lines and adult pHEPs indicated differences, demonstrating higher expres-

sion in pHEPs (Duan et al., 2010). Additionally, its enzymatic activity in adult pHEPs was sig-
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nificantly higher compared to the HLCs and foetal pHEPs and the results were confirmed by 

immunocytochemistry (Baxter et al., 2015). CYP450 2A6 was also strongly detected in three 

out of four adult pHEPs but was not identified in the foetal pHEPs confirming its role as a 

specialised indicator of hepatocyte differentiation and maturation (Rowe et al., 2013).  

Overall, expression of the proteins CYP450 1A2, 2C9 and 2A6 are not investigated to the 

same extent as other proteins in the literature. However, comparison studies between HLCs 

and pHEPs lead to the conclusion that their expression is highly specific in the pHEP cells 

therefore could be used as an indicator for an increased maturation status of the HLCs.  

The significance of the binucleated cells  

In this study, a significant degree of multinucleation was identified in pHEPs between 12% 

and 24% while in HLCs it was at 3.6±0.9%. Multinucleation has been described in the litera-

ture and in hepatocyte differentiation protocols. Presence of binucleated cells in the differ-

entiation protocol in (Si-Tayeb et al., 2010b) and (Takayama et al., 2014), was considered as 

a sign of hepatocyte morphology and similar to the pHEPs. Similarly, in (Hannan et al., 

2013), it was demonstrated that multinuclear cells appear during the maturation stage of 

the differentiation. Quantification of the binucleated or multinucleated cells has not been 

reported in the literature before. An explanation for that could be the use of brightfield mi-

croscopes and limited fields of view in the well to get an estimate. The difference in this 

study was that the nuclei identification was based on a nuclear stain (DAPI) and the images 

acquired were taken from across the well, generating a well overview and giving the ad-

vantage of accurate quantification.  

Polyploidisation of hepatocytes is a process that takes place naturally during postnatal 

growth (Gentric et al., 2012, Davoli and de Lange, 2011) and characterises terminally differ-

entiated cells and aging (Gupta, 2000, Schmucker, 1990) however this can be reversed in 

the liver cells (Gentric and Desdouets, 2014). The advantages of the multinucleation in the 
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liver cells are connected with a protective role against oxidative stress and genotoxic dam-

age upon metabolism and elimination of toxic compounds (Storchova and Pellman, 2004). 

So, in case of developing HLCs where the requirement for elimination of toxic compounds is 

not as high as in the adult liver, the percentage of multinucleation is not necessarily as high. 

Last but not least, although polyploidy could be connected with a transcriptionally more 

active state of cells due to the presence of a second set of chromosomes there are no re-

ports to confirm that. Further investigation is required for the complete understanding of 

multinucleation in the differentiating HLCs.  

Advantages & Limitations of the Assay Developed  

Identification of HLC maturation based on an immunocytochemistry assay in this thesis has 

not been reported before. However, there are approaches for identification of mature HLCs 

in the literature. Shan et al, screened 12,480 small molecules to identify those that can in-

duce maturation and/or proliferation of the hepatocytes (Shan et al., 2013). The output 

assay was based on ELISA measurement for ALB secretion that would increase upon the 

maturation and the number of cells/nuclei that would increase upon proliferation while the 

study was completed on human pHEPs. However, as seen in the proteomic analysis in this 

chapter, ALB is not a strong indicator of maturation (Kim et al., 2016) and the logistics for 

ELISA assays (96 reactions for £375) increase the cost of the experiment. The key advantage 

in the assay developed in this thesis was the identification of three mature CYP450 en-

zymes, morphology and number of double nuclei cells compared to ALB secretion assay.  

The advantage of using the Operetta confocal plate reader in this thesis was primarily con-

nected with automated scanning of the 96 well plates, with the same settings reproducibly 

reassuring elimination of manual interference and comparability of captured images be-

tween experiments. This is not the case when manual microscopes are involved that re-

quire manual adjustments, are labour intensive and not convenient for large scale studies 
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(Sakurai et al., 2017, Yu et al., 2012b). Immunofluorescence images in studies usually 

demonstrate a saturated background signal, lack of cells in focus, low resolution of images, 

sometimes lack of scale bars but predominantly only capturing a specific area in the well, 

ignoring the overview and overall expression of the protein (Yu et al., 2012b, Peters et al., 

2016). Overall, the use and functions of the Operetta plate reader have been recognised 

and offered great advantages compared to conventional fluorescent microscopes (Stengl et 

al., 2017, Massey, 2015). 

In the current HLC differentiation literature, quantification of immunocytochemistry results 

rarely happens. Instead, images of a single field of view with positive expressing cells are 

presented (Song et al., 2009b, Toivonen et al., 2013, Medine et al., 2011). In this study, the 

quantification is based on an analysis script that follows a step-wise approach to identify 

the positive expressing cells. In the literature, there are examples where quantification re-

sults are presented following a manual counting of positive cells from at least 5 different 

fields of view (Cameron et al., 2015), or >10 fields of view with >250 cells counted per field 

of view (Siller et al., 2015), or cell counting/quantitation without further information 

(Baxter et al., 2015, Cai et al., 2007). In other cases, the ImageJ software with the cell coun-

ter plug-in was used (Asplund et al., 2016). However, information regarding thresholding 

parameters upon which a cell is considered as positive, are not reported. Overall generation 

of HLCs and expression of markers is usually confirmed with selected images, however the 

field needs to incorporate quantitative methods to assess the percentage of positive cells.  

A limitation of the current assay lies within the qualitative assessment of HLC morphology. 

Human error could potentially lead to false conclusions. If more time was available for the 

development of the output assay that would involve the development of machine-learning 

algorithms that discriminate morphology patterns based on the morphology images of 

pHEPs, that could be used to quantitatively identify similar patterns in the HLCs. The pro-
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cess is called cellular phenotyping and it has been presented in the literature in terms of 

morphology changes in different populations of cells (Garvey et al., 2016) using the Operet-

ta.  

Last but not least, inducers of the CYP450 enzymes lead to a temporary expression of the 

relevant CYP450 (Gerets et al., 2012, Sa-ngiamsuntorn et al., 2011) Therefore, the need for 

a wide timeframe of protein expression and activity would need to be addressed upon suc-

cessful identification of maturation factors. 

Variability in the pHEP samples  

Variability in the expression of enzymes was identified among the pHEPs in this study. In 

one of the three samples, the expression of CYP450 1A2 and 2C9 was at significant lower 

percentage of cells compared to other two. The reasons for this could either be variability 

in the population or a suboptimal isolation of cells from liver tissue. Variability in the pHEP 

populations is evident in the literature. Comparison of 12 individual human liver samples, 

revealed substantial inter-individual differences in CAR receptor expression, correlated with 

CYP450 2B6 expression and highlighting differences between individuals (Chang et al., 

2003). Genome-wide analysis of expression profiles of pHEPs from 6 individuals identified 

significant variability in the expression of genes related to xenobiotic metabolism, li-

pid/carbohydrate metabolism and hepatic functions, suggesting that these differences con-

tribute to the huge interindividual variability and susceptibility to drugs and environmental 

factors (Rogue et al., 2012). More pHEP samples collected from 4 individuals presented var-

iability in the gene expression level and especially for CYP450 2C9 and 1A2 where lower 

gene expression were identified in some donors (Levy et al., 2015).  

The main cause of this variation is explained by the great genetic variation within the hu-

man population (Madian et al., 2012). The CYP450 polymorphisms affecting individuals and 

their response to certain categories of drugs (Preissner et al., 2013) which are mainly 
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caused by single nucleotide variations (Fujikura et al., 2015). Multiallelic genetic polymor-

phisms play a major role in the function of CYP450s leading to distinct pharmacogenetic 

phenotypes named poor, intermediate, extensive and ultrarapid metabolisers (Zanger and 

Schwab, 2013). Genetic polymorphism of the human CYP450 2C9 with at least 33 variants 

being identified, all affecting expression and functionality of CYP450 2C9 that should be 

taken in consideration when new drugs are designed (Wang et al., 2009). Similarly for 

CYP450 1A2, exhibits a significant degree of interindividual variation affecting xenobiotic 

metabolism (Sachse et al., 2003). The advantage of hiPSCs can assist towards the identifica-

tion of those interindividual differences and generate models from patients with single nu-

cleotide polymorphisms that affect the metabolic capacity, essentially generating in vitro 

models that represent the population (Takayama et al., 2014). 

In this thesis, the pHEP samples collected were freshly isolated and plated for experiments. 

However, in the literature the variability expected is not only caused due to interindividual 

differences but also upon the status of the cells and if they have been cryopreserved. In 

some studies, the pHEPs used were freshly isolated from adult (Touboul et al., 2010, Baxter 

et al., 2015, Duan et al., 2010, Magner et al., 2013) or freshly isolated from foetal (Baxter et 

al., 2015) or cryopreserved adult (Song et al., 2009b, Asplund et al., 2016). Investigating 

differences between cryopreserved and fresh populations in vitro demonstrated that viabil-

ity, plate attachment efficiency, metabolic enzyme activity and production of ALB were all 

significantly decreased on thawing after cryopreservation (Terry et al., 2005). Optimising 

the cryopreservation process was suggested using cytoprotective components such as glu-

cose, fructose (Terry and Hughes, 2009) or trehalose playing cryoprotective roles (Katenz et 

al., 2007). Despite the developments in cryopreservation, the differences are still evident 

(Asplund et al., 2016) and the use of fresh hepatocytes highly recommended.    
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CHAPTER FIVE 

SCREENING AND IDENTIFICATION OF FACTORS THAT LEAD TO MATURA-

TION OF HEPATOCYTE-LIKE CELLS USING DESIGN OF EXPERIMENTS  

5. Chapter 5 

Chapter five aims to:  

 Investigate the advantages of Design of Experiment (DoE) approaches and pre-

sent examples from literature where it has been used to identify critical factors 

 Present the types of designs available within the DoE software 

 Identify a timepoint of on the 17day HLC differentiation protocol that the DoE 

treatments can be applied in this study 

 Present a literature review for the concentrations of the factors that have been 

used in relevant cell types and identify a range of concentration 

 Apply the DoE principles and evaluate the effect of factors using the output as-

say developed in Chapter 4 

Initially the current advantages and examples from the literature are presented regard-

ing use of DoE followed by an introduction of the main types of DoE designs. A rational 

for selecting the treatment duration is then explained, followed by a table presenting 

relevant studies for each of the factors used in the DoE and the concentrations that 

have been used. Finally, application of DoE principles was employed to investigate the 

maturation potential of the selected factors.  

5.1. Introduction  

The increased technological advancements and automation of processes enabled high-

throughput studies, statistically designed methodologies that can minimise time and 

expense required to design, conduct and analyse an experiment. This has helped to 
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boost research and improve current method development practises. DoE approaches 

offers tremendous advantages compared to the frequently used “One Factor At a 

Time” approaches that the majority of today’s literature is based on (Collins et al., 

2009).  

5.1.1. Applications of DoE  

Application of the DoE approach, discussed in Chapter 1, has been described success-

fully in multiple fields. In the drug discovery field, it offers a revolutionary method for 

optimisation and screening of experimental parameters within simple experimental 

designs, that require fewer runs (Tye, 2004). In the pharmaceutical development field, 

assuring quality of the formulation developed in the final product is a key element 

where DoE implements modern “Quality By Design” manufacturing methodologies (N 

Politis et al., 2017). In forensic toxicology where human samples collected on the site 

are limited in size and extracting more information from the same amount of sample 

can enable safer conclusions (Costa et al., 2010). Overall, DoE approaches have been 

used in the development of modern screening methods securing increased productivi-

ty, efficiency, reduced cost and time (Buyel and Fischer, 2014, Collins et al., 2009).  

Apart from drug development related applications, the contribution of DoE designs en-

abled optimisation of culture medium for animal cell culture or bacterial culture. 

Growth of the S. cerevisiae, P. pastoris species requires a nitrogen source and optimisa-

tion of the optimal settings of a cost-effective alternative was achieved (Batista and 

Fernandes, 2015). Development of a “Chemically Defined Medium” for increased ro-

bustness and reproducibility in the culture of the Chinese Hamster Ovaries cell line was 

achieved upon several rounds of DoE experimentation (Ling et al., 2015) and feeding 

regime optimisation in a bioreactor improving protein production by three to six-fold 

(Xiao et al., 2014).  
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In the field of stem cells, development of serum-free medium for mouse ESC was 

achieved by balancing the concentration of growth factors and supplements in a way to 

best maintain survival and proliferation of the cells (Knöspel et al., 2010). Most recent-

ly, DoE was applied to increase the yield of hiPSC upon culture in spinner flasks fed with 

Essential-8 (E8) culture medium. It was reported that the scalable and xeno-free envi-

ronment could generate larger numbers of hiPSC on demand, to support clinical, drug 

discovery and/or industrial applications (Badenes et al., 2016).  

 

Figure 59 Overview of the DoE approach followed for the optimisation of growth factors and supple-
ments (Factor Variables) in the culture of human hepatoma cell line C3A by measuring the responses 
(Response Variables) Adapted from (Dong et al., 2008). 

In the field of hepatocytes, a single study has been published to date that describes the 

optimisation of culture media by DoE for the growth of the human hepatoma cell line 

C3A (Dong et al., 2008). In this study, growth factors and media supplement concentra-

tions were set to a range of interest and the response variables were selected as rele-

vant to the purpose of the design (Figure 59). The analysis highlighted the importance 

of OSM, HGF and FGF4 as key variables therefore, a second DoE approach was de-

signed and indicated that the best outcomes are 25-30ng/ml HGF and 30-35ng/ml OSM 

with FGF4 at 20ng/ml (Dong et al., 2008). 

5.1.2. Types of Designs in the DoE Software 

For application of the DoE approach, specific computer-based software is required. 

Currently the most popular providers are Design Experts from Statease 
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(https://www.statease.com/), JMP from SAS Institute (https://www.jmp.com) and 

MODDE Pro from Umetrics (https://umetrics.com/). Each DoE software offers a range 

of DoE designs and analytical statistical algorithms to accommodate for specific re-

quirements and limitations of each experimental plan.  

The most commonly used design for screening factors is based on a Full Factorial de-

sign matrix. For example, in a 3-factor design, each factor can be tested in a low and a 

high concentration (two-level). This design is presented in a cube, where the axis x, y 

and z are the factors A, B and C, at their low and high concentrations. Every corner of 

this design represented in a cube is a condition that Low or High concentration for each 

factor is used plus the addition of Centre Point used to detect reproducibility and non-

linear responses (Figure 60A).  

This way, the cube is a representation of the experimental space and is explored with n 

number of experiments. A compromise between the information taken and a reduced 

number of experiments is possible with the use of Fractional Factorial Designs by alias-

ing factors. These designs are more economical because they require fewer experi-

ments, but result in a lower resolution (Tye, 2004).  

However, the powerful statistical algorithms embedded within the software can re-

solve aliasing (estimated effects that are influenced by one or more factors) and de-

termine significant factors affecting the design with similar efficiency to the Full Facto-

rial experiment (Figure 60). The disadvantage of screening designs is that it mainly sup-

ports linear responses and a more complex design is necessary to accurately detect 

non-linear responses and accurately generate a picture of the response surface (a rela-

tionship between several variables) (Collins et al., 2009).  
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Figure 60 Example of a 3-factor experiment and the run required to explore the experimental space 
when A) a Full Factorial approach or B) Fractional Factorial approach is followed. Adapted from (Tye, 
2004) 

A more accurate picture of the response surface can be generated following designs for 

example Box-Benhken or Central Composite Face that are used mainly for applications 

of response-surface modelling and optimisation. Generally accepted approach for 

screening applications is use of a low-resolution fractional factorial experiment to iden-

tify the most important factors in one step. While in a second experiment, the key fac-

tors have been identified and following a Response Surface Methodology design, the 

optimum conditions are resolved (Collins et al., 2009, Tye, 2004).  

5.1.3. Timing of the DoE experiment  

As discussed previously, the hepatocyte differentiation in vitro is subdivided into 3 dis-

tinct stages and in each of those, the cells develop into a more lineage restricted cell 

type. Upon generation of hepatoblasts the cells are directed towards hepatocytes with 

the addition of the basic hepatocyte maturation growth factors. However, in many re-

search groups, the last stage of the differentiation is separated into 2 distinct phases 

where the hepatoblast cells initially generate Immature Hepatocyte Like cells and then 

the immature hepatocytes mature into the HLCs (Song et al., 2009a, Agarwal et al., 

2008, Hannan et al., 2013, Touboul et al., 2010). A different approach was followed in 
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each of those studies regarding the factors used to mature the immature hepatocytes 

however the timing of the mature hepatocyte treatment was similar e.g. halfway 

through or towards the last stages of the differentiation. Therefore, in this thesis, to 

ensure that the hepatoblast cells commit to the immature hepatocyte lineage first, the 

DoE treatments have been applied from day 14 to day 17 (Figure 61).  

 

Figure 61 Stages of differentiation from hPSC to HLC stage. Commitment to the hepatocyte lineage is 
achieved by day 14 and this allows maturation factors to impact of hepatocytes rather than hepatoblasts.  

 

5.1.4. Ranges of Factors Selected 

Factors that are related to mature hepatocyte function, mature gene expression and 

protein expression in the hepatocyte cells were identified in Chapter 1. For the purpose 

of this thesis, knowledge of a range of these factors is required so the ideal concentra-

tion that induces an effect in HLCs cells can be identified. Therefore, a review of the 

literature for related publications and factor concentration was completed.  

Due to the uniqueness of the studies and factors identified in Chapter 1, studies in a 

similar system were not always available therefore studies in relevant cell 

types/systems were collected instead, in an attempt to relate information to the 

hepatocyte differentiation (Table 25 Apprentices). 
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5.2. Results  

5.2.1. Initial DoE Screen for a Limited Range of Factors, to Develop and Test the 

Compatibility with the Robotic Platform 

In the previous sections, experiments were designed and completed using only 2 and 3 

treatments within a single 96 well plate. However, when a DoE experiment is employed, 

more complex automation scripts are required to plate, prepare and dispense the large 

number of culture medium variants. Therefore, initially a small-scale DoE termed “DoE#1” 

was conducted to test the effect of 12 factors on the eight outputs developed in Chapter 4 

when applied during days 14-17 of hepatocyte differentiation.  

5.2.2. Selection of Factors and Diluents  

In addition to the HGF, OSM, Hydrocortisone and FBS routinely added to Medium C, a fur-

ther 8 factors were investigated in the DoE#1 (Table 13). Each factor was tested at a “low” 

and “high” concentration within the range used in published literature (Table 23). 

 

Table 13 Summary of the factors and the concentration levels that have been used in DoE#1. Blue-shaded are 
the factors that require water or PBS as diluent, orange-shaded require DMSO and green-shaded require 
NaOH.  

Diluent requirement of the factors had to be taken into consideration since not all were 

water-soluble. DMSO, as an organic solvent, was the only diluent for Lithocholic Acid, Vita-

min K2, FH1, Dihexa and Verteporfin whereas Sodium hydroxide (NaOH) is the diluent for 

T3. Diluent-only Controls were included to ensure that the results generated were due to 

factor effects and not DMSO or NaOH-related.  

Name
Low 

Concentration
High 

Concentration
Units Name

Low 
Concentration

High 
Concentration

Units

Cyclic AMP 100 1000 uM Dihexa 10 200 nM
Lithocholic Acid 10 100 uM Verteporfin 2.5 40 uM

Taurocholate Acid 25 200 uM HGF 5 50 ng/ml
Vitamin K2 5 100 uM OSM 5 50 ng/ml

FH1 5 30 uM FBS 0 8.3 %
T3 10 100 nM Hydrocortiso 1 10 uM
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5.2.3. Design of DoE#1 

A Fractional Factorial approach was selected for the DoE#1, as an efficient design used to 

screen many factors to find the few that were significant (Main Effects). Full and fractional 

designs were available to explore many factors, setting each factor to only two levels (con-

centrations). In fractional factorial designs compared to full factorial, the experiments per-

formed consist of a carefully selected subset (fraction) of the experimental runs of a full 

factorial design, saving experimental runs, time and resources (Tye, 2004). Design Expert 9 

software offered design resolutions between 16 and 512 single experimental runs for 12 

factors (Figure 62). A Yellow resolution design (2IV
12-7) was selected for this DoE, that evalu-

ates 12 factors using 32 experimental runs by completing a fraction of the respective full 

factorial experiment. A full factorial experiment would require 212 = 4096 runs but using this 

design a 2-7 = 1/27 = 1/128 fraction of the full factorial experiment was required 

(4096/128=32). 

Resolution IV designs indicate that main effects may be aliased with three-factor interac-

tions and two-factor interactions may be aliased with other two-factor interactions making 

the design a good choice for a screening design as the main effects will be clear of two-

factor interactions. Aliasing refers to some treatment effects that are estimated by the 

same combination of experimental observations. Resolving aliasing is not described as an 

issue due to the fact that higher order interactions (effects achieved by 3 or more factors 

together) are either non-existent or insignificant (Tye, 2004).  

The 32 required experimental runs were conducted in triplicates (Figure 63A) to calculate 

the “Pure Error”. “Pure Error” estimates are derived from replicated runs where replication 

increases the precision of the response estimate by averaging results. In addition, provides 

an independent estimate of the experimental variability over the design space calculated 

within the software adding confidence in the results.  
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Figure 62 Design Experts 9 software and two-level factorial designs available. The X axis shows maximum capacity of factors that can be screened within a design and the Y axis gives the 
number of experimental runs required for each selection. Colours represent the resolution of the design. Red for resolution 3, Yellow for resolution 4 and Green for resolution 5 and white 
for full factorial experiment. The higher the resolution the more confidence for the results. The 2IV

k-p represent a specific design and indicate that each factor is tested at 2 levels, a low and 
a high, IV is the resolution, k= the number of factors tested and p= the fraction of the full factorial design. Designs with Increased number of runs offer increased confidence but require 
more resources and time compared to designs with smaller number of runs. Example for 6 factors full factorial requires 64 runs, 2VI

6-1 for 6 factors requires a 2-1=1/2 fraction of the full 
factorial thus 32 runs, a 2IV

6-2 requires a 2-2=1/22=1/4 fraction thus 16 runs and a 2III
6-3 requires a 2-3=1/23=1/8 thus 8 runs.  
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The experiment also included six Centre Point runs (Figure 63A). These include all factors at 

an intermediate concentration level to determine whether the relationship between re-

sponses and experimental runs was linear or if curvature was present. Replication of Centre 

Points was required to provide estimates for “Pure Error”. The total number of experi-

mental runs, including 32 experimental runs in triplicates and 6 Centre Points calculated as 

102. 

For the DoE#1 design, “Signal” values represent the user defined magnitude of response 

desirable as significant were set at 5x higher than Medium-C for the percentage Positive 

responses, 2x higher for the Mean Fluorescent Intensity of each CYP450 , 5x for percentage 

of double nuclei cells and any change in category for the Morphology, would be significant 

(Figure 63B). “Noise” values were set at those determined previously in Chapter 4.  

 

Figure 63 Fractional Factorial DoE Design Overview using Design Experts 9 (A) Selection of a number of 
replicates and number of centre points per block (B) Reponses presented with the values Sigma, Noise and 
Signal/Noise Ratio.  

 

5.2.4. Preparation of Factors and Diluents for DoE#1  

Two 96 well plates were required to accommodate the 102 experimental runs (Table 26 

Appendices). Each plate, also included 6 wells allocated to Medium C control runs and 3  
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Figure 64 Plate layout for the DoE#1 demonstrating the location of each of the 102 runs, MedC control and 
MedC + Diluents. A) Timeline for the differentiation protocol, DoE treatments taking place on day 14 and day 
16. B) Process for changing medium on day 14 and 16 to maintain appropriate concentration. 

wells allocated to the Medium C with diluents control, to investigate if there is an effect 

induced from their use (Figure 64A). To avoid edge effects, the outside wells of the 96 well-

plates were not included in the design. The standard 17-day hepatocyte differentiation pro-

tocol in the automated platform was followed, except that DoE specific media replaced 

medium C on days 14 and 16 (Figure 64B). On days 14 and 16, removal of 100ul Medium C 
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and replacement with DoE treatments was required. To maintain the factor concentration 

at the desired levels, 100ul of medium was replaced by a 2x concentrated DoE medium on 

day 14 and 1x concentrated on day 16 (Figure 64C).   

Stock solutions of factors were manually pipetted into a 96-deep well plate (Stock Block) at 

both high and low concentrations (Figure 65) while a 4-column trough (Stock Trough) was 

used to hold Medium C.  

Since diluents used could be differentiation inducers and potentially interfere with factors 

evaluated in the study (Pal et al., 2012), an upper limit of 0.5% of DMSO and 0.003% NaOH 

at the final well, was imposed. DMSO was used to dilute Lithocholic Acid, Vitamin K2, FH1, 

Dihexa and Verteporfin whereas NaOH was the diluent for T3. Therefore, a vessel in the 

Stock Trough was used to hold Medium C with 2% DMSO and a vessel in the Stock Block 

was used to hold the 0.1% NaOH (Figure 65). 

To dispense the correct volume from each source well to each destination well, a script was 

prepared to dispense the appropriate volume of factors/diluents into the feeding blocks. In 

the feeding blocks 20ul of each high or low concentration factor was added also NaOH to 

make up a final 0.003%, FBS at the appropriate volume undiluted, MedC 2% DMSO to make 

up a final 0.5% and MedC to bring the final volume to 600ul. 

5.2.5. Preparation of the Worklists-script for DoE#1 

To automate generating of the DoE Feeding Blocks, new worklists were required to control 

the Liquid Handler arm movements and pipetting actions from the source containers to the 

destination wells. The first worklist had the details for the addition of Medium C, the sec-

ond for the addition of 2% DMSO in Medium C and the third for the addition of the 12 fac-

tors. These worklists were then combined into the new “DoE#1 Feeding Block Script” 

shown in Table 15.  
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Figure 65 Overview of the Feeding Block preparation. A) Stock for each factor is used to make up 120x con-
centrated the required high/low concentration and then placed into the Stock Block at the indicated location. 
B) a volume of 20ul taken from the Stock Block, added into a final volume of 600ul results at a 2x concentrat-
ed for feeding of d14 cells. Then a 1:1 dilution makes a final 1x concentrated for feeding the day 16 cells. C) 
Additives in each well of the Stock Block give a final volume of 600ul. D) Stock Block indicating the position of 
each factor/component and E) Stock Trough indicating the position of plain MedC and 2% DMSO MedC. 

Table 14 Example worklist for the addition of high or low cAMP in the first 10 wells of the Feeding Block 1 in 
accordance with the 10 first DoE runs shown in table 26. 

 

Table 15 Script generated for the preparation of Feeding Blocks containing the required robotic actions. 
Worklists were embedded and highlighted in red. 

 

 

Step 
Source 
Plate

Source well 
number

Destination 
Plate

Destination 
well number

Volume 
ul

1 StockBlock 10 Feeding Block 1 18 20
2 StockBlock 10 Feeding Block 1 19 20
3 StockBlock 18 Feeding Block 1 20 20
4 StockBlock 18 Feeding Block 1 21 20
5 StockBlock 18 Feeding Block 1 22 20
6 StockBlock 18 Feeding Block 1 23 10
7 StockBlock 18 Feeding Block 1 26 20
8 StockBlock 10 Feeding Block 1 27 20
9 StockBlock 18 Feeding Block 1 28 20

10 StockBlock 18 Feeding Block 1 29 20
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5.2.6. Preparation of the Feeding Blocks DoE#1 

Preparation of the feeding blocks was required on day 14 to feed the 102 runs with the 

DoE#1 treatments. To achieve this, the different components discussed above were 

positioned at the defined location on the TECAN Evo Freedom deck, as shown in Figure 66. 

The Stock Block was placed at position 1, the Stock Trough at position 2 and the Feeding 

Blocks 1 and 2 at positions 3 and 4 respectivelly (Figure 66,64B). The stock block contained 

the high and low concentration of each factor as shown in Figure 67A and the generated 

Feeding Blocks 1 and 2 contained 600ul of volume (Figure 67C).  

 

Figure 66 Automated platform overview for the preparation of DoE#1. Labelled as 1) the Stock Block, 2) Stock 
Trough, 3 and 4) Feeding Blocks 1 and 2 respectively.  

 

Figure 67 Preparation of the Source Block for the automated production of Feeding Blocks 1 and 2 using the 
robotic platform and automation. A) Source block, B) Deck set up for the automation process and C) Feeding 
Blocks 1 and 2 at the end of the automated process with the DoE combinations.  
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5.2.7. DoE Treatments Lead to Changes in HLC Morphology on day 17 

CP1 cells were plated to 40-60% confluency at passage 24 and differentiation initiated and 

progressed as expected. On day 14 of the differentiation, Feeding Blocks 1 and 2, were 

generated to feed the cells on day 14 and day 16 of the differentiation protocol.  

CellaVista plate reader scans on day 17, indicated that the Medium C control differentiation 

and Medium C with diluents led to the expected grade 2 morphology of HLC (Figure 68A), 

together with 15 DoE treatments. 21 Runs generated grade 3 morphology, 19 runs generat-

ed grade 4 and the rest 49 runs resulted in grade 1. Figure 68A shows the effect of run 

treatment and morphology grade and examples of morphologies are shown in Figure 68B. 

5.2.8. DoE#1 Treatments Do Not Alter the CYP450 1A2 Expression or Percentage 

of Double Nuclei Cells but Some Do Increase Expression of CYP450 2C9, 2A6 Compared 

to Medium C Alone. 

Expression of CYP450 1A2 ranged between 0% and 5% in the DoE runs, relative to 2.58% in 

Medium C (Figure 69). Expression of CYP450 2C9 upon DoE#1 treatments ranged between 

1% and 40%, with the most efficient well almost double than the average Medium C re-

sponse of 21.1% ±6.3 (Figure 70). Interestingly, expression of CYP450 2A6 measured re-

sponses ranging between 40% and 100% whereas the Medium C control differentiation 

generated just 2% of CYP450 2A6 positive cells (Figure 71). No increase in the percentage of 

double nuclei cells was observed (Figure 72). MedC+0.5%DMSO control present in the 

study, showed similar results to the MedC control wells not altering expression rates, mean 

intensities or morphology grade. In terms of Mean Intensity Values, for the selected re-

sponses CYP450 2C9 and 2A6, the DoE treatments introduced an increase in the Mean In-

tensity that as observed in the graphs by more than 2x higher for CYP450 2C9 and 4x higher 

for CYP450 2A6 (Figure 73). 
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Figure 68 Evaluation of the morphology upon DoE#1 treatments on day 17 of the Hepatocyte Differentiation of H-E8 cultured CP1 hPSC line – Morphology grading 1-4 system for the 102 
runs B) Example morphologies generated upon the DoE treatments. Examples from the control Medium C B) Example of a grade 4 well C) Overviews of wells demostrating absence of 3-
dimentional structures. Scale bars A) 200um, B,C) 1mm.  
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Figure 69 Evaluation of the CYP450 1A2 expression upon DoE#1 treatments on day 17 A) Quantification of CYP450 1A2 percentage positive B) Example images showing pattern of expres-
sion of CYP450 1A2. Scale bar 100um 
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Figure 70 Evaluation of the CYP450 2C9 expression upon DoE#1 treatments on day 17 A) Quantification of CYP450 2C9 percentage positive B) Example images showing pattern of expres-
sion of CYP450 2C9. Scale bar 100um 
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Figure 71 Evaluation of the CYP450 2A6 expression upon DoE#1 treatments on day 17 A) Quantification of CYP450 2A6 percentage positive B) Example images showing pattern of expres-
sion of CYP450 2A6. Scale bar 100um 
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Figure 72 Evaluation of the Double Nuclei Cells percentage upon DoE#1 treatments on day 17 A) Quantification of Double Nuclei Cells presence. B) Example images showing presence of 
Double Nuclei Cells. Scale bar 100um 
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Figure 73 Evaluation of the Mean Intensity of CYP450 2C9 and CYP450 2A6 upon DoE#1 treatments on day 17. Error bars indicate Standard Deviation among the same treatment, on a cell 
to cell basis. 
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5.2.9. Identification of Significant Factors and Interactions Improving CYP450 

2C9 Percentage Positive & Mean Intensity, CYP450 2A6 Percentage Positive Expression 

& Mean Intensity and Morphology. 

To investigate which factors in the DoE were having significant positive effects, the DX9 

software supplied was used to generate a statistical model of the data. Since the use of sta-

tistical tests assumes that the analysed dataset is normally distributed, use of non-

normalised data is prohibited. If data is not normally distributed, appropriate transfor-

mations need to be applied to satisfy the distribution assumption required for statistical 

tests such as Analysis of Variance (ANOVA) (NIST/SEMATECH, 2012). In DX9, Box-Cox plots 

were used to provide a measure of data normality and recommend a transformation if 

needed. To generate the Box-Cox plots, residual values were calculated assuming that the 

data required no transformation. The residual values represent the difference between the 

observed from the predicted response. The latter, is generated automatically using the ex-

perimental data provided.  

In this case, using the DX9 software, significant responses from the previous section were 

analysed, initially hypothesising that transformation was not required (Figure 74A). At the 

next step, the data was presented in a Half-Normal Plot, where the significant responses 

showed a higher “Standardised Effect” (X axis) compared to the majority of non significant 

responses (Figure 74B). Half-normal plot is the primary selection tool for Fractional Designs 

where factors that fall below or to the right of the red line have induced a significant effect. 

Those factors were selected as the most significant to be added in the model (Figure 74C).  

An additional graphic used to display the significant effects was the “Pareto Chart” (Figure 

74D). Effects were shown as “t-values of Effect” with the most significant factors to the left 

and the least significant to the right. The Bonferroni limit, red threshold bar, indicated that 

the t-values above were almost certainly significant and should be added in the model, t-
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values above the t-value limit, black threshold bar, were possibly significant and should be 

added if are likely to be true, based on the literature, while effects below the t-value limit 

were not likely to be significant.  

At the end of the selection and before proceeding to the next analysis step, the list with the 

factors selected in the model and their aliases was presented (Table 16). For a resolution 4 

design, which was selected in this screening approach, aliasing rules indicated that main 

factors were aliased with 3 factor interactions and 2 factor interactions were aliased with 

other 2 factor interactions (NIST/SEMATECH, 2012). In this case, the 2-factor effect “BH” (B 

for Lithocholic Acid and H for Verteporfin) could equally be “AJ”, “CG” or “JM” (Table 16), 

although, the likelihood that it was BH was higher since both B and H factors were involved 

as significant terms. In the alias list, terms with an “M” were added in the model, terms la-

belled with an “e” were not and terms with “~” were aliased with other factors. In terms of 

3 factor effects, majority were aliased with other factors (Table 16). 3 factor effects were 

less likely to be identified as significant terms within the Designed experiment.  

At the next step, using the DX9 software, an ANOVA analysis was performed on the Model 

generated so far to identify whether the Model is significant, if there was Curvature and if 

the “Lack of Fit” of the model was significant (Table 17). As seen in Table 17, the probability 

(p-value) for the Model to be significant has been calculated at <0.0001 which was signifi-

cant, similarly for the factor “B-Lithocholic Acid”, “H-Verteporfin” and interaction “BH” all 

were significant. The term “Lack of Fit” used to describe if the model generated has an ade-

quate prediction rate within the design space. If the lack of fit was significant, then the 

model would be a faulty predictor of the response and should have not been used. In this 

case, there was an insignificant lack of fit (p=0.8904) therefore the model could be used to 

predict responses.  
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Figure 74 Example from 
CYP2C9 % Positive expres-
sion response and the pro-
cess required to select the 
significant factors before a 
transformation is applied. A) 
Transformation tab not se-
lecting a transformation B) 
Half-normal plot showing 
significant factors C) Half-
normal plot with selected 
significant factors and D) 
Pareto Chart ranking the 
responses from higher effect 
to the lower effect (t-Value 
of [effect]).  
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Table 16 Alias list for 
Fractional Factorial 
Design selected. 1 
Factor Effects are 
aliased with factor 
interactions and 2 
factor interactions 
aliased with other 2 
factor interactions. 3 
factor interactions are 
aliwased with other 3 
factor interactions or 
main factors, but due 
to overlap many were 
already aliased with 
other factors. Details 
in text.  
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Table 17 ANOVA for the CYP450 2C9 percentage positive expression response, without transformation of the 
data. Significance of the factors is shown as p-value. Model generated was significant, with a non-significant 
“Lack of Fit”.  

 

Lastly, “Pure Error” values describe the experimental error, the normal variation of the re-

sponse when the experiment is repeated or when replicate points are added. Pure error is 

used to test the “Lack of Fit” terms for possible significance. If the “Lack of Fit” values were 

larger than the “Pure Error” values, then a more appropriate model can be used. In this 

case, sum of squares, degrees of freedom and Mean Square values of Pure Error are larger 

than “Lack of Fit” values, therefore the model generated was adequate to predict the re-

sponses (Table 17).  

The next step in the analysis uses the diagnostic tools to evaluate the hypothesis that trans-

formation of the data is not required. In the Box-Cox plot, the y axis represents the Ln (Re-

sidualSS) values, which was the natural log of Residuals Sum of Squares. Residual is the val-

ue calculated for each response as the difference between the predicted and the actual 

response. LN (ResidualSS) were presented in a graph against the lambda (λ) value that rep-

resents the transformation required to the data. By default, λ=1 indicates no transfor-

mation, λ=-1 for inverse transformation, λ=0 natural log transformation and λ=0.5 square 

root transformation. In principle, the lower the Ln(ResidualSS) the tighter the model fits to 
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the data. In this case, λ value was set to 1 (no transformation) but the graph indicates that 

if λ=0 (natural log) then the model could fit to the data better (Figure 75A). The “Normal 

Plot of Residuals” indicates whether the residuals follow a normal distribution and this can 

be identified if the points follow a straight line. A "S-shaped" curve indicated that a trans-

formation of the response may provide a better analysis (Figure 75B). “Residuals vs Predict-

ed” Plot evaluates the assumption of constant variance. If the transformation applied is not 

ideal then the plot shows an expanding variance (megaphone pattern “<”) but upon the 

recommended transformation, the plot should be a random scatter (Figure 75C).  

“Residuals vs Run” This plot enables to check the responses for lurking variables that may 

have influenced the response during the experiment. Trends shown on the plot are indica-

tive of a lurking time-related variable, although if not then the plot shows a random scatter. 

It can be avoided through randomization of the data secures the results against trends (Fig-

ure 75D). “Predicted vs Actual” shows in a graph the observed (actual) response values ver-

sus the predicted response values calculated based on the model. The data points should 

be split evenly by the 45-degree line and if they are not, then a transformation would be 

required (Figure 75E). 

As identified with the diagnostic tools, there was a run where the results were outside the 

allowed space (Figure 75B-E circled). To avoid analyzing the results of a run that doesn’t fit 

with the data, this run was ignored from the analysis to minimize the variability and error of 

the model.  

The transformation recommended from the Box-Cox plot was then applied to the data and 

the same process was followed. The significant values were selected in the half normal plot 
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Figure 75 Diagnostic tool overview for CYP450 2C9%  positive  response analysed without transformation of the data (A-E) and upon transformation of the data (F-J). A,F) Box-Cox plot 
reccomending a transformation to fit the data. B,G) Normal Plot of residuals, C,H) Residuals vs Predicted, D,I) Residuals vs Run, E,J) Predicted vs Actual. Details in text. 
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Figure 76 Example from 
CYP2C9 % Positive expres-
sion response and the pro-
cess required to select the 
significant factors upon Nat-
ural Log transformation of 
the data. A) Transformation 
tab selecting the Natural Log 
option. B) Half-normal plot 
showing significant factors C) 
Half-normal plot with select-
ed significant factors and D) 
Pareto Chart ranking the 
responses from higher effect 
to the lower effect (t-Value 
of [effect]). 
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Table 18 ANOVA for the CYP450 2C9 percentage positive expression response, upon transformation of the 
data using the Natural Log transformation. Significance of the factors is shown as p-value. Model generated 
was significant, with a non-significant “Lack of Fit”.  

 

and shown in the Pareto Chart (Figure 76D). The ANOVA results indicated a significant 

model with not-significant “Lack of Fit” (Table 18) and lastly, the diagnostic tools evaluated 

that the transformation was producing the expected type of plots, as explained above, 

leading to a model that fits to the data tightly (Figure 75F-J) than the previous model with-

out transformation of the data (Figure 75A-E). 

In addition to the ANOVA p-values, the results can be viewed in different ways using the 

DX9 software. The most useful way is the Perturbation Plot that helps to compare the ef-

fect of all the factors at a particular point in the design space (Figure 77). Changing one fac-

tor over its range, the response was plotted on the graph. When a steep slope was shown, 

the response was responsive to that factor while if the factor was shown as a relative flat 

line at the specific concentration settings, the response is not responsive to a change. The 

perturbation plot could be used to find the factors with the most influence (Figure 77).  
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Figure 77 Overview of 
Perturbation Plots for 
CYP2C9 % positive 
Expression. B-
Lithocholic Acid and H-
Verteporfin added in 
the model and the 
expression of CYP2C9 
produced (y axis) 
changes upon differ-
ent concentration 
combinations. A) B 
and H Medium con-
centration, B) B and L 
low concentration, C) 
B and H high concen-
tration, D) B high and 
H low concentration 
and E) B low and H 
high concentration 
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In this case, the factors added in the model for CYP450 2C9 percentage were the significant 

factors identified B-Lithocholic Acid and H-Verteporfin. In Figure 77, combinations of High 

and Low concentrations for B and H are shown. The best settings generating a high CYP450 

2C9 percentage expression were identified, when both B and H had the lowest concentra-

tion (approximately 30% positive CYP450 2C9). Different settings are shown in Figure 77 but 

no combination achieved a greater expression of CYP450 2C9 percentage positive cells. 

Perturbation Plots were useful to visually understand the effects associated with the factors 

(Figure 77). However, since the desired outcome of this DoE was to shortlist the factors and 

identify the important ones, the ANOVA results and the p-values from the significant re-

sponses from all the responses with significant changes (CYP450 2C9 percentage positive 

Expression, CYP450 2C9 Mean Intensity, CYP450 2A6 percentage Positive Expression, 

CYP450 2A6 Mean Intensity and Morphology) were used to identify the most significant 

factors and interactions to be used for the next DoE experimentation.  

To achieve that, a list of the ANOVA results was made for the responses analysed and the 

significant factors were identified. For CYP450 2C9 percentage Positive Expression it was 

Lithocholic Acid and Verteporfin (Table 18). In tables 19 and 20 is shown that for CYP450 

2C9 Mean Intensity Lithocholic Acid, Taurocholate Acid, Dihexa, Verteporfin, HGF and H/C 

were significant factors, Morphology was significantly changed by Verteporfin, CYP450 2A6 

percentage Positive by Verteporfin and CYP450 2A6 Mean Intensity by Lithocholic Acid, 

Verteporfin and FBS. The significant 2 and 3-factor interactions, BC, BG, BH, CH, CL, HL, CHL 

identified at CYP450 2C9 Mean Intensity and BH, BM identified in CYP450 2A6 Mean Inten-

sity, where combinations of the significant main factors. However, the factors A-Cyclic AMP, 

D-Vitamin K2, E-FH1, F-T3 and K-OSM were not found to significantly change the responses 

measured (Tables 19 and 20).  
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Table 19 ANOVA analysis tables upon transformation for the CYP450 2C9 Mean Intensity response and Mor-
phology response. Significance of the factors is shown as p-value. Models generated were significant, with a 
non-significant “Lack of Fit”.  
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Table 20 ANOVA analysis tables upon transformation for the CYP450 2A6 percentage Positive Expression re-
sponse and CYP450 2A6 Mean Intensity response. Significance of the factors is shown as p-value. Models 
generated were significant, with a non-significant “Lack of Fit”. 

 

In conclusion, the factors B-Lithocholic Acid, C-Taurocholate Acid, G-Dihexa, H-Verteporfin, 

J-HGF, K-OSM, L-H/C and M-FBS were included in the next DoE, together with more factors 

to investigate a greater potential in the maturation of HLC. Although, the significance of 

Verteporfin was greater than any other factor and its influence was investigated on its own.  
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5.2.10. Standard curve for Verteporfin Highlighted a false positive signal, directly 

linked to the concentration of Verteporfin used.  

Due to the significant effect of Verteporfin (VPF) in the DoE#1 results, an experiment evalu-

ating the effect of increasing concentrations on the maturation of hepatocyte-like cells was 

designed. For this purpose, CP1 cells were plated to 40-60% confluency and differentiation 

initiated. On day 14 and day 16 of the differentiation, concentrations of 0.1uM, 0.25uM, 

0.5uM, 1uM, 2.5uM, 5uM and 10uM of VPF applied on the cells. Medium C DMSO control 

was used to validate whether the effect was based on VPF or a combination between 

DMSO and VPF. The samples were fixed on day 17 and assessed by immunocytochemistry 

using the markers described before (Figure 78) and quantification of the positive expression 

of the markers (Figure 79).  

As seen in Figure 78, there wasn’t any effect involved on CYP450 1A2 expression in any of 

the conditions as expression remained as low as 1%-4% (Figure 79). For CYP450 2C9, the 

protein expression was stable for concentrations between 0.1uM and 5uM although at the 

higher concentrations of 10uM there was an increase identified (Figure 78) quantified at 

20% positive cells (Figure 79). For CYP450 2A6 marker, the expression was identified low for 

concentrations of up to 0.5uM although, from 1uM onwards, the expression was increased 

in a concentration-dependent manner. Quantification for CYP450 2A6 showed that increas-

ing the concentration of VPF leads from almost 0% expression to almost 100% expression 

for the 10uM concentration (Figure 79).  
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Figure 78 Standard curve for Verteporfin on CP1 cells and immunofluorescence on day 17 for CYP450 1A2, 2C9 
and 2A6. Representative images of the 3 markers and a merged image for each condition. Scale Bar at 100um.  
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Figure 79 Quantification of the expression of CYP450 1A2, 2C9 and 2A6 upon standard curve treatment for 
Verteporfin in CP1 cells on say 17. Graph shows the percentage of positive cells. 2’CTRL represents the sec-
ondary antibody only control. Error bars represent standard deviation of the mean. N=1 R=3 

Furthermore, to exclude the hypothesis that the might be a false-positive signal generated 

by unspecific binding of the secondary antibody to the VPF compound and not to CYP450 

2A6 protein expressed in the cells, secondary antibody-only controls treated with 10uM of 

VPF were used. The result of the secondary only controls, showed a positive signal for 

CYP450 2A6 similar to the 10uM treated well (Figure 78). Quantification for the secondary 

only control and the 10uM treated condition were not different at approximately 100% 

(Figure 76). Therefore, the hypothesis that the result is independent of the VPF compound 

cannot be rejected. In conclusion, the effect that VPF showed on the expression of CYP450 

2A6 was a false positive outcome and the results regarding CYP450 2A6 were not valid.  

Due to the issues identified with Verteporfin, it could not be used in further experiments. 

Its presence was not only reported to increase the CYP450 2A6 percentage positive and MI, 

but also CYP450 2C9 percentage positive and MI as well as Morphology of the cells. For this 

reason, alternatives that could induce activation of the HIPPO Signalling Pathway had to be 

investigated and evaluated at the next DoE experiment.  
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Overall, the DoE#1 experiment has shown compounds that have induced a significant effect 

at the hepatocyte maturation process, upon evaluation through the developed assay. In 

addition, future experiments, have included control wells treated with all the factors at the 

highest concentration tested (HCTRL) and used as controls against secondary antibodies 

only avoiding detection of a false positive signal from the beginning.  

5.2.11. Screening of 38 factors using a Central Composite Design for improving 

the phenotype and the expression of key drug metabolising enzymes in hPSC-derived 

Hepatocyte Like Cells.  

DoE#1 confirmed that the robotic platform could accurately generate the complex run con-

ditions required to screen out a number of ineffective factors and also highlighted the de-

sign flaws that needed attention when designing the next set of DoE experiments. In 

DoE#2, #3, #4 and #5 the extended screen of 33 new factors required a different design to 

accommodate the increased complexity of the screen at a manageable scale. This phase of 

the study used the same outputs as DoE#1 and similarly tested factor effects between days 

14 and 17 of differentiation.  

5.2.12. Design of DoE’s #2-#5 

The 33 selected factors for this set of DoE’s are shown in table 21. The set includes 3 factors 

that had been successful in DoE#1 Lithocholic Acid, Dihexa and Taurocholate Acid as well as 

33 new additions to the current Hepatocyte Differentiation Protocol. Oncostatin M and Hy-

drocortisone were included to test potential interactions with any of the 33 new factors. 

Hepatocyte Growth Factor, due to its important role in DoE#1, was added in the base Me-

dium C at the established concentration of 10ng/ml.  

DMSO was the diluent for 20 factors while the rest was water soluble (Table 21). Ideally, all 

38 factors would have been screened in a single DoE experiment. However, screening of 20 

DMSO soluble factors would have resulted in a final concentration of 1.891% of DMSO 
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when all factors were included at their highest level. Because of the set limit of 0.5% for 

DMSO concentration discussed previously, the ideal DoE approach of evaluating all the fac-

tors in one experiment was not possible. Instead, 4 separate DoE experiments were gener-

ated with a maximum of 0.5% DMSO. The water-soluble factors were distributed to gener-

ate an even number in each group. Due to the important role of Oncostatin M and Hydro-

cortisone, these were added as factors in each of the groups making the final number of 

factors to 11 per group (Table 22). DMSO only controls were included in the design. To 

check for potential issues caused by factor interference with secondary antibodies as ob-

served with Verteporfin in DoE#1, control wells treated with the high concentration of all 

factors were included.  

Table 21 Factors and their concentration in DoE#2-#5. Light grey-shaded are the factors selected from DoE#1, 
dark grey-shaded are the main differentiation factors OSM and H/C used in the existing Medium C differenti-
ation protocol.  

 

 

 

 

 

 

 

Name
Low 

Concentration
High 

Concentration
Units Name

Low 
Concentration

High 
Concentration

Units

1 LCA 0.1 100 uM 20 CITCO 50 200 nM
2 DHX 10 400 nM 21 Flavone 20 80 uM
3 TCA 2.5 200 uM 22 SR12813 0.5 5 uM
4 OSM 5 50 ng/ml 23 All trans RA 1 10 uM
5 H/C 0 20 uM 24 SR11237 0.1 5 uM
6 Bexarotene 1 5 uM 25 Epinephrine 0.1 5.0 uM
7 Calcitriol 10 200 nM 26 Glucagon 0.1 2.0 uM
8 Cheno Acid 20 200 uM 27 Cobalt Cl Hex 50.0 200.0 uM
9 ITE 100 2000 nM 28 Sod But 0.5 5000.0 uM

10 Dexamethasone 0.1 5 uM 29 Lipid MIX 1.0 10.0 x
11 Y27632 5 20 uM 30 FGF19 10.0 30.0 ng/ml
12 CHIR99021 3 10 uM 31 KSR 0.0 10.0 %
13 Trichostatin A 1 20 uM 32 AscAcid 0.1 2.0 mM
14 LY294002 5 20 uM 33 Insulin 0.01 2.0 uM
15 Decitabine 1 10 uM 34 D-Glucose 1 10 mM
16 GW7647 0.5 5 uM 35 GlutaMAX 1 5 x
17 Progesterone 0.05 5 uM 36 BSA Solution 0 0.2 %
18 Testosterone 0.05 1 uM 37 MS-1 1 5 x
19 17β Estradiol  0.01 2 uM 38 MS-2 1 5 x
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Table 22 DoE’s #2, #3, #4 & #5 with the factors included and the DMSO concentration added from each 
DMSO-soluble factor. Orange-shaded are for DMSO-diluted factors and blue-shaded for water diluted factors.  

 

Since many of the factors screened had not previously been tested in HLC differentiation, 

the high and low levels selected from literature, risked being at an inappropriate dose. For 

this reason, a DoE approach that would evaluate a larger number of concentration levels, of 

the factors, would benefit the analysis and exclude extreme highs that might be toxic to the 

cells. Furthermore, in this round of DoE, evaluation of quadratic effects was a driving force 

for the design selection. Quadratic effects are a related to the presence of curvature in the 

model (Figure 80A) and can be assessed when each factor is evaluated at more than 2 con-

centration levels (NIST/SEMATECH, 2012).  

Since the ideal outcomes of the design selected were to estimate interaction of factors and 

quadratic effects getting an idea of how the experimental space is shaped, RSM designs 

were evaluated. In order to accommodate for an RSM sub-design that can screen factors at 

multiple levels, an RSM Central Composite Design (CCD) was selected because it’s the only 

that offers evaluation of multiple concentrations (NIST/SEMATECH, 2012). The CCD design 

is made up of a two-level factorial design that is augmented with centre and axial (star) 

points, offering 5 levels of factor screening (Figure 80B&C). Axial points represent concen-

tration of factors outside of the factorial point limits thus evaluating the experimental 

space at a greater distance from a usual DoE design and generating more information as to 

how the concentration of the factor affects the response.  

Factor DMSO Factor DMSO Factor DMSO Factor DMSO 
1 SR11237  0.01 DHX 0.06 ATRA 0.08 Decitabine 0.04
2 Bexarotene 0.01 GW7647 0.01 CITCO 0.001 SR12813 0.05
3 LY 294002 0.08 DEX 0.1 Testosterone 0.002 CHIR99021  0.4
4 Flavone 0.16 LCA 0.2 17β Estradiol 0.004 D-Glucose
5 Trichostatin A 0.08 Calcitriol 0.04 ITE 0.004 GlutaMAX
6 Chenodeoxycholic acid 0.16 Glucagon Y27632    0.4 MS-2 (Transferrin)
7 Epinephrine FGF19 MS-1 Progesterone
8 Cobalt(II) chloride BSA Solution Sodium butyrate TCA
9 Serum Insulin Ascorbic Acid Lipid Mixture 1

10 OSM OSM OSM OSM 
11 H/C H/C H/C H/C

DMSO 0.5 0.41 0.491 0.49

2 543
DoE#
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According to the values that the axial points are given, the CCD design is sub-divided in two 

types (Figure 80D). When the axial points are calculated outside of the range, a Circum-

scribed design (NIST/SEMATECH, 2012). Although, if the range of the concentration is re-

stricted to the low and high, then the axial points become the low and high and the factori-

al points take values between those two concentrations, called an Inscribed design (Figure 

80D). Because the range of some factors in Table 21 is close to 0uM and using the circum-

scribed design would take it to a negative value which is not possible, the inscribed design 

was selected (Figure 81A).  

 

Figure 80 A) Linear and Quadratic function of DoE models B) Generation of Central Composite Design upon a 
2-level fractional factorial design augmented by axial points C) Central Composite Design in the 3-dimentional 
experimental space D) Example of a Circumscribed CCD and Inscribed CCD depending on the range and if it is 
restricting the use of the outer space Adopted by (NIST/SEMATECH, 2012, Azam, 2014).  
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Within the CCD, different types of design were available for screening the factors. The op-

tions were “¼ Fraction” with 544 runs required, “1/8 fraction” with 288 runs required, 

“1/16 fraction” with 160 runs required and “Min-Run Res V” with 96 runs required. Since 4 

DoE experiments were required for the 4 groups of factors, the “Min-Run Res V” selected as 

a low-resource requirement (Figure 81B). Within the 96 runs, 6 runs were centre-point runs 

required to estimate pure error for the “Lack of fit” test (Figure 81C). The factors and con-

centrations in each run for DoE#2, DoE#3, DoE#4 and DoE#5 are shown in Tables 27 -30.  

 

Figure 81 Response Surface Methodology, Central Composite Design Parameters selected in Design Experts 9. 
Example of factors for DoE#1. Selection of numeric or categoric factors, (A) factor range in terms of alphas, (B) 
type of the design “Min-Run ResV” and C) number of centre points.
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5.2.13. Preparation of Factors and Diluents for DoEs#2, #3, #4 & #5  

To avoid edge effects, the 96 experimental runs per DoE were split to two 96 well plates, as 

shown if Figure 82. Each plate included Medium C, Medium C + 0.5% DMSO and high con-

centration of all factors for each DoE (All-High), each replicated 4 times (Figure 82).  

 

Figure 82 Plate layout for each DoE. Coloured wells on the left represent Medium C, Medium C + 0.5% DMSO 
and All-High control with the high concentration for all factors in each DoE.  

Similar to DoE#1, the hepatocyte differentiation protocol was followed from day 0 to 17, 

except that DoE specific media replaced medium C on days 14 and 16 as shown in Figure 

67B for DoE#1. On days 14 and 16, removal of 100ul Medium C and replacement with DoE 

treatments was required. To maintain the factor concentration at the desired levels, 100ul 

of medium was replaced by a 2x concentrated DoE medium on day 14 and 1x concentrated 

on day 16 as shown in Figure 67C for DoE#1. 

Since the CCD required 5 factor levels instead of 3 used in DoE#1, a medium concentration 

stock solution was used in the Stock Blocks. The principle of preparing the “Feeding Blocks” 
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was similar to DoE#1 preparation and as explained in Figure 68. The factors in each DoE, 

were allocated into Low, Medium and High concentration solution that would make up the 

5 different concentrations. Due to some factors requiring use of the larger capacity, fixed 

tips were used to dispense the desired volume; those were moved to the Stock Trough to-

gether with Medium C and 2% DMSO in Medium C (Figure 83).  

5.2.14. Preparation of the Worklists-Script for DoE#2-#5 

Generation of the DoE blocks was successfully completed in DoE#1 following the “DoE#1 

Feeding Block Script”. Generation for 4 new Scripts was required for DoE#2, #3, #4 & #5. 

The new Scripts contained 1 worklist for each solution added from the Stock Trough and 1 

worklist for all the factors in the Stock Block. Therefore, DoE#2, #3 & #5 required 4 work-

lists while DoE#4 only 3 worklists. The worklists for each DoE were combined into the 

scripts responsible to make up each DoE Feeding Block.  

5.2.15. Preparation of the Feeding Blocks DoE#2-#5 

In a similar way to the Feeding Blocks preparation on day 14 for the DoE#1, the Feeding 

Blocks were prepared for DoE#2 ,#3, #4 & #5. The Stock Block, Stock Trough and Feeding 

Blocks were positioned on the TECAN Evo Freedom deck and upon successful run of the 

DoE scripts, generated Feeding Blocks 1 and 2, for each DoE that contained the desired final 

volume.  
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Figure 83: Stock Blocks and Stock Troughs for each DoE indicating position of the factors within the block and 
trough. KSR Knock Out Serum Replacement, OSM Oncostatin M, H/C Hydrocortisone, ATRA All Trans Retinoic 
Acid, DEX Dexamethasone, Sod But Sodium Butyrate, FGF19 Fibroblastic Growth Factor 19, TCA Taurocholate 
Acid, Asc Acid Ascorbic Acid, MS-1/2 Media Supplement 1/2.  
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5.2.16. Initiation of Hepatocyte Differentiation for DoE#2-#5 and DoE Treatments 

on day 14 and day 16 

CP1 cells were plated to 40-60% confluency for 4 consecutive passages (28, 29, 30 and 31) 

to accommodate the plates required for DoE#2, #3, #4 & #5 respectively. In all experiments, 

hepatocyte differentiation initiated and progressed as expected in terms of culture and 

morphology.  

5.2.17. DoE#2-#5 treatments did not improve HLC morphology on day 17 or Dou-

ble Nuclei Cell Count 

Medium C control differentiation wells lead to expected morphology of HLC (Grade 2) 

whereas DoE treatments induced either Grade 2 morphologies or showed loss of hepato-

cyte characteristics Grade 1 (Figure 84). In DoE’s #2 and #4, the DoE runs only achieved a 

Grade 1 morphology with lack of hepatocyte characteristics (Figure 84A and 85A). In DoE#3, 

23 runs achieved a Grade 2 morphology and the rest a Grade 1 (Figure 84B). In DoE#5, 69 

runs achieved a Grade 2 morphology and the rest a Grade 1 (Figure 85B). In all DoE’s, the 

Med C + 0.5% DMSO (MCDM) control did not affect the morphology and achieved a Grade 

2 similar to MC control. However, the secondary-only controls for the High Concentration 

of all factors treatments (MCAH), in all cases, achieved a Grade 1 morphology (Figures 81, 

82). Similarly, no run treatment improved the percentage of DNC when compared to the 

control wells (results not shown).  
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Figure 84 Examples of HLC morphologies identified in DoE#2 (A) and DoE#3(B). Overview of the well and a focused image of the centre view. Medium C control achieved a Grade 2 overall, 
Medium C with 0.5% DMSO achieved a Grade 2 overall and Medium C with high concentration of all factors achieved a grade 1 overall. A) In DoE#2 a grade 1 morphology was found across 
the runs. B) In DoE#3, grade 1 and grade 2 morphologies were identified across the runs but none greater than 2.  
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Figure 85 Examples of HLC morphologies identified in DoE#4 (A) and DoE#5(B). Overview of the well and a focused image of the centre view. Medium C control achieved a Grade 2 overall, 
Medium C with 0.5% DMSO achieved a Grade 2 overall and Medium C with high concentration of all factors achieved a grade 1 overall. A) In DoE#4 a grade 1 morphology was found across 
the runs. B) In DoE#5, grade 1 and grade 2 morphologies were identified across the runs but none greater than 2. 
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5.2.18. CYP450 1A2 Expression was Masked by False Positive Signal 

In DoE#2, CYP450 1A2 was expressed in between 0% and 0.20% of cells while the Medium C 

control differentiation (MC) resulted in 0.11%±0.10 (Figure 86A). The best run in DoE#2 did 

not achieve a higher CYP450 1A2 percentage than the MC, therefore the results were not 

analysed further. In DoE#3, CYP450 1A2 was expressed in between 0% and 1.88% of cells 

while the MC resulted in 0.05%±0.03 (Figure 86B). The maximum of 1.88% CYP450 1A2 pos-

itive cells detected in the DoE runs was of no interest to this study and therefore was not 

analysed further. 

In DoE#4, CYP450 1A2 was expressed in between 0.01% and 12.32% of cells while the MC 

resulted in 0.06%±0.01 (Figure 87A). The Medium C + 0.5% DMSO (MCDM) control differen-

tiation achieved a 0.26%±0.20 positive cells, not significantly higher than the MC (p=0.10). 

The secondary only control wells treated with high concentration of all factors (MCAH) re-

sulted in 0.79%±0.21 expression of CYP450 1A2, significantly higher than the MC control 

(p=0.004). Since a significantly higher expression of CYP450 1A2 was detected in the MCAH, 

the positive DoE runs run the risk of being influenced by a false positive signal. To avoid 

false conclusions, these results were not analysed further. 

 In DoE#5, CYP450 1A2 was expressed in between 0.19% and 6.00% while MC resulted in 

0.06%±0.06 (Figure 87B). The MCDM achieved a 0.23%±0.15 positive cells, not significantly 

higher than the MC (p=0.08) and the MCAH resulted in 0.12%±0.10 expression of CYP450 

1A2 not significantly higher than the MC control (p=0.34). The fact that the MC and MCAH 

controls were expressing CYP450 1A2 at the same levels meant that the DoE runs might 

have been influenced by false positive signal. To avoid false conclusions, the results were 

not analysed further. Additionally, an increase up to 12% would be of no relevance to the 

pHEPs where the range of CYP450 1A2 was identified between 10%-65%. 
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Figure 86 CYP450 1A2 percentage Positive cells in DoE#2 and DoE#3. Medium C (MedC), Medium C + 0.5% DMSO (MCDM) and Medium C with high concentration of factors (MCAH) con-
trols represent Mean ± Standard Deviation of 4 replicates. Numbers correspond to the Runs detailed in tables 27 and 28.  
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Figure 87 CYP450 1A2 percentage Positive cells in DoE#4 and in DoE#5. Medium C (MedC), Medium C + 0.5% DMSO (MCDM) and Medium C with high concentration of factors (MCAH) con-
trols represent Mean ± Standard Deviation of 4 replicates. Numbers correspond to the Runs detailed in tables 29 and 30. 
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5.2.19. CYP450 2A6 Expression Was Either Not Improved or Masked by False Pos-

itive Signal 

In DoE#2, CYP450 2A6 was expressed in between 0% and 1.42% of cells while the MC re-

sulted in 0.37%±0.32 (Figure 88A). The maximum expression identified was at 1.42% of cells 

and the majority of runs expressed CYP450 2A6 at a similar percentage to the MC control 

run, DoE#2 CYP450 2A6 results were not analysed further. In DoE#3, CYP450 2A6 was ex-

pressed in between 0.01% and 2.10% of cells while the MC resulted in 0.36%±0.29 (Figure 

88B). The MCDM expressed CYP450 2A6 at 0.45%±0.24 positive cells, not significantly dif-

ferent than the MC (p=0.64) and lower than the best run in DoE#3. The MCAH control re-

sulted in 0.90%±1.44 expression of CYP450 2A6 which wasn’t significantly higher than the 

MC control (p>0.4). However, that was equally high to the DoE runs and therefore the like-

lihood for false positive signal high. The responses were not analysed further.  

In DoE#4, CYP450 2A6 was expressed in between 0.27% and 14.70% of cells while the MedC 

control differentiation resulted in 1.27%±0.33 (Figure 89A). The MCDM control differentia-

tion achieved a 2.57%±1.12 positive cells, not significantly higher than the MC (p=0.067) 

and lower than the best run in DoE#4. The MCAH controls resulted in 3.26%±1.16 expres-

sion of CYP450 2A6 which was significantly higher than the MC control (p=0.016) but not 

compared to MCDM control (p=0.42). Since the MCAH control achieved a high increase, the 

chance for false positive signal was high and the results were not taken ahead. Lastly in 

DoE#5, CYP450 2A6 was expressed in between 0.32% and 8.24% of cells while the MC re-

sulted in 3.93%±0.32 (Figure 89B). The MCDM control differentiation achieved a 

5.70%±1.81 positive cells, not significantly different than the MC (p=0.102) but similar to 

the best run in DoE#4. The MCAH controls resulted in 0.33%±0.16 expression of CYP450 

2A6 which was significantly lower than the MC and MCDM control (p<0.001). Since the best 

performance runs were not significantly higher to the controls the response was not ana-

lysed further.  
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Figure 88 CYP450 2A6 percentage Positive cells in DoE#2 and DoE#3. Medium C (MedC), Medium C + 0.5% DMSO (MCDM) and Medium C with high concentration of factors (MCAH) con-
trols represent Mean ± Standard Deviation of 4 replicates. Numbers correspond to the Runs detailed in tables 27 and 28.  
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Figure 89 CYP450 2A6 percentage Positive cells in DoE#4 and in DoE#5. Medium C (MedC), Medium C + 0.5% DMSO (MCDM) and Medium C with high concentration of factors (MCAH) con-
trols represent Mean ± Standard Deviation of 4 replicates. Numbers correspond to the Runs detailed in tables 29 and 30.  
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5.2.20. CYP450 2C9 Responses Were Independent from False Positive or Low Per-

formance Showing Improved percentage of Positive Expression and Mean Intensity 

compared to the controls 

In DoE#2, CYP450 2C9 was expressed in between 0.27% and 11.20% of cells while the MC 

resulted in 4.16%±0.54 (Figure 90A). The best run in DoE#2 was expressing CYP450 2C9 at 

higher percentage of cells to the MC control differentiation. The MCDM control differentia-

tion achieved a 5.62%±3.50 positive cells, not significantly different from the MC (p=0.44) 

but at the same range as the DoE#2 runs. Since expression of CYP450 2C9 in the DoE#2 was 

not greater to the controls, these results were not analysed further. In DoE#3, CYP450 2C9 

was expressed in between 0.14% and 9.05% of cells while the MC resulted in 2.99%±0.62 

(Figure 90B). The MCDM control differentiation achieved a 3.86%±3.50 positive cells, not 

significantly different from the MC (p=0.64) but at the same range to the DoE#3 runs. The 

MCAH resulted in 0.15%±0.28 expression of CYP450 2C9 which was significantly lower than 

the MC (p<0.0002). Since expression of CYP450 2C9 was not greater than the controls, the 

results were not analysed further.  

In DoE#4, CYP450 2C9 was expressed in between 0.40% and 18.13% of cells while the Me-

dium C control differentiation resulted in 9.34%±1.83 (Figure 91A). The best run in DoE#3 

was expressing CYP450 2C9 at higher percentage of cells to the MC control differentiation. 

The MCDM control differentiation achieved 8.14%±0.89 of positive cells, not significantly 

different from the MC (p=0.28) and also at a lower range to the DoE#2 runs. The MCAH re-

sulted in 0.22%±0.12 expression of CYP450 2C9 which was significantly lower than the MC 

and MCDM (p<0.0001). This result meant that the positive signal detected in the DoE runs 

was due to real CYP450 2C9 expression. Additionally, Mean Intensities (MI) were plotted 

(Figure 91B) to identify any effects in particular treatments that increase the MI. However, 

the FI were overlapping between the samples failing to indicate towards a particular treat-

ment.  
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Figure 90 CYP450 2C9 percentage Positive cells in DoE#2 and DoE#3. Medium C (MedC), Medium C + 0.5% DMSO (MCDM) and Medium C with high concentration of factors (MCAH) con-
trols represent Mean ± Standard Deviation of 4 replicates. Numbers correspond to the Runs detailed in tables 27 and 28.  
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Figure 91 CYP450 2C9 percentage Positive cells and Mean Intensity in DoE#4. Medium C (MedC), Medium C + 0.5% DMSO (MCDM) and Medium C with high concentration of factors 
(MCAH) controls represent Mean ± Standard Deviation of 4 replicates. Numbers correspond to the Runs detailed in table 29.  
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Figure 92 CYP450 2C9 percentage Positive cells and Mean Intensity in DoE#5. Medium C (MedC), Medium C + 0.5% DMSO (MCDM) and Medium C with high concentration of factors 
(MCAH) controls represent Mean ± Standard Deviation of 4 replicates. Numbers correspond to the Runs detailed in table 30.  
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In DoE#5, CYP450 2C9 was expressed in between 0.14% and 41.32% of cells while the MC 

control differentiation resulted in 8.76%±5.13 (Figure 92A) and MCDM achieved 

8.99%±2.47 of positive cells, not significantly different from the MC (p=0.93). The MCAH 

resulted in 0.07%±0.09 expression of CYP450 2C9 which was significantly lower than the MC 

and MCDM (p<0.02). These results were indicated for further analysis. To evaluate whether 

any of the treatments achieved an increased MI, the MI graph was produced however, it 

was identified that MI were overlapping with no treatments that could induce significantly 

higher responses (Figure 92B). In conclusion, the CYP450 2C9-related DoE responses suc-

ceed to produce runs with a higher proportion of positive cells compared to the MC control 

differentiations while the MCAH controls were significantly lower than the controls. Overall, 

the response “CYP450 2C9 percentage Positive Cells” for DoE#4 and DoE#5 continued at 

the next step of the analysis. 

To confirm that the data collected using the analysis script for the expression of CYP450 

2C9 was in correlation with the image of the well, image of the whole well are presented in 

Figures 93 and 94 from the best performing runs in DoE#4 and DoE#5 respectively.  
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Figure 93 Well overview of selected best Runs in DoE#5 at the top panel and the respective MC, MCDM and 
MCAH controls at the lower panel. Scale bar 500um 

 

Figure 94 Well overview of selected best Runs in DoE#5 at the top panel and the respective MC, MCDM and 
MCAH controls at the lower panel. Scale bar 500um.  

 

5.2.21. Analysis for CYP450 2C9 percentage Positive and Mean Intensity Re-

sponses Highlighted a High Positive Correlation Between percentage Positive Cells and 

Mean Intensity, Confirming That the Data Could Be Used to Identify Significant Factors 

In order to validate the data collected for the CYP450 2C9 responses from DoE#4 and 

DoE#5, the DX software was used to draw correlation plots between percentage Positive 

Cells and Means Intensity. Those plots were based on the hypothesis that an increased per-

centage Positive Cell value lead to an increased average Mean Intensity. These plots could 

also be used to highlight and isolate individual runs, outliers, when the results produced are 

not in correlation with the rest.  



 

213 
 

 

Figure 95 Correlation plots designed using the DX software to demonstrate the Correlation between CYP450 
2C9 percentage Positive Cells and Mean Intensity for DoE#3, DoE#4 and DoE#5. Y Axis is the percentage Posi-
tive Cells while X axis is the Mean Intensity. Red arrow in DoE#5 highlights a response that potentially could 
be an outlier and required further investigation.  

 

For DoE#4 a high correlation value of 0.981 was identified and for DoE#5 that value was 

identified as 0.956 (Figure 95). However, in DoE#5 the value at the top right corner (high-

lighted with an arrow in Figure 95) was isolated from the group of responses, thus it could 

potentially be an outlier. To evaluate whether this response was an outlier, the well had to 

be examined and determine if the higher expression was due to an error or if the expres-

sion of CYP450 2C9 was real. Using the software, it was identified as Run 20. In Figure 94, 

Run 20 was presented as an example of best performing runs. Expression of CYP450 2C9 

was characterised as expected in the cytoplasm with absence of unusual events that could 

affect the analysis. Therefore, this value was included for further analysis. In conclusion, 

high correlation values in both DoE#4 and DoE#5 confirmed that the data could be used to 

make conclusions for the significant factors inducing expression of CYP450 2C9. 
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5.2.22. Identification of Significant Factors and Interactions Improving CYP450 

2C9 percentage Positive Cells in DoE#4 and DoE#5  

To investigate which factors in DoE’s were having significant positive effects, the generated 

data was analysed using the DX software to generate models of the significant factors 

(NIST/SEMATECH, 2012). In DoE#1, the need for transformation of the data was explained. 

Similar to DoE#1, in DoE#5, the CYP450 2C9 percentage Positive Cells were analysed, initial-

ly hypothesising that transformation was not required (Figure 96A). At the next step, the Fit 

Summary data that was calculated by the DX software, it was suggested that a “Linear 

Model” can fit to the data (p=0.0902) better compared to other Model types, with an insig-

nificant “Lack of Fit” p=0.913 (Figure 96A). Therefore, the Linear process order was selected 

and the “Automatic Model Selection” tool applied a forward selection using the Akaike In-

formation Corrected Criterion (AICc) (for a given set of data it measures the relative quality 

of statistical models) (Figure 96B). The AICc selection identified which of the main factors, 

initially added in the Model, had a significant p-value to remain within the Model and high-

lighted them with an M (Figure 96C). At the ANOVA tab, evaluation of the Model generated 

based on the Response Surface Reduced Linear Model, suggested that it was significant 

with a p-value <0.0001 and the factors B-SR12813 and H-TCA were significantly influencing 

the Model with p-values <0.05 and an insignificant “Lack of Fit” p=0.92 confirming that the 

model fits to the data (Figure 97). 



 

215 
 

 

Figure 96 Analysis of the DoE#5 percentage CYP450 2C9 Positive cell data. Fit Summary and Model selection tabs are presented upon no transformation. A) Fit Summary suggested the 
Linear Model to be applied, additionally the Sum of Squares analysis suggested the Linear vs Mean was significant and an overal incignificant Lack of Fit for the Linear Model. B) Linear 
Model selected the main factors in the Model and Automatic Model Selection included the most significant factors (C) to keep in the Model. 
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Figure 97 ANOVA analysis results upon no transformation and Linear Relationship Model selection using the 
DoE#5 percentage CYP450 2C9 Positive cell data. Model was identified as significant with an insignificant 
“Lack of Fit”. Factors affecting the Model were identified with a significant p-value. 

Using the Diagnostics tools and the Box-Cox plot, it was identified that a λ=0.5 (Square Root 

transformation) would fit the Ln(Residuals) better than the current λ=1 (No transformation) 

(Figure 98A). The Diagnostic plots demonstrated a spread of the data within the allowed 

design space although, since a transformation was required, a better fit for the data was 

available (Figure 98A).  

Upon selection of the suggested Square Root transformation, the Fit Summary results sug-

gested that the Linear Model was significant, against other available models, with a p-

value=0.0496, a significant Linear vs Mean and an insignificant “Lack of Fit” p=0.9021 (Fig-

ure 99A). The selected Linear process order automatically identified the factors that had a 

significant p-value to remain within the Model and highlighted with an M (Figure 99B-C). 

The ANOVA analysis identified that the Model was significant with a p-value <0.0001 and 

factors B-SR12813 and H-TCA remained significant with p-values <0.05 and an insignificant 

“Lack of Fit” p=0.919 (Figure 100).  
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Figure 98 Diagnostic tool overview for percentage CYP450 2C9 Positive cells in DoE#5 analysed with no transformation of the data (A) and upon Square Root transformation of the data 
(B). Box-Cox plot reccomending a transformation to fit the data, Normal Plot of residuals, Residuals vs Predicted, Residuals vs Run, Predicted vs Actual, details in text
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Figure 99 Analysis of the DoE#5 percentage CYP450 2C9 Positive cell data. Fit Summary and Model selection tabs are presented upon Square Root transformation. A) Fit Summary 
suggested the Linear Model to be applied, additionally the Sum of Squares analysis suggested the Linear vs Mean was significant and an overal incignificant Lack of Fit for the Linear 
Model. B) Linear Model selected the main factors in the Model and Automatic Model Selection included the most significant factors (C) to keep in the Model.
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Figure 100 ANOVA analysis results upon Square Root transformation and Linear Relationship Model selection 
using the DoE#5 percentage CYP450 2C9 Positive cell data. Model was identified as significant with an insig-
nificant “Lack of Fit”. Factors affecting the Model were identified with a significant p-value. 

The Diagnostic tools confirmed that the Square Root transformation was still the best fit for 

the data and that the Ln(Residual) plots were improved with a better spread of the data 

and random scatter (Figure 98B).  

As identified at the ANOVA table, following the Square Root transformation, the factors 

SR12813 and TCA were significantly involved in achieving a greater degree of percentage 

CYP450 2C9 expression cells, CHIR99 approached significance (Figure 100). To visualise the 

relationship among the factors, the Perturbation Plots and 3D surface-graph were used. 

Using the gauges in the Factors Tool-Box, the concentration was altered to achieve the 

highest possible percentage CYP450 2C9 Positive cell expression (Figure 101A). The Model 

generated, could predict that a high concentration of TCA and CHIR99 in combination with 

a low concentration of SB12813 could achieve an approximately 20% CYP450 2C9 expres-

sion (Figure 101B). Even though the original data derived from DoE#5 succeed a high ex-

pression of CYP450 2C9, the DX software analysing the data and fitting the Model, could 

only safely predict an approximate 20% CYP450 2C9 upon use of the significant factors.  
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Figure 101 Perturbation Plots and 3D Surface graph designed using percentage CYP450 2C9 Positive Cell data 
from DoE#5 runs. A) Perturbation Plot at the centre concentration for each factor, significant factors are 
shown in the plot B) Changed significant factor concentration to achieve the highest percentage CYP450 2C9. 
C) 3D graph demonstrating the linear relationship between the factors and the effect when low CHIR99 was 
used compared to D) when high CHIR99 was used. 

Using the 3D Surface graphs, it was predicted that the factor CHIR99, at the lowest concen-

tration could achieve a 17% CYP450 2C9 Positive expression (Figure 101C) while the high 

concentration could achieve a maximum of 20% CYP450 2C9 expression (Figure 101D). 

Overall, the DoE#5 results demonstrated that the factors SR12813 at 1.5uM, TCA at 155uM 

and CHIR99 at 8.5uM had a significant effect on the percentage CYP450 2C9 Positive cells.  

In DoE#4, the analysis initiated without a transformation on the data and following the 

principles from DoE#5, the Box-Co Plots suggested that a Natural Log transformation would 

be a better fit for the Ln(Residuals). The transformation was applied and the Linear Model 

was selected as the most significant to fit the data. The ANOVA results upon analysis of the 
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Model, suggested that the Model was significant with a p-value<0.0001 and an insignificant 

“Lack of Fit” with a p-value=0.3368 (Figure 102). The factors identified as significant in DoE 

were A-ATRA and J-Ascorbic Acid with p-value<0.0008 (Figure 102).  

 

Figure 102 ANOVA analysis results upon Natural Log transformation and Linear Relationship Model selection 
using the DoE#4 percentage CYP450 2C9 Positive cell data. Model was identified as significant with an insig-
nificant “Lack of Fit”. Factors affecting the Model were identified with a significant p-value.  

Using the Perturbation Plots, it was demonstrated that at the default medium concentra-

tion of A-ATRA and J-AscAcid, a 5% CYP450 2C9 Positive cells were achieved (Figure 103A). 

Although, when low concentration of A-ATRA and high concentration of J-AscAcid were 

combined, a final 9% CYP450 2C9 Positive cells was generated (Figure 103B). In addition, 

the 3D Surface demonstrated the linear relationship between those 2 factors and con-

firmed the percentage reported from the Perturbation Plots (Figure 103C). Similar to 

DoE#5, the DX software could safely explain a maximum of 9%.  
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Figure 103 Perturbation Plots and 3D Surface graph designed using percentage CYP450 2C9 Positive Cell data 
from DoE#4 runs. A) Perturbation Plot at the centre concentration for each factor, significant factors are 
shown in the plot B) Change significant factor concentration to achieve the highest percentage CYP450 2C9. C) 
3D graph demonstrating the linear relationship between ATRA and AscAcid. 

Overall, in DoE#4 it was demonstrated that the factors ATRA at 3uM and AscAcid at 1.5mM 

were important to achieve a significantly greater expression of percentage CYP450 2C9 Pos-

itive cells while in DoE#5 the factors SR12813 at 1.5uM, TCA at 155uM and CHIR99 at 

8.5uM had a significant effect on the percentage CYP450 2C9 Positive cells.  
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5.3. Discussion  

Summary  

The objective of this chapter was to combine and treat differentiating HLCs with factors at a 

range of effective concentrations aiming to identify and uncover a) combinations of factors 

and b) critical factors that can improve the overall performance of the cells. The overall per-

formance of cells is measured as expression of a) a set of mature markers, b) the multinu-

cleation or c) the morphology of the differentiating HLCs. Overall, the 1st DoE screen indi-

cated a number of factors as critical with significant influence that have been incorporated 

in the design of the 2nd DoE for further investigation. Finally, from the 2nd DoE, the factors 

ATRA, AscAcid, SR12813, TCA and CHIR99 demonstrated significant maturation differences 

to the HLCs. However, their full potential requires resolving through a more specific future 

DoE approach.  

Study and DoE Design  

The current chapter aimed to investigate factors identified from the literature to enhance 

the maturation of hepatocyte-like cells using DoE approach. It has been said that the cou-

pling of DoE with modern high-throughput automation systems could potentially maximise 

the capabilities for producing data relevant for drug discovery applications (Tye, 2004). DoE 

approaches have been used, although not widely, to overcome expensive and low-

throughput OFAT designs (N Politis et al., 2017). The majority of DoE studies have been 

completed in the industry (pharmaceutical & engineering) but not many in academia 

(Pramod et al., 2016), primarily due to the high cost involved in high-throughput develop-

ment (Collins et al., 2009). To our knowledge, the scale of the screening approach used in 

this thesis is unique in the field. 

DMSO Considerations and Limitations  

Ideally, all factors identified in this thesis would have been screened in a single DoE experi-
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ment. However, a key limitation was the DMSO concentration. Populations of hESCs are 

very responsive to DMSO which can change gene expression, protein content and function-

ality of differentiated cells (Pal et al., 2012) and induce differentiation in multiple systems 

(Morley and Whitfield, 1993). For example during the differentiation of Definitive Endo-

derm cells to Hepatoblasts, DMSO is used in multiple labs as main differentiation inducer 

(Duan et al., 2010, Chen et al., 2012b) although the underlying mechanism is unknown 

(Duan et al., 2010). Additionally, DMSO has been reported to induce differentiation of 

HUES6 cells into DE cells when used at 2% (Chetty et al., 2013). The maximum concentra-

tion of 0.5% in this thesis was set due to reports of impaired cell survival above 1% and crit-

ical changes and cell death above 5% (Yuan et al., 2014) and of induction of inhibitory or 

stimulatory effects in a range of cell types at greater than 0.5% (Timm et al., 2013). Lack of 

discernible alterations in the proteins of interest and hepatocyte morphology in the DMSO 

only control used in the current work was consistent with the appropriate use of the 0.5% 

concentration.  

Indirect Versus Direct Immunofluorescence  

The advantages of the output methods have been discussed before however, the challeng-

es of staining the cells in a direct or indirect way haven’t. The advantage of the protocol 

developed with separate primary and secondary antibodies was based on reported strong-

er detection of signal compared to direct staining (Lamvik et al., 2001). However, in the cur-

rent study, this led to the detection of a false positive signal. The demand for a control con-

dition where the cells were treated with the highest of the concentration of all compounds 

together, became apparent at the end of the first DoE. Expression of CYP450 2A6 in the 

DoE#1, was masked due to binding of the secondary antibody on recognition sites of Ver-

teporfin generating the impression of a positive signal. In the literature, Verteporfin has 

been used to limit YAP1 interaction with TEAD2 and YAP1 has been detected, however a 

false positive signal was not reported before in a similar case. 
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Generally, the addition of secondary antibodies that can bind to mouse/rabbit epitopes 

means that they are selective, but the presence of unknown factors/drugs and chemicals in 

the same wells could lead to recognition of a pattern leading to interferences in immunoas-

says as reported in studies (Tate and Ward, 2004). That could have been avoided by the use 

of primary antibodies directly conjugated to the fluorophore, which would also decrease 

the number of steps required (Pástor, 2010).  

Therefore, when the second set of DoE’s was designed, the appropriate secondary only 

control where the cells are treated with a combined high concentration of all the com-

pounds was included. This was useful because as seen in Chapter 5, a compound, or a com-

bination of them, in Group 3 led to a 3.3% of positive cells in the secondary control differ-

entiation. Future studies based on the same triple-staining protocol should consider devel-

oping a robust direct immunostaining approach that will eliminate detection of the unspe-

cific signal from the samples.  

Robotics & Automation  

Use of the Freedom Evo 200 automated platform enabled and automated parts of the pro-

cess that manually would require a large number of high accuracy pipetting actions to gen-

erate the factor dilutions. Manual preparation would have an increased risk or human er-

ror, pipetting error and time required for the same process (Kami et al., 2013). Previously, 

liquid handling robots have been used for quantitative-pcr assays, gene sequencing and 

protein crystallisation (Kong et al., 2012, Gaisford, 2012). However, the complexity of the 

system used in this thesis offered the unique flexibility to accommodate processes of cell 

maintenance, differentiation and production of the worklists for complex DoE studies. 

Factors Identified to Increase CYP450 2C9 Expression  

In this study, it was identified that ATRA, SR12813, TCA and CHIR99 do play a role inducing 

expression of CYP450 2C9 in day 17 HLCs. All Trans Retinoic Acid (ATRA) is described as a 
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powerful regulator of gene transcription primarily for lipid homeostasis, binding and acti-

vating the nuclear RARα receptors that crosstalk with PXR and FXR (He et al., 2013). ATRA is 

metabolised by certain CYP450s in the liver (Ross and Zolfaghari, 2011, McSorley and Daly, 

2000). These include CYP450 2C9 and members of the CYP450 2C family (Nadin and 

Murray, 1999, Qian et al., 2010), which contain a RA response element in the promoter that 

is bound by RAR and RXR establishing a transcriptional activity between ATRA and CYP450 

2C9. A recent study reported the use of RA in the differentiation of Wharton’s Jelly mesen-

chymal stem cells to HLC, although the medium used was the same for 28 days straight re-

sembling maturation medium and the study only reported functional assays for ALB pro-

duction, PAS staining, glycogen analysis, q-pcr data for HNF1a and AFP but not staining of 

mature markers or other CYP450 enzymes (Mortezaee et al., 2015). Overall, ATRA is not 

commonly used on the hepatocyte maturation stage, however indications for a positive 

role in CYP450 2C9 were identified.  

SR12813 is a synthetic, well characterised PXR agonist (Delfosse et al., 2015) used as a ref-

erence compound for PXR activation (Watkins et al., 2001). In this study SR12813 achieved 

an increased CYP450 2C9 expression in the day 17 HLC. Even though the connection be-

tween PXR and CYP450 2C9 activation is known (Pascussi et al., 2003, Kohalmy et al., 2007) 

a direct link between SR12813 and CYP450 2C9 has not been reported before. This could be 

due to the use of CYP450 3A4 and CYP450 2B6 expression as primary output measurements 

when SR12813 is used in studies and not an assay that demonstrates alterations to the 

CYP450 2C9 (Duniec-Dmuchowski et al., 2007).  

Taurocholate Acid was previously reported to induce the development of a branched cana-

liculi network in rat hepatocytes, trigger the hepatocyte polarisation program (Fu et al., 

2011) and to increase intracellular cAMP (Thomas et al., 2008). This thesis, provides the 

first link between expression of CYP450 2C9 and TCA. Transcriptional activation of the 
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CYP450 2C9 upon cAMP is mediated by the expression of PGC1a which collaborates with 

HNF4a to induce expression of liver enzymes (Dankel et al., 2010).  

Ascorbic Acid is used in the culture medium as an antioxidant to reduce the effect of reac-

tive oxygen species on inducing cellular injury and oxidative stress (Cichoż-Lach and 

Michalak, 2014, Miler et al., 2008). In the current literature, a connection between Ascorbic 

Acid and the expression of CYP450 2C9 is not reported, however investigation of the effect 

of ascorbic acid on CYP450 2C9 kinetics has been evaluated. In the study by Hagen et al, 

human recombinant CYP450 2C9, 2D6 and 3A4 were co-expressed in E.coli and K(m) and 

V(max) properties were compared to human liver microsomes (Hagen et al., 2002). Pres-

ence of 5mM ascorbic acid increased the V(max) of CYP450 2C9 by 75%, which meant that 

the catalytic activity was increased upon. This study highlights the need for antioxidants to 

enhance CYP450 activity which can also be connected with a feedback loop that induces 

expression of CYP450 2C9.  

CHIR 99021 activates the WNT/β-catenin pathway by inhibiting GSK3 kinase and allowing β-

catenin in the nucleus (Naujok et al., 2014). In hepatocyte differentiation from hPSCs, the 

WNT pathway is primarily targeted during the differentiation into DE cells (Hay et al., 

2008a, Chen et al., 2012b). For DE formation, CHIR 99021 has been used to replace the ex-

pensive WNT3a recombinant protein in a small-molecule driven hepatocyte differentiation 

protocol, efficiently producing hepatocytes compared to the growth-factor driven protocol 

(Siller et al., 2015). Its role in liver development is also connected with the later stages of 

the process and involvement in liver zonation and adhesion of cells (Nejak-Bowen and 

Monga, 2008). Studies for WNT pathway in the later stages confirmed that inhibition of β-

catenin in embryonic liver cultures reported an essential role in hepatocyte maturation, 

regulating proliferation and apoptosis (Monga et al., 2003). In hPSC differentiation to HLC 

protocols, the stage specific regulation of WNT pathway reported to allow generation of 
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proliferative hepatoblasts (Touboul et al., 2016). Generation of hepatoblasts using also 

CHIR 99021, achieved to then generated functional hepatocytes as assessed by the expres-

sion of CYP450 3A7, 3A4 and 1A1 but expression of CYP450 2C9 was not investigated.  

Transcription Factors and activation of CYP450s  

In the literature, it is shown that binding of the complex HNF4a-PGC1a on CYP450 2C9 pro-

moter sequences, activates CYP450 2C9’s transcriptional upregulation (Martínez-Jiménez et 

al., 2006). In other studies, the complex HNF4a-PGC1a reported to not only upregulate 

CYP450 2C9 expression but generally liver Phase I, Phase II enzyme expression, enzymes 

related to glucose metabolism (Rhee et al., 2003, Finck and Kelly, 2006). A higher degree of 

HLC maturation has been described in correlation with increasing expression of PXR, CAR 

and HNF4a confirming the involvement in various responses HLC-related (Sa-ngiamsuntorn 

et al., 2011). In the grand scheme of things, data from mouse studies during pregnancy, 

showed that in the mouse liver and ovary, expression of PXR was increased approximately 

50-fold (Masuyama et al., 2001) and that was due to pregnancy hormones. That proved an 

essential role for PXR, protecting the foetus and/or mother from xenobiotics and high levels 

of endogenous steroids (Kliewer et al., 2002).  

Indirect activation of the WNT3a pathway has been reported upon binding of HGF on its 

receptor Met (Monga et al., 2002). Activation of the receptor leads to Met-directed phos-

phorylation of the b-catenin that leads to translocation to the nucleus and act as transcrip-

tion factor. The effect is primarily induced by increased proliferation of hepatocytes, as 

studies in hepatocellular carcinoma confirmed (Purcell et al., 2011) but also as explained 

above in the hepatocyte maturation (Nejak-Bowen and Monga, 2008, Monga et al., 2003). 

Overall, transcriptional regulation of CYP450s is a complex process involving activation of 

intermediate transcriptional factors and signalling pathways that still need to be investigat-

ed in depth to gain a good understanding and induce a mature HLCs phenotype.  
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Future work  

Even though increased CYP450 2C9 was identified in the outputs, factors that lead to in-

creased CYP450 1A2 and 2A6 were not identified. Increased CYP450 1A2 and 2A6 were 

both identified as responses in DoE’s #2-5 however since the MCAH control values were 

higher than the MC controls, those results were not processed. This was essential due to 

the high chance of detecting a factor that only induces a false positive signal, as happened 

with the Verteporfin in DoE#1. In a similar case in the future, evaluation of the effect of 

each different factor in immunostained 96 well plates should take place prior to the DoE 

experiment and ways to bypass detection of a false signal should be developed.  

Even though a combination that leads to a higher expression of CYP450 2C9 was detected, 

further experiments to validate that the combination of these factors can indeed increase it 

didn’t take place due to time restrictions. However, if the validation takes place in the fu-

ture, time-points should be considered and evaluation of the CYP450 2C9 expression after 

the 17 days of the differentiation. This will give an insight and distinguish a real increase in 

expression or a temporary increase from molecules acting as inducers. Ideally, mass spec-

trometry experiment should take place and identification of CYP450 2C9 metabolites.  

Due to the DMSO limitations as explained above, in this study the factors had to be 

grouped according to a maximum of 0.5%. This has resulted in ignoring interactions be-

tween factors that belong in different groups. A solution to this problem would be the de-

velopment of a custom-made DoE Design that combines all factors in one experiment and 

each run/treatment is limited to a 0.5% of DMSO. The custom-made approach is not com-

mercially available through the DoE software and has to be designed by experienced statis-

ticians and could offer advantages that separation of the factors has ignored. Last but not 

least, these approaches are better suited.  
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CHAPTER SIX 

GENERAL DISCUSSION  

6. General Discussion 

The aim of this thesis was to identify factors that can activate expression of key mature me-

tabolising enzymes and subsequently lead to a more mature functional profile in hPSC-

derived HLCs. This target was divided into three chapters. Initially, a stepwise approach was 

followed for the establishment and maintenance of hPSC cultures in a chemically defined 

culture medium that reduced potential variability induced by unknown MEF-CM originating 

factors and led to increased expression of hepatocyte related proteins in the final popula-

tion of day 17 HLCs. Evaluation of hPSC maintenance and differentiation into HLCs was suc-

cessful using the automated platform TECAN Freedom Evo while confirming that use of a 

Home-Made chemically defined medium recipe could reduce the cost and generate HLCs. 

Then an automated quantification script was developed that could identify the expression 

of mature hepatocyte proteins based on a human proteomics study. Finally, the use of sta-

tistically powerful tools described under DoE approach were utilised to attempt and identi-

fy key maturation factors. Each part of this thesis was incorporated into the final chapter 

that succeeds to identify factors achieving an increased CYP450 2C9 metabolising enzyme 

expression. Overall, this thesis has contributed to the field with the development of a quan-

tifiable assay for the detection of maturation in HLCs and with innovative, for the HLC field, 

DoE approaches that screened multiple factors at different concentration levels to identify 

potential key maturation factors.  

Implications of Findings for the HLC field  

Ideally, evaluation of the identified factors using an RSM DoE approach to confirm and 

identify the effect of the factors presented to increase CYP450 2C9 expression should be 

considered. If successful, then HLCs with higher CYP450 2C9 expression could serve as a 
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cellular model for the study of categories of compounds specifically metabolised by the 

CYP450 2C9 enzyme (Van Booven et al., 2010). CYP450 2C9 is one of the major enzymes 

estimated to clear up to 15-20% of drugs currently requiring metabolism through Phase I 

enzymes. Common categories of CYP450 2C9 metabolised drugs include antiepileptic drugs 

(Veronese et al., 1991), anti-estrogen (Coller et al., 2002), Nonsteroidal anti-inflammatory 

drugs (Ali et al., 2009) and Sulfonylurea based antidiabetic compounds (Niemi et al., 2002). 

Therefore, successful expression of CYP450 2C9 enzyme in the HLCs at a comparable inten-

sity to the pHEP cells could potentially open new avenues for drug testing and toxicity 

screening for CYP450 2C9 metabolised compounds. However, production of HLCs for the 

above purpose would require initially elimination of undefined and xenogeneic factors from 

the hepatocyte differentiation protocol as discussed before and also, potential use of clini-

cal grade cell lines that have been derived under Good Manufacturing Procedures (Ye et al., 

2017). Increased expression of metabolising enzymes is not always related to the mainte-

nance of the expression for long-term. Therefore, potential future studies have to evaluate 

the length of the increased metabolic profile of HLCs and not only a single increased meas-

urement. 

Limitations of the DoE Screen 

A major limitation of this study was the required separation of factors into groups due to 

the DMSO considerations. Currently, when DoE approaches are employed, the factors par-

ticipating in the study are investigated under the same experiment (Dong et al., 2008). Sep-

arating factors can lead to missing interactions between two factors that may be more sig-

nificant than single factor effect (NIST/SEMATECH, 2012). In this thesis, this could be the 

reason for only detecting few significant factors that only increased 1 of the 5 parameters 

measured in the output assay. Future experiments should consider employment of custom-

made designs that can combine the same number of factors and apply limitations such as 

maximum DMSO concentration per treatment. 



 

232 
 

However, DoE approaches were employed and experience will be important to assist po-

tential application in the future. Future use of knowledge developed in this thesis could as-

sist screening of libraries of small molecule compounds (Dandapani et al., 2012, Wawer et 

al., 2014). Those factors and their unknown functions can be screened on developing HLCs 

at a range of concentrations using methods developed in this thesis to identify any matura-

tion potential.  

Approaches to generate HLCs treated with Chinese medicinal herbs and significantly im-

proving the hepatocyte function by increasing gene expression for CYP450 2C9 and 1A2 

between 2-4 times among other genes (Chen et al., 2016). However, the variability collect-

ing the herbs and preparing for treatment would increase batch to batch variation. Since 

the results were reported as promising, investigation of the active compounds included in 

those herbs should be considered using methods such as Liquid Chromatography/Mass 

Spectrometry (Zhang and Kang, 2013). 

Even if the identification of key factors that lead to the generation of mature HLCs is 

achieved, the problem that would then arise is the duration of their functional capacity. In 

pHEPs, the window of opportunity for drug screening and toxicity testing lasts a short time 

and then significant deterioration of metabolic functions occur (Zeilinger et al., 2016). 

Therefore ways to identify the correct signalling pathway combination that maintains the 

adult liver functions long-term need to be considered.  

Cost Considerations for HLCs Production 

HLCs production cost and batch-to-batch variability of required recombinant growth factors 

is a major bottleneck for the bulk generation of HLCs. These issues can be solved upon al-

ternative hepatocyte differentiation protocols that involve chemically synthesised small 

molecules that replace the need for expensive growth factors. Currently there are reports 

of small molecule based differentiation protocols (Tasnim et al., 2015, Siller et al., 2015) 
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demonstrating efficiencies similar to the growth-factor derived counterparts but with a sig-

nificant 67% cost reduction or 81% when these HLCs are compared with the pHEPs howev-

er, is still expensive as use of Activin is required (Tasnim et al., 2015).  

The DoE experiments in this thesis have investigated the effect of small molecules and 

chemically synthesised factors. In future DoE designs, identification of small molecules that 

can induce a mature phenotype can have a major impact on cost reduction and lead to an 

inexpensive bulk generation of functional HLCs. Combination of robotic platforms with a 

cost effective HLC differentiation protocol could also overcome the above limitations, re-

duce user variability and enable scalability (Kami et al., 2013).  

Automation and Large Scale HLCs Production 

Generation of HLCs in a robotic platform has not been reported in the literature before. The 

TECAN Freedom Evo 200 platform presented here had unique elements of automation, en-

gineering, a modular set up combining multiple functions and also liquid handling capabili-

ties enabling automation of the complete protocol. Most of the automated platforms cur-

rently used in research laboratories can support liquid handling (Jiang et al., 2012, Gaisford, 

2012) and bulk generation of HLCs could be possible. Generated HLCs in an automated 

manner would increase reproducibility, reduce labour, user variability and potential for 

human error (Veraitch et al., 2008). In non-modular systems where passaging of cells is not 

possible, semi-automated protocols can be employed by only using the liquid handling facil-

ities for seeding of cells and media changes. Overall, automation could enable large scale 

production of HLCs to support further applications (Schwartz et al., 2014). 

Uses of Foetal-like HLCs 

The current need in the pharmaceutical field is the generation of adult-like HLCs that can be 

used for drug screening and toxicity testing to replace human pHEP cells. However, the foe-

tal liver cells and subsequently foetal-like HLCs can still be used in a range of applications. 
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Foetal liver cells can be a good model for infection with hepatitis B virus, to replicate infec-

tion via maternal-foetal transmission, the major pathway for infection in young children 

(Sakurai et al., 2017). Foetal liver cells can also be an alternative option for patients with 

end-stage liver disease that requires hepatic cell transplantation (Yovchev and Oertel, 

2017). Studies have demonstrated that when transplanted, are morphologically and func-

tionally fully integrated and remain viable long-term (Oertel, 2011, Gridelli et al., 2012, 

Haridass et al., 2009). Similarly, generated HLCs have been transplanted into mouse liver 

and functional integration was demonstrated (Asgari et al., 2013). In the future, clinical 

grade generated HLCs could be transplanted in patients with liver disease. And upon the 

development of hiPSC, the HLCs generated could also be patient specific offering autolo-

gous therapies (Angelos and Kaufman, 2015).  

Use of Technology Developed from the HLC and Wider hPSC Field  

The quantifiable maturation assay could readily be used in studies investigating maturation 

effects in HLCs. The markers CYP450 1A2, 2C9 and 2A6 have been selected upon analysis of 

human proteomics data (Kim et al., 2014) for their expression in adult pHEP cells compared 

to foetal pHEP cells. The number of binucleated cells can also identify maturation of the 

HLC population as seen in the literature (Gentric et al., 2012, Davoli and de Lange, 2011). 

Examples could involve studies that have been described above such as treatment with 

cAMP (Ogawa et al., 2013) or attempt combination of Lithocholic Acid and Vitamin K2 

(Avior et al., 2015) or evaluation of female/male sex hormones and how these affect the 

expression of CYP450s (Koh et al., 2012).  

Another advantage of the developed assay could be its use as an evaluation tool in high-

throughput screening studies for the identification of compounds for maturation studies in 

HLCs. In that study, 12.480 small molecules were screened and the output assay was based 

on ELISA measurements for ALB secretion (Shan et al., 2013). The cost and labour associat-
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ed with the replicate samples for the ALB secretion assay could be significantly minimised 

upon the use of this assay. Additionally, the relevance of the outcome using the developed 

assay would closer fit the profile of pHEP cells since ALB was not identified as a mature 

marker (Kim et al., 2014). On the same note, studies using selected Phase I, II or III enzymes 

expressed in the liver or the commonly used markers of hepatocyte related proteins 

CYP450 3A4, HNF4a, A1AT or others, can assess them to identify whether are representa-

tive of the adult/mature state or not.  

In the biology and stem cell field, commercial assays that compare cell characteristics to a 

common reference set can enable cross-comparison between laboratories. Examples in-

clude the “TaqMan hPSC Scorecard assay” that is using RT-PCR assays and data analysis 

software to determine the tri-lineage differentiation potential of hPSC lines (Bock et al., 

2011). In a similar area, a screening assay that evaluates the potential of hPSCs to generate 

endoderm based on the DE morphology has helped to avoid costs and labour related to the 

derivation of endodermal lineages (Siller et al., 2016).  

Successful solutions to the issues generated upon indirect immunostaining and false posi-

tive signal and additional development of cellular phenotyping algorithms (Massey, 2015, 

Garvey et al., 2016) could also establish this assay into a commercially available option for 

assessing HLC quality compared to reference values derived from pHEPs. However, devel-

opment of this would also require the use of software algorithms and analysis tools that 

combine the data collected from every single measurement to calculate a single value or 

“score” (Huang et al., 2012). The advantage of this functional assay is that HLC generation 

could be compared across different laboratories and differentiation protocols, something 

that currently is impossible as discussed in Chapter 4.  

The proteomics study has not only investigated foetal and adult liver tissue, but also it has 

screened tissue from foetal brain, heart, gut, testis, ovary, placenta and their adult coun-
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terparts. This can open new opportunities in the investigation of mature markers for each 

of those pairs of foetal and adult tissues. Currently, the hPSC-derived cardiomyocytes are 

presenting immature morphology and foetal-like electrophysiological properties that limit 

further applications (Vuorenpää et al., 2017, Kolanowski et al., 2017). Similarly, differenti-

ated hPSCs into neurons present functional deficits limiting the potential applications and 

further research (Kemp et al., 2016). Therefore, a study that identifies the most differential-

ly expressed proteins in foetal and adult cells can lead to the identification of markers that 

can accurately identify the two states.  

A unique advantage of the TECAN Freedom Evo robotic platform and the liquid handling 

options offered within, could be used to automate the complete immunostaining protocol. 

Robotic platforms have been used to accommodate techniques such as gene sequencing, 

antibody testing and quantitative PCR (Gaisford, 2012, Kong et al., 2012). In the TECAN 

Freedom EVO 200 platform, availability of large/small liquid handling functions, arms for 

handling a range of plate/vessel and transportation of those within the platform can create 

an environment that can facilitate the development of an automated immunostaining pro-

tocol. Similar scenarios have been used for dual immunostaining using a TECAN Freedom 

Evo 150 platform (Rumballe et al., 2008) and nuclei propidium iodide staining on the NCGC 

robotic platform (Michael et al., 2008). Automating the immunostaining part for HLCs in the 

TECAN Freedom Evo or in a similar platform would have an impact on time and labour re-

quired, cost of assay by enabling the use of low volumes, eliminate user variability (Veraitch 

et al., 2008) and subsequently increasing the reproducibility of the assay.  

The disadvantage of the assay is that the results rely on the use of an automated plate 

reader, in this study the Operetta (Perkin Elmer), for High Content measurements and anal-

ysis using the developed quantification script. However, automated plate readers and high 

content screening is readily available in similar platforms (Singh et al., 2014, Zock, 2009) 
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that include analysis software but open source software is also currently available for these 

purposes (Stockwell and Mittnacht, 2014). 

Final Remarks   

Human PSC-derived HLCs could potentially replace the need for primary hepatocytes in 

drug testing and toxicity screening applications. However, the disadvantage currently limit-

ing further applications is the immature phenotype and low expression of mature CYP450 

enzyme expression. This thesis has demonstrated that the HLCs, under the correct signal-

ling modulation, can differentiate into more mature counterparts. The results were 

achieved upon the employment of a statistically powerful approach “Design of Experi-

ments” and screened factors identified to potentially increase maturation of hepatic cells. 

Initially, the development of the hepatocyte differentiation protocol succeeded to generate 

HLCs with increased expression of hepatocyte related markers. Then, the need for a quanti-

fiable assay to identify mature outputs was discussed, developed and evaluated in HLCs and 

pHEPs populations. Finally, DoE designs were employed to screen groups of factors and 

identify maturation characteristics evaluating responses using the quantification assay de-

veloped. The current study demonstrated limitations, however yielded a set of factors that 

could potentially induce a more mature phenotype when differentiating to HLCs. Methods 

and technologies developed during the study can readily be used in the HLC field or 

adapted to accommodate studies in the wider stem cell field. Future work has to take into 

consideration screening of a wider number of factors in a way that is combined and not 

separated into groups, and potentially lead to identify missing interactions and unravel a 

set of factors that could induce a mature, pHEP comparable, HLC population. Last but not 

least the difference between the temporary induction of expression and mature phenotype 

has to be taken into account and identify ways to maintain an increased long-term metabo-

lising profile.   
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7. Appendices 

Table 23 Evidences supporting the selection of the activators and their relation to the appropriate signalling pathway and reponses that have been recorded in the literature. 

Pathway/ Molecule  Evidences & Reports Activators  

Constitutive An-
drostane Receptor 
(CAR)  

Regulating dispositional fate of drugs, chemical carcinogens, endog-
enous substances such as steroids, heme and bilirubin, thyroid hor-
mone, cholesterol and bile acids as discussed in (Chen et al., 2013)  

Dexamethasone has a proven role to enhance CAR expres-
sion in human hepatocytes (Pascussi et al., 2000, (Yang and 
Wang, 2014) 

Drug clearance and detoxification (Chang and Waxman, 2006). 
Regulating lipid and energy metabolism in the liver (Wada et al., 
2009) 
Lentiviral transduction of CAR in hESCs, accelerated the maturation 
of hepatic-like cells and demonstrated that CAR over-expressing 
cells exhibited a 2.5-fold increase in ALB, levels of mRNA expression 
of biotransformation enzymes, hepatic transcription factors, plasma 
proteins and metabolic enzymes were significantly enhanced (Chen 
et al., 2013) 

CITCO has been reported as a novel human CAR agonist 
that shows increased potency, selectivity for hCAR and 
ability to induce the prototypical CAR target gene CYP450 
2B6 in primary human hepatocytes (Maglich et al., 2003) 

Highly enriched expression in the liver and in tissues with capacity 
for drug metabolism such as kidney and small intestine (Timsit and 
Negishi, 2007, Swales and Negishi, 2004) 

Flavone demonstrated nuclear translocation of hCAR how-
ever, the percentage of nuclear translocation was lower 
that CITCO (Lynch et al., 2015) 

Use of a CAR deactivator, fully confirmed the relation of CAR to the 
expression of the detoxification enzymes (Funakoshi et al., 2011) 

Use of the LY29004 compound, a PI3K inhibitor, could po-
tentially block insulin’s response and allow CAR/PXR to ac-
tivate the response (Kodama et al., 2004) Insulin is reported to inhibit the role of CAR and PXR in the induction 

of drug-metabolising enzymes (Kodama et al., 2004). Insulin’s signal 
is mediated through Phosphoinositide 3-kinase – Protein Kinase B 
(PI3K-AKT) pathway (Kodama et al., 2004). 
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Pregnane X Receptor Important regulator for xenobiotic-induced regulation of CYP450 
isotypes (Sinz et al., 2008).  

SR12813 reported as a full PXR agonist due to its chemistry 
and binding patterns on hPXR (Watkins et al., 2001) It is 
used as reference compound for hPXR activation in multi-
ple studies (Delfosse et al., 2015, Shukla et al., 2011, Sui et 
al., 2012).  

Proven that multiple compounds such as steroids, antibiotics, anti-
mycotics, bile acids, hormones, toxins, organophosphate pesticides, 
glucocorticoids, prescription drugs and environmental chemicals can 
activate PXR and trigger activation of a detoxification process 
(Kliewer et al., 2002).  

Retinoid acid-related 
orphan receptors 
(RORs) 

RORs are expressed in the brain, central nervous system but also in 
the liver, having an active role in the xenobiotic and endobiotic 
regulatory network (Xiao et al., 2010).  Melatonin is a pineal gland 
produced hormone regulating mainly sleep timing patterns and 
body temperature (Cajochen et al., 2003, Brown, 1994) 

In human breast cancer cell lines, treatment with Melato-
nin activates nuclear receptors including Estrogen Receptor 
α and Retinoic Acid Receptor α, mediating maintenance 
and metabolic cellular activities (Carbajo-Pescador et al., 
2011, He et al., 2016, Eck-Enriquez et al., 2000, Lai et al., 
2008) 

Retinoic Acid Recep-
tors (RAR)   

 Retinoic Acid (RA) treatment could lead to the production of un-
saturated fatty acids, induce triglyceride breakdown, lipolysis, bile 
acid secretion and retinoids elimination, all of which are characteris-
tics of mature liver cells (He et al., 2013).  

The all-trans-retinoic acid (ATRA) can induce an effect 
regulating cell responses upon binding on nuclear recep-
tors (RAR-a/β/γ) (di Masi et al., 2015)  

Retinoic X Receptors 
(RXR) 

RXRs are differentially expressed in tissues while the RXRα is mainly 
expressed in the liver, kidney, spleen, placenta, epidermis, visceral 
tissues (Szanto et al., 2004) 

The isomer 9-cis-retinoic acid (9CRA) binds on the retinoic-
X-receptors (RXR-a/β/γ) (di Masi et al., 2015) 

RXR receptor is also activated by the synthetic Pan-RXR 
agonist SR11237 (Dawson and Xia, 2012) 

 A synthetic compound known as bexarotene, initially ap-
proved to treat cutaneous T-cell lymphoma, showed that it 
is acting as retinoid X receptor (RXR)-specific agonists 
(Wagner et al., 2009) 
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Vitamin D  The effect of vitamin D is mediated by Vitamin D Receptor (VDR) and 
binding patterns of VDR response elements (VDRE) have been iden-
tified on their promoters  (Zúñiga et al., 2011) 

Confirmed Vitamin D's role to lead detoxifying activities in 
human primary cultured hepatocytes measured by in-
creased expression of CYP450 enzymes such as CYP450 
3A4, 2B6 and 2C9 (Drocourt et al., 2002).  

Expression of CYP450 7A1 was increased by Calcitriol, 
which is the hormonally active vitamin D metabolite, 
treatment in human primary cultured hepatocytes (Han 
and Chiang, 2009) 

Vitamin K  Vitamin K has an essential role in the synthesis of GLA-protein family 
members that are blood coagulation factors and are exclusively 
formed in the liver. Administration of Vitamin K to new-borns is a 
common practise to avoid bleeding events (Vermeer, 2012) 

In presence of Vitamin K, synthesis of blood coagulation 
factors occurs in the liver inducing an adult liver character-
istic and leading to a more mature liver cells phenotype  
(Conly and Stein, 1992, Walther et al., 2013) 

Farnesoid X receptor 
(FXR) 

FXR is highly expressed in tissues that are exposed to bile acids such 
as liver, intestine, kidney and adrenal gland (Zhang et al., 2003) 
(Zhang et al., 2003)  

In human hepatocytes, activation of FXR with GW4064 is 
possible leading to enhanced promoter activity of CYP450 
2B6 however, represses CYP450 3A4 mRNA expression 
(Zhang et al., 2015) 

FXR is activated by endogenous bile acids regulating genes involved 
in bile acid, lipid and glucose homeostasis (Modica et al., 2010) 

Cholesterol metabolism is regulated through FXR and di-
rectly activated by a primary bile acid, Chenodeoxycholic 
acid that regulates expression of cholesterol 7 alpha-
hydroxylase (CYP450 7A1) limiting or allowing bile acid bio-
synthesis (Tu et al., 2000) 

Fibroblast Growth Fac-
tor 19 

Fibroblast growth factor 19 (FGF19), an enterokine, been reported 
to have an essential role governing bile acid synthesis, glucose ho-
meostasis and nutrient metabolism in the human liver (Kir et al., 
2011b, Beenken and Mohammadi, 2009)  

FGF19 regulates hepatic protein synthesis, improve meta-
bolic rate lowering serum glucose, triglyceride and choles-
terol levels (Kir et al., 2011a, Wu et al., 2011) 
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Bile Acids - Lithocholic 
Acid (LCA) 

LCA is a secondary bile acid that is produced by intestinal bacteria 
and induces PXR receptor activity to protect against liver toxicity 
(Staudinger et al., 2001) 

Confirmed that LCA also induces expression of PXR that 
results in 70% nuclear localisation and increase in CYP450 
induction response (Avior et al., 2015) 

Bile Acids - Taurocho-
late Acid (TCA) 

In isolated primary hepatocytes cultured with TCA, the development 
of a branched canaliculi network and polarisation of cells was 
demonstrated (Fu et al., 2011) 

The mechanism of TCA action is mediated by increasing the 
cellular Cyclic Adenosine Monophosphate (cAMP) and ki-
nases responsible to trigger the hepatocyte polarisation 
gene programme (Fu et al., 2011) 

Cyclic Adenosine 
Monophosphate 
(cAMP) 

cAMP-mediated expression of PPARγ co-activator 1a (PGC1a) which 
functions together with HNF4a to regulate expression of liver specif-
ic genes (Dankel et al., 2010, Parviz et al., 2003, Finck and Kelly, 
2006)  

Use of 8-Br-cAMP in the maturation stage of HLCs, induces 
gene expression of Glutathione 6 phosphatase (G6P) and 
Tyrosine Amino-Transferase (TAT) while AFP protein ex-
pression reported low compared to the control. Additional-
ly, CYP450 enzymes 1A2 and 3A4 showed an increased ex-
pression reporting inductive ability of cells to metabolise 
drugs (Ogawa et al., 2013) 

Aryl Hydrocarbon Re-
ceptor 

AHR can sense a range of exogenous ligands such as ben-
zo[a]pyrene, 2,3,7,8-tetrachlorodibenzodioxin and 3-
methylcholanthrene (Hu et al., 2013, Kim et al., 2016) and functions 
by binding to Xenobiotic Response Elements leading to the tran-
scription of metabolising genes such as CYP450 1A1, 1A2 and 1B1 
(Noakes, 2015, Stockinger et al., 2014) 

hPSC derived HLCs activation of AhR by “2-(1H-Indol-3-
ylcarbonyl)-4-thiazolecarboxylic acid methyl ester” (ITE) led 
to prominent induction and robust expression of genes 
including CYP450 1A1 and 1B1 but not 1A2 suggesting that 
AhR is transcriptionally active in hPSC-HLC types (Kim et al., 
2016) 

HIPPO Signalling 
pathway 

When the HIPPO pathway is inactive, the transcriptional coactivator 
“Yes-associated pro-tein 1” (YAP1) is allowed to promote expression 
of genes associated with embryonic enhancer regions, influencing 
an embryonic state of the cells (Alder et al., 2014, Yimlamai et al., 

Y27632, a Rho kinase inhibitor, reported to cause nuclear 
export of YAP (Johnson and Halder, 2014, Alder et al., 
2014, Dupont et al., 2011) 
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2014). During maturation of liver, the HIPPO pathway is activated 
and YAP1 is inhibited from binding on the embryonic enhancer re-
gions thus allowing a maturate gene expression programme to take 
place (Yimlamai et al., 2014). Activation of the HIPPO Signalling 
Pathway can be achieved by using Verteporfin. Has also been found 
to bind and inhibit YAP1 leading to hepatocyte maturation events  
(Liu-Chittenden et al., 2012)  

Epinephrine inhibits YAP1 through G-protein Coupled Re-
ceptor (GPCR) activation and by activating kinases that 
phosphorylate YAP1 at key residues leading to inhibition of 
its role (Ghanouni et al., 2001, Kobilka, 2007, Yu et al., 
2012a). Through GPCR activation, YAP1 is inhibited by Glu-
cagon. Glucagon receptor is expressed in hepatocytes and 
leads to phosphorylation of YAP1 (Yu et al., 2012a).  

Peroxisome Prolifera-
tor Activated Recep-
tors (PPAR) 

PPARα is highly expressed in liver and skeletal muscle, PPARβ is ex-
pressed in most cell types and PPARγ preferentially expressed in 
adipose tissues but also in the liver (Smith, 2002). Activation of the 
receptors occur upon binding of endogenous fatty acids, environ-
mental chemicals, and drugs that induce a multi-enzyme metabolic 
response that affects lipid and fatty acid processing (McMullen et 
al., 2014, Finck and Kelly, 2006). 

The potent and highly selective PPARα activator GW7647 
has shown to increase several key transcription factors, 
including HNF4α, and lead to expression of enzymes for 
organic acid metabolism, cell lipid metabolism and lipid 
transport (McMullen et al., 2014) 

Hypoxia  A low 4% oxygen concentration for the hepatoblast and immature 
hepatocyte stage and a 20% concentration at the final stage of dif-
ferentiation mimic oxygen concentration in the human uterus and 
decreased the expression of AFP, increased ALB expression, indocy-
anine green uptake and urea metabolism (Si-Tayeb et al., 2010b).  

Investigation of a high oxygen concentration was not pos-
sible hence induction of hypoxia and identification of de-
crease in enzyme expression was tested evaluated. Co-
balt(II) chloride hexahydrate was described to provide a 
stable 5% oxygen level in various cell lines and used to re-
duce the oxygen concentration (Xia et al., 2009, Wu and 
Yotnda, 2011) 

Epigenetic Factors Chromatin structure can be modified upon histone modifications 
and DNA methylation essentially regulating gene expression affect-
ing accessibility of target sites to transcriptional regulators 

5′-Azadeoxycytidine induces global de-methylation, en-
hances open chromatin formation and increases gene ex-
pression.  
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(Meshorer and Misteli, 2006). Histone modifications induced by His-
tone Deacetylases lead to hypoacetylated histones that are usually 
associated with transcriptionally inactive chromatin structure (Wu 
and Sun, 2006). Overall, studies suggest that stem cell differentia-
tion protocols can be affected by DNA demethylation, which could 
lead to studies evaluating the use of DNA epigenetic modification 
agents (Zhou and Hu, 2015)  

Trichostatin A (TSA) is an HDAC inhibitor, commonly used 
in the stem cell differentiation field, enhancing differentia-
tion of human induced pluripotent stem cells to cardiomy-
ocytes that could be used for cardiac tissue engineering 
(Lim et al., 2013) 

Sodium Butyrate carries a function inhibiting Histone 
Deacetylation, essentially allowing more genes to be ex-
pressed (Berni Canani et al., 2012) 

Hormones 17β Estra-
diol/Progesterone & 
Testosterone 

In primary hepatocytes, 17β Estradiol upregulates the expression of 
the CYP450 2B6 and in HepG2 cells it activates the CAR receptor and 
enhances promoter activity of CYP450 2B6 (Koh et al., 2012). Pro-
gesterone, is also significantly increased during pregnancy (Kumar 
and Magon, 2012). Their role was evaluated using human primary 
hepatocytes and significant changes in CYP450 enzyme expression 
were identified (Choi et al., 2013) 

Estradiol is associated with enhanced CYP450 2A6, 2B6 and 
3A4 gene expression while Progesterone enhanced CYP450 
2A6, 2B6, 2C8, 3A4, and 3A5 gene expression (Choi et al., 
2013). Testosterone is the major male hormone metabo-
lised in the liver by CYP450 2B6, 3A4/5 and/or by 2C9 and 
1A1 (Zanger and Schwab, 2013). Multiple roles in male 
hormonal regulation (Hines et al., 2015, Bain, 2007). 

Thyroid Hormones Thyroid hormones L-thyroxine (T4) and 3,5,3′-L-tri-iodothyronine 
(T3) are produced and secreted by the thyroid gland (Malik and 
Hodgson, 2002).  Their role is known since the 1980’s in liver cell 
proliferation (Short and Ove, 1983), liver regeneration (Leffert and 
Alexander, 1976) and more recently differentiation of rat liver pro-
genitor cells into hepatocytes (László et al., 2008). Thyroid hor-
mones affect hepatic gene expression though a diverse range of cel-
lular pathways and functions (Feng et al., 2000, Miler et al., 2008) 

T3 is reported upon increased expression of (Low Density 
Lipoproteins) LDL receptors on the hepatocytes and de-
creased LDL cholesterol levels (Ness et al., 1998, Malik and 
Hodgson, 2002). Administration of T3 leads to increased 
activity of enzymes responsible for lipid-lowering resulting 
in the reduction of low density lipoprotein levels from se-
rum, characteristic of mature human hepatocytes (Ness 
and Lopez, 1995) 
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Lipids and Fatty Acids The liver is a key site for lipid metabolism and hub for fatty acid syn-
thesis (Nguyen et al., 2008). For neonates, a main energy source is 
fatty acids from breastfeeding (Lucendo-Villarin et al., 2016, Borum, 
1992)   

A chemically defined lipid mixture supplement contains the 
non-animal derived fatty acids arachidonic, linoleic, lino-
lenic, myristic, oleic, palmitic and stearic acids, cholesterol 
and tocopherol acetate solubilized in cell culture medium. 
Presence of lipids and fatty acids in developing HLC could 
replicate processes in the human liver (Jump et al., 2005, 
Nguyen et al., 2008) 

Antioxidants  During detoxification processes in the liver, an excessive number of 
toxic and reactive oxygen species (ROS) are produced as by-
products, resulting in oxidative damage to the hepatocytes and 
compromising its functions (Chojnacki et al., 2014). Oxidative stress 
induces damage to proteins, lipids and DNA within the liver cells 
leading to structural and functional liver abnormalities (Cichoż-Lach 
and Michalak, 2014)  

Ascorbic Acid is used as a reducing agent in hepatocytes 
mediating the oxidation process (Buettner and Jurkiewicz, 
1996, Miler et al., 2008). Melatonin, regulates ROR binding 
and detoxification enzyme expression, also plays an im-
portant role in the liver as an antioxidant (Chojnacki et al., 
2014, Reiter et al., 2003) 

FH1 and FPH1 A small-molecule screening approach targeting to identify factors 
that can induce proliferation but also maturation of human HLCs 
(Shan et al., 2013) highlighted that FH1 (Functional Hit 1) and FPH1 
(Functional & Proliferative Hit 1) doubled ALB secretion. Morpholo-
gy of the cells was improved with pronounced hepatocyte morphol-
ogy including polygonal cells, visible nuclei and identifiable bile 
canaliculi regions between hepatocytes (Shan et al., 2013)  

Increased expression of the characteristic mature bile salt 
export pump and reduced expression of the foetal GSTp1 
expression. Immunocytochemistry for protein expression 
showed increased ALB, CYP450 3A4 and low. Functional 
activity of CYP450 3A4 was found multiple times higher 
while presence of OSM induced additive positive effects in 
regards to CYP450 3A4 and 2A6 activity (Shan et al., 2013) 

Dihexa The “N-hexanoic-Tyr, Ile-(6) amino hexanoic amide”, commercially 
known as Dihexa, was originally developed as therapeutic interven-
tion for dementia (McCoy et al., 2013). It was also identified as a 
highly potent HGF receptor activator (Siller et al., 2015). Dihexa acts 
similarly to HGF and when combined with Dexamethasone can sub-
stitute a maturation effect (Siller et al., 2015, Sullivan et al., 2010). 

 Advantages of the chemically synthesised Dihexa are its 
potency at very low concentrations such as 100nM equals 
to 10ng/ml of HGF, as well as stable under cell culture con-
ditions. 
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Essential factors for 
Culture of Primary 
Human Hepatocytes 

The basic culture medium for the primary human hepatocyte cells  
contains a) Bovine Serum Albumin, b) D-Glucose and c) Media Sup-
plements 1 (MS1), 2 (MS2) and 3 (MS3). MS1 contains trace ele-
ments for basic cell viability copper sulphate, zinc sulphate, sodium 
selenite, niacinamide and dexamethasone, MS2 contains transferrin 
essential for delivery of iron (Kasvosve and Delanghe, 2002) and 
MS3 contains Insulin discussed above. 

BSA is an isolated and less variable fraction of the total Fe-
tal Bovine Serum (FBS). FBS use been reported to cause 
loss of hepatocyte polarity and significant lower expression 
of CYP450 1A enzymes (Kidambi et al., 2009)  

Use of D-Glucose in mammalian cell cultures provides a 
stable fuel source to support basic metabolic activity (Zhao 
et al., 2008). However, another stable energy source in cell 
culture is the GlutaMAX supplement consisting of the di-
peptide l-alanyl-l-glutamine that is more efficiently taken 
up by cells.  
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Table 24 Comparison of outputs for the Hepatocyte Differentiation protocols in the current literature 
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(Toivonen 
et al., 
2013) 

  ALB, AFP  ALB, AFP                                       

(Medine 
et al., 
2011) 

  ALB, AFP, 
ECAD 

                  Y                     

(Cai et al., 
2007) Y 

AΑΤ, AFP, 
ALB, CK18 

ALB, A1AT, HNF4a, PEPCK, 
TDO2, TAT, CYP450 7A1, 
CYP450 2B6, CYP450 3A4 

    Y                         Y Y     

(Hay et 
al., 2008a)     

ALB, AFP, HNF4a, TAT, TO, 
APOF, CYP450 3A4, CYP450 7A1     Y Y   Y Y Y                       

(Si-Tayeb 
et al., 
2010) 

Y 
ALB, AFP, 

HNF4a   ALB   Y                         Y Y Y Y 

(Song et 
al., 2009) Y   

AFP, ALB, CK8, CK18, CK19, 
A1AT, TDO2, CYP450 2A6, 

CYP450 3A4, IF A1AT, CYP450 
3A4  

    Y     Y   Y               Y       

(Hay et 
al., 2008b) Y 

ALB, 
CK18, 
CK19, 

CYP450 
3A4, c-

MET 

HNF4a, AFP, ALB, A1AT, c-MET, 
E-CAD, CYP450 3A4, CYP450 

3A7, CYP450 2C9, CYP450 2C19, 
PXR  

  

HNF4a, 
AFP, ALB, 
TAT, TTR, 
TO, CAR, 

APOF  

 Y            Y      Y               



 

247 
 

Re
fe

re
nc

e 

M
or

ph
ol

og
y 

Im
ag

es
 

Im
m

un
os

ta
in

in
g 

G
en

e 
Ex

pr
es

si
on

 

Fl
ow

 C
yt

om
et

ry
 

W
es

te
rn

 B
lo

t 

Al
bu

m
in

 S
ec

re
tio

n 

AF
P 

Se
cr

et
io

n 

A1
AT

 S
ec

re
tio

n 

U
re

a 
Sy

nt
he

si
s 

Fi
br

in
og

en
 S

yn
th

es
is

 

P4
50

 A
ct

iv
ity

 

CY
P4

50
 3

A4
 

CY
P4

50
 3

A7
 

CY
P4

50
 2

D
6 

CY
P4

50
 1

A2
 

CY
P4

50
 2

C9
 

Al
co

ho
l D

eh
yd

ro
ge

na
se

 

Li
qu

id
 C

hr
om

at
og

ra
ph

y 
/ 

M
as

s 
Sp

ec
tr

om
et

ry
 

PA
S 

St
ai

ni
ng

 

IC
G

 S
ta

in
in

g 

O
il 

Re
d 

St
ai

ni
ng

 

LD
L 

U
pt

ak
e 

(Agarwal 
et al., 
2008) 

Y 

GATA4, 
HNF4a, 

AFP, ALB, 
A1AT 

AFP, ALB, CYP450 3A4, CYP450 
7A1      Y                         Y Y     

(Asgari et 
al., 2013) Y 

AFP, 
CK18, 
ALB, 

A1AT, 
CYP450 

1A1 

      Y Y   Y   Y               Y Y Y Y 

(Chen et 
al., 2012) Y   

AFP, HNF4a, ALB, CK18, G6P, 
TDO2, TAT, CYP450 3A4, 

CYP450 7A1  
          Y     Y             Y     Y 

(Touboul 
et al., 
2010) 

Y 

CK18, 
A1AT, 

ALB, AFP, 
CK19 

HNF4a, HNF6, CEBPa, AFP, ALB, 
A1AT, TO, TAT, CYP450 3A7, 

CYP450 7A1  

ASGPR1, 
cMET, 
LDLR 

                Y             Y   Y 

(Hannan 
et al., 
2013) 

Y 
ALB, 

A1AT, 
CK18 

  
AFP, 
ALB, 
A1AT  

            Y               Y     Y 

(Duan et 
al., 2010)   MRP1, 

OATP2 

ALB, A1AT, CYP450 1A1, 1A2, 
1B1, 2A6, 2A7, 2B6, 3A4, 2C8, 
2C9, 2C19, 2E1, 7A1, UGT1A1, 

UGT1A3, UGT1A6, UGT1A8, 
UGT1A10, UGT2B7, GST P1-1, 

GST A1-1 

A1AT, 
ASGPR1 
and ALB 

  Y                       Y   Y     
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(Magner 
et al., 
2013) 

  ALB 
ALB, ASGPR1, A1AT, AFP, 

CYP450 3A4                                        

(Siller et 
al., 2015) Y 

ALB, AFP, 
HNF4a, 
A1AT 

A1AT, AFP, ALB, APOA2, AS-
GPR1, CYP450 3A4, HNF4a, 

TDO2, TTR 
    Y   Y   Y   Y     Y       Y  Y     

(Baxter et 
al., 2015) Y 

ALB, 
A1AT, 

CYP450 
2A6, AFP, 

GSTp, 
HSP47 

CYP450 1A1, 1A2, 1B1, 27A1, 
2A13, 2B6, 2C18, 2C19, 2C8, 

2C9, 2D6, 2E1, 2F1, 3A4, 3A5, 
3A7, 4A11, 4F11, 4F2, 4F3, 7A1, 

7B1, 8B1, ALDH Family, FMO 
Family 

CYP450 
2A6, 
AFP, 

GSTp, 
HSP47 

CYP450 
2A6, 

GSTp, 
HSP47  

Y           Y   Y     Y           

(Takayam
a et al., 
2014) 

Y A1AT   
ASGPR1, 

ALB    Y     Y                           

(Asplund 
et al., 
2016) 

Y 
HNF4a, 
CK18, 

A1AT, ALB 

A1AT, ALB, CYP450 1A1, 1A2, 
2C9, 3A4, 3A7, 3A5, GSTA1-1, 

UGT2B7, NTCP, OATP1B1 
              Y     Y Y Y             

Total  13 15 13 6 2 10 2 1 5 2 5 4 1 2 2 1 1 1 7 7 2 5 
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Table 25 Literature review for the factor concentrations used in the literature to decide the range of concentration tested in the DoE approaches.  

Signalling Pathway 
Factor 
Final Range 

Concentration range 
in studies 

Cell type – Experimental Plan Reference 

Cyclic Adenosine 
Monophosphate 
8-Br-cAMP 
100uM – 1000uM 

2mM Investigation of BCRP/ABCG2 transporters transcription upon EGF or 8-
Br-cAMP treatment in human ovarian carcinoma cells  

(Xie et al., 2015) 

1mM Hepatocyte like cells treatment with 8-Br-cAMP leads to expression of 
mature hepatocyte proteins G6P and TAT 

(Ogawa et al., 2013) 

100uM Increase survival and protect Pancreatic cancer cells from serum with-
drawal cell death 

(Zimmerman et al., 
2015) 

125uM Examine the long-term effects of cAMP on Neuromuscular junction 
maturation. Elevation of cAMP essential for maturation 

(Song and Jin, 2015) 

50uM Increased cAMP leads to Dendritic cells activation and regulate immun-
ity and allergic asthma 

(Lee et al., 2015) 

Pregnane X Receptor 
Lithocholic Acid 
10uM – 100uM 

75uM – 200uM Used to selectively kill Neuroblastoma cells at 150uM protecting prima-
ry cultures of human neurons  

(Goldberg et al., 2011) 

10uM – 50uM HLC treatment in combination with Vitamin K2 increased CYP450 en-
zyme expression. Mild toxicity at 50uM  

(Avior et al., 2015) 

1uM – 1mM Lithocholic Acid decreases osteoblast viability by downregulating vita-
min D related effects  

(Ruiz-Gaspà et al., 2010) 

0uM – 50uM Increased expression of the urokinase-type plasminogen activator re-
ceptor and enhanced cell invasiveness in colon cancer cells 

(Baek et al., 2010) 

10uM – 30uM Treatment of Caco-2 cells showed that lithocholic acid activates FXR 
that may play an essential role in lithocholic acid homeostasis 

(Lu et al., 2005) 

Cyclic Adenosine 
Monophosphate 
Taurocholate Acid 
25uM – 200uM 

0uM – 100uM High concentration of Taurocholate acid induces apoptosis in human 
placenta-trophoblast epithelial cells 

(Zhang et al., 2014) 

0uM – 200uM Human cholangiocarcinoma cells treated with Taurocholate increased 
their invasion rates  

(Liu et al., 2015) 

25uM – 200uM Rat pHEPs 100uM Maximal effect to induce polarisation of cells and (Fu et al., 2011) 
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development of branched canaliculi network 
1uM Human and rat hepatocytes treated with Taurocholate to investigate 

their transporter activity and IC50 values of compounds 
(Jemnitz et al., 2012) 

0.2uM and 2uM In human ovarian tumour cells, treatment led to expression of OATP 
1A2 transporter and highlighted potential role of FXR in activation 

(Yang et al., 2014) 

Vitamin K Receptor 
Vitamin K2 
5uM – 100uM 

5uM In Human leukemia cells, treatment with Vitamin K induces growth ar-
rest supressing c-MYC expression  

(Maniwa et al., 2015) 

1uM and 5uM Growth inhibition effects were detected by testing Vitamin K2 treat-
ment in Hepatocellular carcinoma cells 

(Zhang et al., 2012) 

100uM – 150uM Evaluation as an effective anticancer drug in breast cancer cells showed 
decrease in adhesion and viability of cells 

(Kiely et al., 2015) 

100uM Protective role against osteoporosis, atherosclerosis and carcinogenesis 
suppressing NFkB expression in Hepatocellular carcinoma cells 

(Xia et al., 2012) 

10uM HLC treatment in combination with LCA increased CYP450 enzyme ex-
pression. 

(Avior et al., 2015) 

Small Molecules FH1 
5uM – 30uM 

15uM Unique study identified the role of FH1 and FPH1 factors increasing ma-
ture gene expression and mature morphological characteristics in 
Hepatocyte Like Cells 

(Shan et al., 2013) 

Thyroid Hormones 
T3 
10nM – 100nM 
 

7.5nM – 750nM In astrocytes, treatment with thyroid hormone T3 lead to upregulation 
of apolipoprotein E gene expression through activation of RXRα  

(Roman et al., 2015) 

0.1nM – 1000nM In Piglet Sertoli cells, T3 inhibits the proliferation via modulating the 
PI3K/Akt signalling pathway  

(Sun et al., 2015) 

10nM Role in cancer progression upon T3 treatment in HepG2 cells through 
upregulation of BSSP4, a protease participating in ECM remodelling 

(Chen et al., 2014a) 

100nM In hepatic cells, miRNA-181d is regulated by T3 negatively regulates 
CDX2 and SOAT2 mRNA expression levels 

(Yap et al., 2013) 

0nM – 10nM Treatment of HepG2-TRa1 cells with T3 leads to enhanced tumour me-
tastasis profile by repressing miR-17 expression  

(Lin et al., 2013) 
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HGF Receptor 
Dihexa 
10nM – 200nM 

1uM Evaluation of Dihexa as a potential hair cell protectant in 
Zebrafish lateral line hair cells through HGF-mediated mechanism 

(Uribe et al., 2015) 

100nM Differentiation of Hepatocyte like cells demonstrating expression 
of markers, key hepatic functions and cytochrome CYP450 
activity 

(Siller et al., 2015) 

HIPPO Signalling 
Pathway Verteporfin 
3uM – 40uM 

0uM – 5uM Using Trebecular meshwork cells, it was shown that verteporfin 
inhibits the expression of YAP 

(Chen et al., 2015b) 

0uM – 35uM Investigating new therapies for ocular cells used Verteporfin to 
pre-treat the cells before laser therapy 

(Ammar and Kahook, 
2013) 

0.56uM Therapeutic potential of Photodynamic therapy in Endothelial 
and Tumour cells in response to verteporfin treatment  

(Fateye et al., 2015) 

250nM Treatment of Pancreatic cancer using Photodynamic therapy and 
pretreating with Verteporfin  

(Celli et al., 2011) 

0.6uM – 6uM Treatment of HepG2 cells with verteporfin and photoinduced 
treatment led to lethal apoprotic process  

(Chiou et al., 2010) 

HGF Receptor 
HGF 
5ng/ml – 50ng/ml 

50ng/ml Differentiation of hPSC into HLC demonstrating liver functions by im-
munocytochemistry and/or functional assays 

(Touboul et al., 2010) 
20ng/ml (Si-Tayeb et al., 2010b) 
10ng/ml (Hay et al., 2008b) 
0ng/ml (Song et al., 2009b) 

Oncostatin M 
OSM 
5ng/ml – 50ng/ml 

50ng/ml Differentiation of hPSC into HLC demonstrating liver functions by im-
munocytochemistry and/or functional assays 

(Magner et al., 2013) 
30ng/ml (Hannan et al., 2013) 
20ng/ml (Toivonen et al., 2013) 
10ng/ml (Asgari et al., 2013) 
0ng/ml (Touboul et al., 2010) 

Glucocorticoid Receptor 
Hydrocortisone 
1uM – 10uM 

10uM Differentiation of hPSC into HLC demonstrating liver functions by im-
munocytochemistry and/or functional assays 

(Toivonen et al., 2013) 

10uM (Hay et al., 2008b) 
Constitutive Androstane 100nM Induction of CYP450 2B6 and CYP450 3A4 expression in human hepato- (Yang et al., 2010) 
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Receptor CITCO 
50nM – 200nM 

cytes  
Freshly isolated human hepatocytes CITCO treatment 

100nM Identification of a novel human constitutive androstane receptor (CAR) 
agonist and its use in the identification of CAR target genes. CITCO in 
Primary Human Hepatocytes 

(Maglich et al., 2003) 

1nM – 1uM Regulation of cytochrome CYP450 2C9 expression in primary cultures of 
human hepatocytes 

(Sahi et al., 2009) 

100nM Xeno-sensing activity of the aryl hydrocarbon receptor in human plu-
ripotent stem cell-derived hepatocyte-like cells. Activation of CAR – 
PXR and AhR 

(Kim et al., 2016) 

100nM Primary human hepatocytes, CITCO treatment improves long term cul-
ture and expansion  

(Levy et al., 2015) 

Constitutive Androstane 
Receptor Dexame-
thasone 
0.1uM – 5uM 

100nM Hepatocyte culture treatment for CYP450 studies  (Kostrubsky et al., 1999) 
5uM Protected role of Dex on Hepatocytes against apoptosis (Oh et al., 2006) 
0-10uM Effect of Dex on CYP450 1A activity primary human hepatocytes (Monostory et al., 2005) 
0-10uM PXR activation on PXR-transfected T293 cells  (Song et al., 2004) 
1nM to 1uM  Dexamethasone Induces CAR Expression in Human Hepatocytes (Pascussi et al., 2000) 

Constitutive Androstane 
Receptor Flavone 
20uM – 80uM 

60uM Identification study for CAR activators  (Lynch et al., 2015) 
40uM Treating cancer cell lines Caco2 and Paco with Flavone isomers (LeJeune et al., 2015) 

Protein Supplementa-
tion 
Serum or 
Knock-out 
Serum 
0% - 10% 

8.3% FBS 8.3% of FBS in the final Medium for primary hepatocyte culture  QMC Isolation and cul-
ture of pHEPs 

10% FBS FBS in the medium C stage of differentiating hepatocytes  (Medine et al., 2011) 
8.3% FBS Differentiation of stem cells into hepatocyte like cells (Toivonen et al., 2013) 
10% KSR Differentiation of hiPSC into hepatocyte like cells (Asgari et al., 2013) 
5% FBS Differentiation and characterization of metabolically functioning 

hepatocytes from human embryonic stem cells 
(Duan et al., 2010) 

Pregnane X Receptor 
SR12813 

10nM – 30uM Regulation of CYP450 3A4 and 2B6 Expression by Liver X Receptor Ago-
nists 

(Duniec-Dmuchowski et 
al., 2007) 
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0.5uM – 5uM 3uM Identification of PXR activators from pharmaceutical and environmen-
tal compounds 

(Delfosse et al., 2015) 

0 - 38uM Identification of Clinically Used Drugs That Activate Pregnane X Recep-
tors – HepG2 cells  

(Shukla et al., 2011) 

0.3uM Effect of PXR expression on drug resistance in breast cancer cells  (Qiao and Yang, 2014) 
200nM Xeno-sensing activity of the aryl hydrocarbon receptor in human plu-

ripotent stem cell-derived hepatocyte-like cells. Comparing activation 
of PXR – CAR and AhR)  

(Kim et al., 2016) 

Retinoic Acid-related 
Orphan Receptors (ROR) 
Melatonin 
0.01mM – 1mM 

5mM Treatment of differentiating or proliferating hepatocytes. As a control 
for steatosis causing agents.  

(Levy et al., 2015) 

50uM – 2mM Melatonin treatment induces apoptosis in HepG2 cells, but not in pri-
mary human hepatocytes. 

(Carbajo-Pescador et al., 
2013) 

20uM – 2mM Treatment of 293S cells with melatonin to investigate effect on cell 
growth, metabolic activity and cell cycle distribution 

(Natarajan et al., 2001) 

10uM Melatonin promotes hepatic differentiation of human dental pulp stem 
cells 

(Cho et al., 2015) 

10uM Melatonin suppresses activation of hepatic stellate cells through RORα-
mediated inhibition of 5-lipoxygenase 

(Shajari et al., 2015) 

Retinoic Acid Receptor 
All Trans Retinoic Acid 
1uM – 10uM 

0.1uM – 1uM Activation of RXR-RAR homodimers in keratinocytes  (Xiao et al., 1995) 
1uM Regulation of vitamin D receptor expression by retinoic acid receptor 

alpha in acute myeloid leukemia cells 
(Marchwicka et al., 

2016) 
10uM Effect of ATRA on the expression of HOXA5 gene in K562 cells and its 

relationship with cell cycle and apoptosis 
(Liu et al., 2016) 

5uM Differential regulation of drug transporter expression by all-trans retin-
oic acid in hepatoma HepaRG cells and human hepatocytes 

(Le Vee et al., 2013) 

1uM ATRA modulates mechanical activation of TGF-β by pancreatic stellate 
cells 

(Sarper et al., 2016) 

Retinoid X Receptor 
SR11237 

1uM RXR receptor function using agonists and antagonists on PLB 985 and 
NB4 leukemia cell lines 

(Nahoum et al., 2007) 
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0.1uM – 5uM 11nM Activation of RXR-RAR homodimers in keratinocytes  (Rodin et al., 2014) 
1uM or 10uM Activation of PXR to investigate another PXR activator, docosahexanoic 

acid. In 293T cells.  
(de Urquiza et al., 2000) 

100nM RXR agonists inhibit high glucose-induced upregulation of inflammation 
by suppressing activation of the NADPH oxidase-nuclear factor-κB 
pathway in human endothelial cells 

(Ning et al., 2013) 

1uM Regulation of retinoic acid receptor beta expression by peroxisome 
proliferator-activated receptor gamma ligands in breast cancer and 
lung cancer cells. 

(James et al., 2003) 

Retinoid X Receptor 
Bexarotene 
1uM – 5uM 

1uM Investigation on the RXR activation upon cytotoxic agent treatment on 
breast cancer cell model 

(Yen and Lamph, 2005) 

1uM Effect of Bexarotene on angiogenesis and metastasis in solid tumours 
(Lung cancer cells and breast cancer cells) 

(Yen et al., 2006) 

1uM Role of RXR activation using bexarotene to prevent and overcome 
paclitaxel resistance in Human Non–Small Cell Lung Cancer Calu3 cell 
model  

(Yen et al., 2004) 

0.5 – 5uM Driving neuronal differentiation and dentritic complexity in mouse ES 
cell model 

(Mounier et al., 2015) 

5uM Guggulsterone and bexarotene induce secretion of exosome-associated 
breast cancer resistance protein and reduce doxorubicin resistance in 
MDA-MB-231 cells 

(Kong et al., 2015) 

Vitamin D Receptor  
Calcitriol (Vitamin D3 
active metabolite) 
10nM – 200nM 

10nM Regulation of vitamin D receptor expression by retinoic acid receptor 
alpha in acute myeloid leukemia cells 

(Marchwicka et al., 
2016) 

10-100nM Vitamin D3 modulated gene expression patterns in human primary 
normal and cancer prostate cells 

(Guzey et al., 2004) 

1nM Expression of CYP450 3A4, 2B6, and 2C9 Is Regulated by the Vitamin D 
Receptor Pathway in Primary Human Hepatocytes 

(Drocourt et al., 2002) 

100nM The Impact of 1,25(OH)2D3 and its Structural Analogs on Gene Expres-
sion in Breast Cancer Cells, colon cancer cells and leukemia cells - A Mi-
croarray Approach 

(Kriebitzsch et al., 2009) 
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1-100nM Effects of 1α,25-(OH)2D3 on the formation and activity of osteoclasts in 
RAW264.7 cells 

(Gu et al., 2015) 

Farnesoid X Receptor 
Chenodeoxycholic acid 
20uM – 200uM 

0-200uM & 
100uMBest 

Chenodeoxycholic acid stimulates the progression of human esophage-
al cancer cells, role in VEGF expression.  

(Soma et al., 2006) 

50/100/200uM Direct Effect of Chenodeoxycholic Acid on Differentiation of Mouse 
Embryonic Stem Cells Cultured under Feeder-Free Culture Conditions 

(Park et al., 2013) 

20/40uM Chenodeoxycholic acid, an endogenous FXR ligand alters adipokines 
and reverses insulin resistance in 3T3-L1 preadipocytes 

(Shihabudeen et al., 
2015) 

50uM Significant impact on the expression of miRNAs and genes involved in 
lipid, bile acid and drug metabolism in human hepatocytes 

(Krattinger et al., 2016) 

Aryl Hydrocarbon Re-
ceptor  
ITE “2-(1H-Indol-3-
ylcarbonyl)-4-
thiazolecarboxylic acid 
methyl ester” 
0.1uM – 2uM 

1uM The Aryl Hydrocarbon Receptor Ligand ITE Inhibits TGFβ1-Induced Hu-
man Myofibroblast Differentiation 

(Lehmann et al., 2011) 

100nM Activation of the aryl hydrocarbon receptor affects activation and func-
tion of human monocyte-derived dendritic cells 

(Wang et al., 2014) 

500nM Xeno-sensing activity of the aryl hydrocarbon receptor in human plu-
ripotent stem cell-derived hepatocyte-like cells 

(Kim et al., 2016) 

0.001 – 1uM 
with1uM best 

Effects of AhR ligands on the production of immunoglobulins in purified 
mouse B cells 

(Yoshida et al., 2012) 

10nM 50nM & 
100nM with 100nM 
best 

An aryl hydrocarbon receptor ligand acts on dendritic cells and T cells 
to suppress the Th17 response in allergic rhinitis patients. Reduction of 
pre-inflammatory cytokine release  

(Wei et al., 2014) 

HIPPO Signalling Path-
way 
Y27632 
5uM – 20uM 

10uM Culture of pluripotent stem cell upon single cell dissociation  C.Denning Lab SOP 
10uM Single cell culture of small intestinal crypt cells (Yin et al., 2014) 
20uM HIPPO pathway regulation by cell morphology and stress fibers (Wada et al., 2011) 
50uM Role of YAP/TAZ in mechanotransduction. Use of Y27632 reduces sig-

nificantly nuclear YAP/TAZ translocation  
(Dupont et al., 2011) 

3uM, 10uM and 
30uM 

Down-regulation of RhoA is involved in the cytotoxic action of lipophilic 
statins in HepG2 cells 

(Maeda et al., 2010) 

HIPPO Signalling Path- 1-50uM Induction of an inflammatory response in human hepatocytes by cate- (Aninat et al., 2008) 
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way 
Epinephrine 
0.05uM – 5uM 

cholamines (epinephrine)  
30nM B2 adrenergic receptor is a key regular of hepatic autophagy and epi-

nephrine stimulates autophagic flux in hepatoma cells, primary hepato-
cytes and in vivo.  

(Farah et al., 2014) 

2.72uM Epinephrine Activation of the β2-Adrenoceptor Is Required for IL-13-
Induced Mucin Production in Human Bronchial Epithelial Cells 

(Al-Sawalha et al., 2015) 

1nM and 1uM Differential β2-adrenergic receptor expression defines the phenotype 
of non-tumorigenic and malignant human breast cell lines. Study the 
effect of the 2 concentrations on cell adhesion and migration of breast 
cancer cell line. 

(Gargiulo et al., 2014) 

50nM to 1uM with 
50nM best 

Crosstalk Between Adrenergic and Toll-Like Receptors in Human Mes-
enchymal Stem Cells and Keratinocytes. EPI induces TLR2, MyD88, and 
IL-6 expression in BM-MSCs 

(Dasu et al., 2014) 

HIPPO Signalling Path-
way 
Glucagon 
0.1uM – 2uM 

1uM Periportal hepatocytes culture and treatment. PGC-1α Promotes Urea-
genesis in Mouse Periportal Hepatocytes through SIRT3 and SIRT5 in 
Response to Glucagon 

(Li et al., 2016) 

100nM Glucagon inhibits glucose-induced glucokinase translocation and glu-
cose phosphorylation in rat hepatocytes 

(Cullen et al., 2014) 

25nM Rat hepatocytes incubated with glucagon to assess FGF21 secretion via 
a mechanism not involving changes in FGF21 mRNA abundance 

(Cyphert et al., 2014) 

100nM The effect of glucagon stimulation upon venlafaxine and atenolol 
treatment in glucose production in rainbow trout hepatocytes 

(Ings et al., 2012) 

1uM Glucagon treated hepatocytes had increased expression of aquaporin 
in the cellular membrane, increased water transport during cryopreser-
vation, and increased post-thaw viability in rat primary hepatocytes  

(Kumar et al., 2015) 

Peroxisome proliferator-
activated receptors 
(PPAR) 
GW7647 
0.5uM – 5uM 

1-10uM A map of the PPARα transcription regulatory network for primary hu-
man hepatocytes. Activation of PPARa in human hepatocytes  

(McMullen et al., 2014) 

1uM PPARα-mediated SREBP1c activation through an LXRE binding site. Hu-
man SREBP1c Expression in Liver Is Directly Regulated by Peroxisome 
Proliferator-activated Receptor α (PPARα) 

(Fernández-Alvarez et 
al., 2011) 
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0.01, 0.1 and 1uM 
with 1uM best 

Long-Term Stability of Primary Rat Hepatocytes in Micropatterned Co-
cultures 

(Ukairo et al., 2013) 

0.1, 0.25 & 0.5 uM 
with 0.5 as best 

Roles of a-linolenic acid on IGF-I secretion and GH/IGF system gene ex-
pression in porcine primary hepatocytes. GW7647 (0.1, 0.25 and 0.5 
uM) IGF-I secretion in a dose-dependent manner.  

(Fang et al., 2012b) 

1uM Morphological and Functional Characterization and Assessment of 
iPSC-Derived Hepatocytes for In vitro Toxicity Testing. Evaluation of nu-
clear receptor-mediated CYP450 induction of target genes in primary 
human hepatocytes. 

(Lu et al., 2015) 

Canonical WNT pathway 
CHIR99021 
3uM – 10uM 

5uM Previous work with CHI99021 showed increased CYP450 1A2 expres-
sion 

In-lab trial experiments 

3uM GSK3 inhibitors CHIR99021 and 6-bromoindirubin-3′-oxime inhibit mi-
croRNA maturation in mouse embryonic stem cells 

(Wu et al., 2015) 

3uM Effect of Gsk3 inhibitor CHIR99021 on aneuploidy levels in rat embry-
onic stem cells 

(Bock et al., 2014) 

3uM CHIR99021 and valproic acid, synergistically maintain self-renewal of 
mouse Lgr5+ intestinal stem cells, resulting in nearly homogeneous cul-
tures 

(Yin et al., 2014) 

3uM to 50uM Demonstrated that in primary human hepatocytes wnt3a activations 
acts as a major regulator of the zonal organization 

(Briolotti et al., 2015) 

Hypoxia Signalling 
Cobalt(II) chloride hexa-
hydrate 
50uM – 200uM 

100uM Study evaluating the effect inducing cobalt chloride hexahydrate in 
cancer cell lines to correspond a 5% Oxygen level in the final culture 

(Wu and Yotnda, 2011) 

42uM – 420uM Effect of cobalt(II) chloride hexahydrate on some human cancer cell 
lines. Induces more cell death in cancerous cells as compared to normal 
non-cancerous cells 

(Mahey et al., 2016) 

Epigenetics and Methyl-
ation 
5-Aza-2’-deoxycytidine 
1uM – 10uM 

10uM Efficient Programming of Human Mesenchymal Stem Cell Derived 
Hepatocytes by Epigenetic Regulations. Beneficial impact to apply 
HDACi and DNMTi as potent modulators for hMSCs to liver differentia-
tion – During differentiation stage 2 

(Tsai et al., 2016) 

1-500uM with 1- Synergetic effects of DNA demethylation and histone deacetylase inhi- (Fraczek et al., 2012) 
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10uM best bition in primary rat hepatocytes. 
The combination of lower concentrations of DAC promoted the 
maintenance of the differentiated phenotype of the cells as a function 
of culture time 

5uM 5-Aza-2'-deoxycytidine (5-Aza-dC) and AhR receptor activation by PCB 
126, increases Expression of CYP450 1A1 mRNA in HeLa Cells 

(Vorrink et al., 2014) 

20uM Effect of Chromatin-Remodelling Agents in Hepatic Differentiation of 
Rat Bone Marrow-Derived Mesenchymal Stem Cells In vitro and In vivo 
–  
Pre-treatment before differentiation 

(Ye et al., 2016) 

Epigenetics and Histone 
Deacetylation Inhibitor 
Trichostatin A 
1uM – 20uM 

25uM Effects of Trichostatin A on drug uptake transporters in primary rat 
hepatocyte cultures. TSA does not seem to exert a positive effect on 
the expression and activity of the investigated uptake transporters in 
primary rat hepatocyte cultures 

(Ramboer et al., 2015a) 

1uM Efficient Programming of Human Mesenchymal Stem Cell Derived 
Hepatocytes by Epigenetic Regulations. Beneficial impact to apply 
HDACi and DNMTi as potent modulators for hMSCs to liver differentia-
tion 

(Tsai et al., 2016) 

1uM Trichostatin A induces differential cell cycle arrests but does not induce 
apoptosis in primary cultures of mitogen-stimulated rat hepatocytes 

(Papeleu et al., 2003) 

25uM, 50uM A metabolic screening study of trichostatin A (TSA) and TSA-like histone 
deacetylase inhibitors in rat and human primary hepatocyte cultures 

(Elaut et al., 2007) 

250nM and 500nM Histone deacetylase inhibitor trichostatin A induces cell-cycle ar-
rest/apoptosis and hepatocyte differentiation in human hepatoma 
cells. 

(Yamashita et al., 2003) 

 
 
Epigenetic and Histone 
Deacetylase Inhibitor 
Sodium butyrate 

1mM Efficient differentiation of hepatocytes from human embryonic stem 
cells exhibiting markers recapitulating liver development in vivo. NaB 
treatment during endoderm specification  

(Hay et al., 2008b) 

1mM or 2.5mM Efficient derivation of functional hepatocytes from mouse induced plu-
ripotent stem cells by a combination of cytokines and sodium butyrate 

(Zhang et al., 2011c) 
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0.5uM – 5000uM during stage 2 
1mM – 5mM Sodium butyrate preserves aspects of the differentiated phenotype of 

normal adult rat hepatocytes in culture 
(Staecker et al., 1988) 

2.5mM Differentiation of mouse embryonic stem cells into hepatocytes in-
duced by a combination of cytokines and sodium butyrate 

(Zhou et al., 2010) 

250nM Cost-effective differentiation of hepatocyte-like cells from human plu-
ripotent stem cells using small molecules and sodium butyrate during 
the second stage of differentiation 

(Tasnim et al., 2015) 

Hormones 
Progesterone 
0.05uM – 5uM 

10, 25 and 50nM Effect of sex hormones on n-3 polyunsaturated fatty acid biosynthesis 
in HepG2 cells and in human primary hepatocytes 

(Sibbons et al., 2014) 

1uM or 10uM Elimination of estradiol and progesterone in culture of human hepato-
cytes. Rapidly metabolised.  

(Choi et al., 2013) 

540nM and 5.4uM Induction of Hepatic CYP450 3A Enzymes by Pregnancy-Related Hor-
mones: Studies in Human Hepatocytes and Hepatic Cell Lines 

(Papageorgiou et al., 
2013) 

1uM Treatment of HepG2 cells with estradiol and Progesterone investigating 
role of progesterone and estradiol in insulin resistance through consti-
tutive androstane receptor 

(Masuyama and 
Hiramatsu, 2011) 

Hormones 
Testosterone 
0.05uM – 1uM 

100nM Upregulation of androgen receptor in human skeletal muscle and cul-
tured muscle satellite cells upon testosterone treatment 

(Sinha-Hikim et al., 
2004) 

100uM Study of CYP450 related enzymes upon testosterone treatment. Testos-
terone 6β-hydroxylase activity 

(Kostrubsky et al., 1999) 

1-500nM Treatment of HepG2 cells to investigate connection to andro-
gen/estrogen treatment 

(Chen et al., 2012a) 

10, 25 and 50nM Effect of sex hormones on n-3 polyunsaturated fatty acid biosynthesis 
in HepG2 cells and in human primary hepatocytes 

(Sibbons et al., 2014) 

10nM Role for testosterone in vascular calcification in mouse vascular smooth 
muscle cell 

(Zhu et al., 2016) 

 
Hormones 
17β Estradiol 

10uM Study of steroid metabolism and role of 3β-Hydroxysteroid Dehydro-
genase in isolated pig hepatocytes 

(Chen et al., 2015a) 

1-100nM Detection of MDM2 oncogene alterations, in cultured human hepato- (Schlott et al., 2002) 
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0.01uM – 2uM cytes treated with 17beta-estradiol or 17alpha-ethinylestradiol 
70nM Effects of 17-Beta-estradiol related to transformation and tumorigene-

sis in human breast epithelial cells 
(Russo et al., 2006) 

1uM Elimination of estradiol and progesterone in culture of human hepato-
cytes. Rapidly metabolised 

(Choi et al., 2013) 

1-100nM Studying the role of 17Beta-estradiol at endothelin-1 expression and 
release in human endothelial cells 

(Bilsel et al., 2000) 

10nM Treatment of HepG2 cells to investigate connection to andro-
gen/estrogen treatment  

(Chen et al., 2012a) 

Antioxidants 
Ascorbic Acid 
0.1mM – 2mM 

0.245uM Hepatocyte Differentiation protocol in Nottingham  
0.1mM Coexposure of HepG2 cells to physiological concentrations of some mi-

cronutrients, like β-carotene (10 μM) or ascorbic acid (0.1 mM), along 
with Pb (1 mg/L) for 24 h significantly reduced the levels of ROS pro-
duction and recovered AhR mRNA expression into the normal levels 

(Darwish et al., 2016) 

0.1mM and 1mM Ascorbic acid partly antagonizes resveratrol mediated heme oxygen-
ase-1 but not paraoxonase-1 induction in cultured hepatocytes - role of 
the redox-regulated transcription factor Nrf2 

(Wagner et al., 2011) 

100uM Isolation of hADMSC and culture. Properties of Hepatocyte-like Cell 
clusters from Human Adipose Tissue-Derived Mesenchymal Stem Cells 

(Okura et al., 2010) 

1mM Long-Term Culture and Coculture of Primary Rat and Human Hepato-
cytes 

(Shulman and Nahmias, 
2013) 

Lipid Mixture 1 
1x – 10x 

100x Use as 1x Directions from Sigma website  

Insulin 
0.01uM – 2uM 

100nM Culture of primary human HEPs for study of CYP450 enzyme expression  (Kostrubsky et al., 1999) 
10nM Culture of primary rat hepatocytes  (Cullen et al., 2014) 
1uM Differentiation of hepatocytes from human embryonic stem cells exhib-

iting markers recapitulating liver development in vivo 
(Hay et al., 2008b) 

1uM Specification of human definitive endoderm cells into hepatocytes (Toivonen et al., 2013) 
10nM Pathogenesis of Selective Insulin Resistance in Isolated mouse primary (Cook et al., 2015) 



 

261 
 

Hepatocytes 
PI3K Pathway Inhibition 
LY294002 
5uM – 20uM 

10uM Inhibition of PI3K in hepatocytes and study on inducible nitric oxide 
synthase expression  

(Zhang et al., 2011a) 

10uM Studying the role of SLIT-ROBO signalling in proliferative diabetic reti-
nopathy and retinal pigment epithelial cells 

(Zhou et al., 2011) 

10uM Study the effect of PI3K inhibition on calcium signalling in airway 
smooth muscle cells  

(Tolloczko et al., 2004) 

50uM Mouse hepatoma, rat hepatoma and primary mouse hepatocytes 
treated to study hepatic gluconeogenesis  

(He et al., 2009) 

Energy source 
D-Glucose 
1mM – 10mM 

3.9 – 7.2mM Liver maintenance of blood glucose levels   (Davidson et al., 2016) 
4mM for lipid stud-
ies, 11mM for 
maintenance 

Human pHEP culture in QMC  

5mM Glucose Mouse ES cells for neural differentiation studies (Yang et al., 2016) 
1mM, 5mM and 
25mM with 5mM as 
ideal 

Bone marrow stem cells maintained in hydrogel for viability studies and 
production of key matrix proteins 

(Naqvi and Buckley, 
2015) 

Energy source 
GlutaMAX 
1x – 5x 

100x and use at 1x   

Bile Acid Homeostasis 
FGF19 
10ng/ml – 30ng/ml 

40ng/ml for 10,30 
and 60min 

FGF19 in human hepatocytes activation through bile acids  (Song et al., 2009a) 

0.01 – 10ng/ml Increased proliferation of HCC cells upon treatment with FGF19. High-
est when FGF19 was 1ng/ml  

(Miura et al., 2012) 

Protein Supplementa-
tion 
BSA Solution 
0% - 0.2% 

0.1% Human pHEP culture in QMC   
0.2% Isolation and Culture of Animal and Human Hepatocytes (Guguen-Guillouzo and 

Guillouzo, 2010) 
0.075% Culture of human primary hepatocyte cells  (Levy et al., 2015) 

Human Primary Hepato- Used at 1x to sup- Zinc Sulphate, Copper sulphate, Sodium Selenite, Nicotinamide  
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cyte Culture 
MS-1 (Elements) 
1x – 5x 

plement basic pHEPs 
Medium 

Human Primary Hepato-
cyte Culture 
MS-2 (Transferrin) 
5ug/ml – 25ug/ml 

15ug/ml Human pHEP culture in QMC  
40ug/ml Human cells cultured in bovine or human diferric transferrin at 

40ug/ml.  
(Young and Garner, 

1990) 
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Table 26 Fractional Factorial experiment for DoE#1. Factor combinations and concentrations within each 
DoE#1 run. Red/Green-shaded represent the low/high concentration respectively while yellow-shaded are 
the centre points. All combinations added to Medium C utilising the automated Liquid Handling Arm. 

 

Run cAMP LCA TCA VK2 FH1 T3 DHX VPF HGF OSM H/C FBS
1 100 10 25 5 5 10 10 2.5 5 5 1 0
2 100 10 25 100 5 10 200 40 50 5 1 8.3
3 1000 100 25 100 30 10 200 2.5 5 50 1 8.3
4 1000 10 25 100 5 100 10 2.5 50 50 10 0
5 1000 10 200 100 5 10 10 40 5 50 1 0
6 550 55 112.5 52.5 17.5 55 105 21.25 27.5 27.5 5.5 4.15
7 1000 100 25 100 30 10 200 2.5 5 50 1 8.3
8 100 100 200 5 5 10 200 40 5 50 10 0
9 1000 100 25 5 5 10 10 40 50 5 10 8.3

10 1000 100 25 100 5 10 200 2.5 5 5 10 0
11 1000 100 200 100 30 100 200 40 50 50 10 8.3
12 1000 100 200 100 30 100 200 40 50 50 10 8.3
13 100 10 200 5 30 100 10 40 50 50 1 8.3
14 1000 100 200 5 5 100 10 2.5 5 5 1 8.3
15 1000 10 25 100 30 100 10 2.5 50 5 1 8.3
16 100 10 25 5 30 10 10 2.5 5 50 10 8.3
17 1000 10 25 5 30 100 200 40 5 5 1 0
18 100 10 200 5 5 100 10 40 50 5 10 0
19 100 10 200 5 30 100 10 40 50 50 1 8.3
20 1000 10 25 5 30 100 200 40 5 5 1 0
21 1000 100 200 5 30 100 10 2.5 5 50 10 0
22 100 10 25 5 30 10 10 2.5 5 50 10 8.3
23 1000 10 200 5 5 10 200 2.5 50 50 1 8.3
24 1000 10 200 100 30 10 10 40 5 5 10 8.3
25 100 100 200 5 5 10 200 40 5 50 10 0
26 1000 100 200 5 30 100 10 2.5 5 50 10 0
27 550 55 112.5 52.5 17.5 55 105 21.25 27.5 27.5 5.5 4.15
28 100 100 25 100 5 100 10 40 5 50 1 8.3
29 100 10 200 5 5 100 10 40 50 5 10 0
30 550 55 112.5 52.5 17.5 55 105 21.25 27.5 27.5 5.5 4.15
31 100 10 25 5 5 10 10 2.5 5 5 1 0
32 100 100 25 100 30 100 10 40 5 5 10 0
33 1000 10 25 5 5 100 200 40 5 50 10 8.3
34 100 10 200 100 5 100 200 2.5 5 5 10 8.3
35 100 100 25 5 30 100 200 2.5 50 5 10 8.3
36 100 10 200 100 30 100 200 2.5 5 50 1 0
37 1000 10 200 5 30 10 200 2.5 50 5 10 0
38 1000 100 200 100 5 100 200 40 50 5 1 0
39 1000 100 200 5 30 100 10 2.5 5 50 10 0
40 100 10 25 100 30 10 200 40 50 50 10 0
41 550 55 112.5 52.5 17.5 55 105 21.25 27.5 27.5 5.5 4.15
42 1000 100 25 100 5 10 200 2.5 5 5 10 0
43 1000 10 200 100 5 10 10 40 5 50 1 0
44 1000 100 200 5 5 100 10 2.5 5 5 1 8.3
45 1000 10 200 100 30 10 10 40 5 5 10 8.3
46 100 100 200 100 5 10 10 2.5 50 50 10 8.3
47 100 10 200 100 30 100 200 2.5 5 50 1 0
48 100 100 200 100 30 10 10 2.5 50 5 1 0
49 100 100 25 100 5 100 10 40 5 50 1 8.3
50 100 100 25 5 5 100 200 2.5 50 50 1 0
51 100 100 200 100 30 10 10 2.5 50 5 1 0
52 100 100 25 100 30 100 10 40 5 5 10 0
53 1000 10 25 5 30 100 200 40 5 5 1 0
54 1000 100 25 100 30 10 200 2.5 5 50 1 8.3
55 1000 10 200 5 30 10 200 2.5 50 5 10 0
56 100 10 200 100 5 100 200 2.5 5 5 10 8.3
57 1000 10 200 100 30 10 10 40 5 5 10 8.3
58 100 10 25 100 30 10 200 40 50 50 10 0
59 100 10 200 5 5 100 10 40 50 5 10 0
60 1000 10 200 100 5 10 10 40 5 50 1 0
61 1000 100 25 5 30 10 10 40 50 50 1 0
62 100 100 25 5 30 100 200 2.5 50 5 10 8.3
63 1000 10 25 5 5 100 200 40 5 50 10 8.3
64 1000 10 200 5 5 10 200 2.5 50 50 1 8.3
65 1000 10 200 5 5 10 200 2.5 50 50 1 8.3
66 1000 100 200 100 5 100 200 40 50 5 1 0
67 100 100 200 5 30 10 200 40 5 5 1 8.3
68 1000 10 25 100 30 100 10 2.5 50 5 1 8.3
69 100 10 200 100 5 100 200 2.5 5 5 10 8.3
70 1000 100 25 5 30 10 10 40 50 50 1 0
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Run cAMP LCA TCA VK2 FH1 T3 DHX VPF HGF OSM H/C FBS
71 100 100 200 5 30 10 200 40 5 5 1 8.3
72 100 100 25 5 30 100 200 2.5 50 5 10 8.3
73 100 100 25 5 5 100 200 2.5 50 50 1 0
74 1000 10 200 5 30 10 200 2.5 50 5 10 0
75 1000 10 25 100 5 100 10 2.5 50 50 10 0
76 100 10 25 100 5 10 200 40 50 5 1 8.3
77 100 100 200 100 5 10 10 2.5 50 50 10 8.3
78 100 10 25 100 5 10 200 40 50 5 1 8.3
79 1000 10 25 100 5 100 10 2.5 50 50 10 0
80 100 10 200 100 30 100 200 2.5 5 50 1 0
81 1000 100 25 5 30 10 10 40 50 50 1 0
82 1000 10 25 100 30 100 10 2.5 50 5 1 8.3
83 1000 10 25 5 5 100 200 40 5 50 10 8.3
84 550 55 112.5 52.5 17.5 55 105 21.25 27.5 27.5 5.5 4.15
85 100 10 25 5 5 10 10 2.5 5 5 1 0
86 100 100 200 100 5 10 10 2.5 50 50 10 8.3
87 100 100 200 100 30 10 10 2.5 50 5 1 0
88 100 10 25 5 30 10 10 2.5 5 50 10 8.3
89 1000 100 200 100 5 100 200 40 50 5 1 0
90 100 10 25 100 30 10 200 40 50 50 10 0
91 1000 100 25 100 5 10 200 2.5 5 5 10 0
92 100 100 25 100 30 100 10 40 5 5 10 0
93 1000 100 25 5 5 10 10 40 50 5 10 8.3
94 100 100 25 100 5 100 10 40 5 50 1 8.3
95 1000 100 200 100 30 100 200 40 50 50 10 8.3
96 100 10 200 5 30 100 10 40 50 50 1 8.3
97 100 100 25 5 5 100 200 2.5 50 50 1 0
98 550 55 112.5 52.5 17.5 55 105 21.25 27.5 27.5 5.5 4.15
99 100 100 200 5 5 10 200 40 5 50 10 0

100 100 100 200 5 30 10 200 40 5 5 1 8.3
101 1000 100 25 5 5 10 10 40 50 5 10 8.3
102 1000 100 200 5 5 100 10 2.5 5 5 1 8.3
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Run SR11237
Bexarote

ne
LY294002 Flavone

Trichostati
n A

Epinephri
ne

Cobalt Cl 
Hex

KSR OSM H/C
Cheno 

Acid
1 1.20 4.10 16.62 66.47 5.28 1.20 83.82 2.25 39.85 15.49 60.58
2 2.55 3.00 12.50 50.00 20.00 2.55 125.00 5.00 27.50 10.00 110.00
3 1.20 4.10 8.38 66.47 5.28 3.90 83.82 7.75 15.15 15.49 60.58
4 2.55 3.00 12.50 50.00 10.50 2.55 125.00 5.00 27.50 10.00 110.00
5 3.90 1.90 8.38 66.47 5.28 3.90 83.82 7.75 15.15 4.51 159.42
6 3.90 1.90 16.62 66.47 5.28 1.20 166.18 2.25 39.85 15.49 159.42
7 1.20 1.90 16.62 66.47 5.28 3.90 83.82 2.25 15.15 15.49 159.42
8 3.90 4.10 8.38 66.47 15.72 1.20 83.82 2.25 15.15 15.49 60.58
9 5.00 3.00 12.50 50.00 10.50 2.55 125.00 5.00 27.50 10.00 110.00
10 2.55 1.00 12.50 50.00 10.50 2.55 125.00 5.00 27.50 10.00 110.00
11 2.55 3.00 12.50 20.00 10.50 2.55 125.00 5.00 27.50 10.00 110.00
12 1.20 4.10 16.62 66.47 5.28 3.90 83.82 7.75 39.85 4.51 159.42
13 2.55 3.00 12.50 50.00 10.50 2.55 125.00 5.00 27.50 10.00 200.00
14 3.90 4.10 16.62 66.47 15.72 1.20 166.18 7.75 39.85 4.51 60.58
15 3.90 4.10 8.38 66.47 15.72 3.90 166.18 7.75 15.15 15.49 159.42
16 3.90 1.90 8.38 33.53 5.28 1.20 166.18 7.75 39.85 4.51 159.42
17 2.55 3.00 12.50 50.00 10.50 2.55 125.00 5.00 27.50 10.00 20.00
18 3.90 4.10 8.38 66.47 5.28 1.20 166.18 2.25 39.85 15.49 60.58
19 1.20 1.90 16.62 33.53 5.28 1.20 83.82 7.75 39.85 15.49 159.42
20 2.55 3.00 12.50 50.00 10.50 2.55 125.00 5.00 27.50 20.00 110.00
21 2.55 3.00 12.50 50.00 10.50 2.55 125.00 0.00 27.50 10.00 110.00
22 3.90 1.90 8.38 66.47 15.72 3.90 166.18 7.75 39.85 4.51 60.58
23 3.90 4.10 16.62 33.53 5.28 3.90 83.82 7.75 15.15 15.49 60.58
24 1.20 1.90 8.38 66.47 15.72 3.90 83.82 2.25 39.85 4.51 159.42
25 1.20 1.90 8.38 33.53 5.28 3.90 166.18 7.75 15.15 4.51 60.58
26 1.20 1.90 16.62 33.53 15.72 1.20 166.18 7.75 39.85 4.51 60.58
27 2.55 3.00 12.50 50.00 10.50 2.55 125.00 5.00 27.50 10.00 110.00
28 2.55 3.00 12.50 80.00 10.50 2.55 125.00 5.00 27.50 10.00 110.00
29 3.90 1.90 16.62 66.47 15.72 3.90 166.18 2.25 15.15 15.49 60.58
30 1.20 4.10 16.62 66.47 15.72 1.20 166.18 2.25 39.85 15.49 159.42
31 1.20 4.10 8.38 33.53 5.28 1.20 166.18 2.25 39.85 4.51 60.58
32 1.20 4.10 8.38 33.53 15.72 1.20 83.82 2.25 39.85 4.51 60.58
33 1.20 1.90 16.62 66.47 15.72 3.90 166.18 7.75 15.15 4.51 159.42
34 3.90 4.10 8.38 33.53 15.72 3.90 83.82 2.25 39.85 15.49 159.42
35 2.55 3.00 12.50 50.00 10.50 2.55 50.00 5.00 27.50 10.00 110.00
36 2.55 3.00 12.50 50.00 10.50 0.10 125.00 5.00 27.50 10.00 110.00
37 3.90 4.10 16.62 66.47 5.28 1.20 166.18 2.25 15.15 4.51 60.58
38 3.90 4.10 16.62 33.53 15.72 1.20 166.18 7.75 39.85 15.49 159.42
39 1.20 4.10 8.38 33.53 5.28 1.20 166.18 7.75 15.15 15.49 159.42
40 3.90 1.90 8.38 33.53 15.72 3.90 83.82 2.25 15.15 15.49 60.58
41 2.55 3.00 5.00 50.00 10.50 2.55 125.00 5.00 27.50 10.00 110.00
42 1.20 1.90 8.38 33.53 5.28 1.20 83.82 2.25 39.85 15.49 159.42
43 1.20 4.10 8.38 33.53 15.72 3.90 166.18 7.75 39.85 15.49 60.58
44 3.90 4.10 16.62 66.47 15.72 3.90 83.82 2.25 15.15 4.51 159.42
45 3.90 1.90 16.62 33.53 15.72 3.90 166.18 7.75 39.85 15.49 159.42
46 2.55 3.00 12.50 50.00 10.50 5.00 125.00 5.00 27.50 10.00 110.00
47 1.20 1.90 8.38 66.47 15.72 3.90 166.18 2.25 15.15 15.49 159.42
48 2.55 3.00 12.50 50.00 10.50 2.55 125.00 5.00 27.50 10.00 110.00

Run SR11237
Bexarote

ne
LY294002 Flavone

Trichostati
n A

Epinephri
ne

Cobalt Cl 
Hex

KSR OSM H/C
Cheno 

Acid
49 3.90 1.90 16.62 33.53 15.72 1.20 83.82 2.25 15.15 15.49 159.42
50 1.20 4.10 16.62 33.53 15.72 3.90 83.82 7.75 15.15 15.49 159.42
51 3.90 1.90 8.38 33.53 5.28 3.90 166.18 2.25 15.15 15.49 159.42
52 3.90 1.90 8.38 66.47 5.28 1.20 166.18 7.75 15.15 15.49 60.58
53 3.90 1.90 16.62 33.53 15.72 3.90 83.82 7.75 15.15 4.51 60.58
54 1.20 4.10 8.38 66.47 15.72 1.20 83.82 7.75 15.15 4.51 159.42
55 3.90 4.10 16.62 66.47 5.28 1.20 83.82 7.75 15.15 15.49 159.42
56 3.90 1.90 8.38 33.53 15.72 1.20 166.18 2.25 39.85 15.49 60.58
57 3.90 4.10 8.38 33.53 15.72 1.20 83.82 7.75 15.15 4.51 60.58
58 1.20 1.90 16.62 66.47 15.72 1.20 83.82 2.25 15.15 4.51 60.58
59 3.90 1.90 8.38 66.47 15.72 1.20 166.18 2.25 15.15 4.51 159.42
60 1.20 4.10 8.38 33.53 15.72 3.90 166.18 7.75 39.85 4.51 159.42
61 2.55 3.00 12.50 50.00 10.50 2.55 125.00 5.00 27.50 10.00 110.00
62 1.20 1.90 16.62 33.53 5.28 1.20 166.18 2.25 15.15 4.51 159.42
63 1.20 1.90 16.62 33.53 15.72 3.90 83.82 2.25 39.85 15.49 60.58
64 3.90 4.10 16.62 33.53 15.72 3.90 166.18 2.25 39.85 4.51 60.58
65 3.90 1.90 8.38 33.53 5.28 1.20 83.82 2.25 15.15 4.51 60.58
66 3.90 4.10 16.62 33.53 5.28 3.90 166.18 7.75 15.15 4.51 159.42
67 1.20 4.10 8.38 33.53 5.28 3.90 83.82 2.25 15.15 4.51 159.42
68 2.55 3.00 12.50 50.00 10.50 2.55 125.00 5.00 50.00 10.00 110.00
69 1.20 1.90 16.62 33.53 5.28 1.20 166.18 2.25 15.15 15.49 60.58
70 3.90 1.90 16.62 66.47 5.28 3.90 166.18 7.75 39.85 4.51 60.58
71 2.55 3.00 20.00 50.00 10.50 2.55 125.00 5.00 27.50 10.00 110.00
72 3.90 4.10 8.38 66.47 5.28 1.20 83.82 2.25 39.85 4.51 159.42
73 2.55 3.00 12.50 50.00 10.50 2.55 125.00 5.00 27.50 0.00 110.00
74 2.55 5.00 12.50 50.00 10.50 2.55 125.00 5.00 27.50 10.00 110.00
75 0.10 3.00 12.50 50.00 10.50 2.55 125.00 5.00 27.50 10.00 110.00
76 2.55 3.00 12.50 50.00 1.00 2.55 125.00 5.00 27.50 10.00 110.00
77 2.55 3.00 12.50 50.00 10.50 2.55 125.00 5.00 27.50 10.00 110.00
78 1.20 4.10 8.38 66.47 5.28 3.90 166.18 2.25 15.15 4.51 159.42
79 2.55 3.00 12.50 50.00 10.50 2.55 200.00 5.00 27.50 10.00 110.00
80 1.20 4.10 16.62 66.47 5.28 1.20 166.18 7.75 15.15 15.49 60.58
81 1.20 4.10 16.62 33.53 5.28 3.90 166.18 2.25 39.85 15.49 159.42
82 1.20 1.90 8.38 33.53 15.72 1.20 83.82 7.75 15.15 15.49 60.58
83 3.90 1.90 16.62 66.47 15.72 1.20 83.82 7.75 39.85 4.51 159.42
84 1.20 1.90 8.38 66.47 5.28 3.90 166.18 7.75 39.85 15.49 159.42
85 3.90 4.10 8.38 66.47 5.28 3.90 83.82 2.25 39.85 4.51 60.58
86 1.20 4.10 16.62 33.53 15.72 1.20 166.18 2.25 15.15 4.51 60.58
87 3.90 4.10 8.38 66.47 15.72 1.20 83.82 7.75 39.85 15.49 159.42
88 2.55 3.00 12.50 50.00 10.50 2.55 125.00 5.00 5.00 10.00 110.00
89 3.90 1.90 8.38 33.53 5.28 3.90 83.82 7.75 39.85 15.49 60.58
90 2.55 3.00 12.50 50.00 10.50 2.55 125.00 10.00 27.50 10.00 110.00
91 1.20 1.90 16.62 66.47 15.72 3.90 83.82 7.75 39.85 15.49 60.58
92 1.20 4.10 16.62 33.53 5.28 1.20 83.82 7.75 15.15 4.51 60.58
93 1.20 1.90 8.38 66.47 5.28 1.20 83.82 7.75 39.85 4.51 60.58
94 3.90 1.90 16.62 33.53 5.28 3.90 83.82 2.25 39.85 4.51 159.42
95 2.55 3.00 12.50 50.00 10.50 2.55 125.00 5.00 27.50 10.00 110.00
96 1.20 4.10 16.62 66.47 15.72 3.90 166.18 2.25 39.85 4.51 60.58

Table 27: Central 
Composite Design 
for DoE#2. Table 
of combinations of 
the 12 factors to 
induce maturation 
of hepatocytes 
upon hepatocyte 
differentiation on 
day 17 following a 
DoE approach. All 
combinations 
were added to 
Medium C+HGF. 
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Run DHX GW7647 DEX LCA Calcitriol Glucagon FGF19
BSA 

Solution
Insulin OSM H/C

1 312.07 1.51 3.90 77.48 52.84 1.57 25.49 0.15 1.55 15.15 4.51
2 312.07 3.99 3.90 22.62 157.16 1.57 25.49 0.05 1.55 15.15 4.51
3 97.93 3.99 3.90 22.62 157.16 0.53 25.49 0.05 0.46 15.15 4.51
4 205.00 2.75 2.55 50.05 105.00 1.05 20.00 0.10 1.01 27.50 10.00
5 97.93 3.99 3.90 77.48 52.84 0.53 25.49 0.15 0.46 39.85 4.51
6 205.00 2.75 2.55 50.05 105.00 1.05 20.00 0.10 1.01 27.50 10.00
7 312.07 3.99 1.20 77.48 157.16 0.53 14.51 0.15 1.55 39.85 15.49
8 312.07 1.51 1.20 22.62 157.16 0.53 25.49 0.05 1.55 39.85 4.51
9 97.93 3.99 3.90 22.62 52.84 0.53 14.51 0.15 0.46 15.15 4.51
10 97.93 1.51 3.90 22.62 157.16 0.53 25.49 0.15 1.55 15.15 4.51
11 205.00 2.75 2.55 50.05 105.00 2.00 20.00 0.10 1.01 27.50 10.00
12 205.00 2.75 2.55 100.00 105.00 1.05 20.00 0.10 1.01 27.50 10.00
13 97.93 1.51 1.20 77.48 52.84 0.53 14.51 0.15 1.55 15.15 4.51
14 97.93 3.99 3.90 22.62 52.84 1.57 25.49 0.05 1.55 39.85 15.49
15 97.93 1.51 1.20 22.62 52.84 0.53 14.51 0.05 1.55 39.85 15.49
16 205.00 2.75 2.55 50.05 105.00 1.05 10.00 0.10 1.01 27.50 10.00
17 97.93 1.51 3.90 22.62 52.84 0.53 14.51 0.15 1.55 39.85 15.49
18 97.93 1.51 3.90 22.62 157.16 1.57 14.51 0.05 1.55 39.85 4.51
19 97.93 3.99 3.90 77.48 52.84 0.53 14.51 0.05 1.55 39.85 4.51
20 97.93 1.51 3.90 77.48 157.16 0.53 14.51 0.05 0.46 15.15 4.51
21 205.00 2.75 2.55 50.05 105.00 1.05 20.00 0.10 1.01 27.50 0.00
22 205.00 2.75 0.10 50.05 105.00 1.05 20.00 0.10 1.01 27.50 10.00
23 97.93 3.99 3.90 22.62 157.16 1.57 14.51 0.15 0.46 39.85 15.49
24 97.93 3.99 1.20 22.62 157.16 1.57 25.49 0.15 1.55 39.85 4.51
25 312.07 1.51 1.20 77.48 157.16 0.53 25.49 0.05 0.46 15.15 15.49
26 205.00 2.75 2.55 50.05 105.00 1.05 20.00 0.10 1.01 27.50 10.00
27 205.00 0.50 2.55 50.05 105.00 1.05 20.00 0.10 1.01 27.50 10.00
28 205.00 2.75 2.55 50.05 105.00 1.05 20.00 0.10 1.01 27.50 10.00
29 205.00 2.75 2.55 50.05 105.00 1.05 20.00 0.10 1.01 27.50 10.00
30 312.07 3.99 1.20 77.48 52.84 0.53 14.51 0.05 1.55 15.15 15.49
31 97.93 3.99 1.20 22.62 157.16 0.53 14.51 0.05 1.55 15.15 4.51
32 312.07 3.99 1.20 77.48 52.84 0.53 25.49 0.05 1.55 39.85 4.51
33 97.93 3.99 3.90 77.48 157.16 0.53 25.49 0.05 1.55 39.85 15.49
34 312.07 1.51 3.90 22.62 52.84 1.57 14.51 0.05 1.55 15.15 15.49
35 312.07 1.51 3.90 77.48 157.16 0.53 14.51 0.15 1.55 15.15 15.49
36 97.93 1.51 3.90 77.48 157.16 1.57 25.49 0.15 0.46 15.15 15.49
37 205.00 2.75 2.55 50.05 105.00 1.05 20.00 0.00 1.01 27.50 10.00
38 205.00 2.75 2.55 50.05 105.00 1.05 20.00 0.10 1.01 27.50 20.00
39 205.00 2.75 2.55 50.05 105.00 0.10 20.00 0.10 1.01 27.50 10.00
40 312.07 3.99 3.90 77.48 52.84 0.53 25.49 0.05 0.46 15.15 4.51
41 205.00 2.75 2.55 0.10 105.00 1.05 20.00 0.10 1.01 27.50 10.00
42 97.93 1.51 1.20 77.48 52.84 1.57 25.49 0.15 1.55 39.85 15.49
43 312.07 1.51 3.90 77.48 52.84 0.53 25.49 0.05 1.55 39.85 15.49
44 97.93 3.99 1.20 22.62 52.84 0.53 25.49 0.15 0.46 39.85 15.49
45 97.93 1.51 1.20 77.48 157.16 1.57 14.51 0.05 1.55 15.15 15.49
46 312.07 1.51 1.20 22.62 52.84 1.57 25.49 0.05 0.46 39.85 15.49
47 97.93 1.51 3.90 22.62 52.84 0.53 25.49 0.05 0.46 39.85 4.51
48 205.00 2.75 2.55 50.05 105.00 1.05 20.00 0.10 1.01 27.50 10.00

Run DHX GW7647 DEX LCA Calcitriol Glucagon FGF19
BSA 

Solution
Insulin OSM H/C

49 97.93 3.99 1.20 22.62 52.84 0.53 25.49 0.05 1.55 15.15 4.51
50 205.00 2.75 2.55 50.05 105.00 1.05 30.00 0.10 1.01 27.50 10.00
51 312.07 3.99 3.90 22.62 52.84 1.57 14.51 0.15 0.46 39.85 4.51
52 400.00 2.75 2.55 50.05 105.00 1.05 20.00 0.10 1.01 27.50 10.00
53 312.07 1.51 3.90 22.62 157.16 1.57 14.51 0.15 0.46 15.15 4.51
54 312.07 1.51 3.90 22.62 157.16 1.57 25.49 0.15 1.55 39.85 15.49
55 205.00 2.75 2.55 50.05 200.00 1.05 20.00 0.10 1.01 27.50 10.00
56 312.07 3.99 3.90 22.62 52.84 1.57 25.49 0.15 0.46 15.15 15.49
57 312.07 3.99 3.90 77.48 52.84 0.53 14.51 0.15 0.46 39.85 15.49
58 312.07 1.51 1.20 22.62 52.84 0.53 25.49 0.15 1.55 15.15 15.49
59 312.07 3.99 3.90 77.48 157.16 0.53 25.49 0.15 1.55 15.15 4.51
60 312.07 1.51 1.20 22.62 157.16 1.57 14.51 0.05 0.46 39.85 4.51
61 312.07 3.99 1.20 22.62 157.16 0.53 14.51 0.15 0.46 15.15 4.51
62 97.93 3.99 3.90 77.48 157.16 1.57 25.49 0.05 1.55 15.15 4.51
63 97.93 1.51 3.90 77.48 157.16 1.57 14.51 0.15 1.55 39.85 4.51
64 312.07 1.51 3.90 22.62 157.16 0.53 14.51 0.05 0.46 39.85 15.49
65 312.07 3.99 1.20 22.62 157.16 1.57 14.51 0.05 1.55 39.85 15.49
66 97.93 1.51 1.20 77.48 157.16 1.57 25.49 0.05 0.46 39.85 15.49
67 205.00 2.75 2.55 50.05 105.00 1.05 20.00 0.10 2.00 27.50 10.00
68 312.07 1.51 1.20 22.62 52.84 0.53 14.51 0.05 0.46 15.15 4.51
69 97.93 3.99 1.20 22.62 157.16 1.57 25.49 0.15 1.55 15.15 15.49
70 312.07 3.99 3.90 77.48 157.16 1.57 14.51 0.05 0.46 15.15 15.49
71 205.00 2.75 2.55 50.05 105.00 1.05 20.00 0.20 1.01 27.50 10.00
72 205.00 2.75 2.55 50.05 105.00 1.05 20.00 0.10 1.01 50.00 10.00
73 97.93 1.51 1.20 22.62 52.84 1.57 25.49 0.15 0.46 15.15 4.51
74 97.93 1.51 1.20 22.62 157.16 0.53 14.51 0.15 0.46 39.85 4.51
75 312.07 3.99 1.20 77.48 52.84 1.57 14.51 0.05 1.55 15.15 4.51
76 312.07 1.51 3.90 77.48 157.16 1.57 25.49 0.05 0.46 39.85 4.51
77 10.00 2.75 2.55 50.05 105.00 1.05 20.00 0.10 1.01 27.50 10.00
78 97.93 3.99 1.20 77.48 52.84 1.57 14.51 0.15 0.46 39.85 4.51
79 97.93 3.99 1.20 77.48 52.84 1.57 25.49 0.05 0.46 15.15 15.49
80 312.07 3.99 1.20 77.48 157.16 0.53 14.51 0.05 0.46 39.85 4.51
81 312.07 1.51 1.20 77.48 52.84 1.57 14.51 0.15 0.46 15.15 15.49
82 205.00 5.00 2.55 50.05 105.00 1.05 20.00 0.10 1.01 27.50 10.00
83 205.00 2.75 5.00 50.05 105.00 1.05 20.00 0.10 1.01 27.50 10.00
84 312.07 3.99 3.90 22.62 157.16 0.53 25.49 0.15 1.55 39.85 15.49
85 312.07 1.51 1.20 77.48 157.16 1.57 25.49 0.15 1.55 15.15 4.51
86 97.93 3.99 1.20 22.62 52.84 1.57 14.51 0.05 0.46 15.15 15.49
87 205.00 2.75 2.55 50.05 10.00 1.05 20.00 0.10 1.01 27.50 10.00
88 205.00 2.75 2.55 50.05 105.00 1.05 20.00 0.10 1.01 5.00 10.00
89 97.93 3.99 3.90 77.48 52.84 1.57 14.51 0.15 1.55 15.15 15.49
90 97.93 3.99 1.20 77.48 157.16 0.53 14.51 0.15 0.46 15.15 15.49
91 312.07 3.99 1.20 77.48 157.16 1.57 25.49 0.15 0.46 39.85 15.49
92 312.07 1.51 1.20 22.62 52.84 1.57 14.51 0.15 1.55 39.85 4.51
93 97.93 1.51 3.90 22.62 52.84 0.53 25.49 0.05 0.46 15.15 15.49
94 205.00 2.75 2.55 50.05 105.00 1.05 20.00 0.10 0.01 27.50 10.00
95 312.07 1.51 1.20 77.48 52.84 0.53 25.49 0.15 0.46 39.85 4.51
96 97.93 1.51 3.90 77.48 52.84 1.57 14.51 0.05 0.46 39.85 15.49

Table 28: Central 
Composite Design 
for DoE#3. Table 
of combinations of 
the 12 factors to 
induce maturation 
of hepatocytes 
upon hepatocyte 
differentiation on 
day 17 following a 
DoE approach. All 
combinations 
were added to 
Medium C+HGF. 
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49 7.97 166.18 0.79 0.46 528.35 16.62 1.90 3872.86 0.53 39.85 4.51
50 7.97 166.18 0.79 1.55 528.35 8.38 4.10 1127.64 0.53 15.15 4.51
51 5.50 200.00 0.53 1.01 1050.00 12.50 3.00 2500.25 1.05 27.50 10.00
52 3.03 83.82 0.79 1.55 1571.65 16.62 1.90 3872.86 1.57 39.85 4.51
53 5.50 125.00 0.53 1.01 1050.00 12.50 3.00 2500.25 1.05 27.50 0.00
54 5.50 125.00 0.53 1.01 1050.00 12.50 3.00 2500.25 1.05 27.50 10.00
55 7.97 83.82 0.26 0.46 1571.65 16.62 1.90 1127.64 0.53 39.85 4.51
56 7.97 83.82 0.26 1.55 528.35 8.38 4.10 3872.86 0.53 39.85 4.51
57 3.03 83.82 0.79 0.46 528.35 8.38 4.10 1127.64 0.53 39.85 4.51
58 3.03 166.18 0.26 0.46 1571.65 16.62 4.10 3872.86 1.57 39.85 4.51
59 5.50 125.00 0.53 1.01 1050.00 12.50 3.00 2500.25 1.05 27.50 10.00
60 3.03 83.82 0.26 1.55 528.35 16.62 4.10 3872.86 1.57 39.85 15.49
61 7.97 83.82 0.79 0.46 1571.65 8.38 1.90 1127.64 0.53 39.85 15.49
62 3.03 166.18 0.79 1.55 1571.65 16.62 4.10 1127.64 1.57 15.15 4.51
63 3.03 166.18 0.26 1.55 528.35 16.62 4.10 1127.64 0.53 15.15 15.49
64 5.50 125.00 0.53 1.01 1050.00 12.50 5.00 2500.25 1.05 27.50 10.00
65 3.03 83.82 0.79 0.46 528.35 8.38 4.10 1127.64 0.53 15.15 15.49
66 7.97 166.18 0.26 1.55 528.35 16.62 1.90 1127.64 1.57 15.15 4.51
67 7.97 83.82 0.26 0.46 1571.65 8.38 4.10 1127.64 1.57 39.85 4.51
68 3.03 166.18 0.79 1.55 1571.65 8.38 4.10 1127.64 1.57 39.85 15.49
69 3.03 83.82 0.26 0.46 1571.65 8.38 1.90 3872.86 0.53 39.85 4.51
70 5.50 125.00 0.53 1.01 100.00 12.50 3.00 2500.25 1.05 27.50 10.00
71 5.50 125.00 0.53 0.01 1050.00 12.50 3.00 2500.25 1.05 27.50 10.00
72 7.97 83.82 0.26 1.55 528.35 16.62 1.90 3872.86 0.53 15.15 15.49
73 7.97 166.18 0.79 1.55 528.35 8.38 1.90 3872.86 0.53 39.85 15.49
74 3.03 166.18 0.79 1.55 528.35 16.62 1.90 3872.86 1.57 15.15 15.49
75 5.50 125.00 1.00 1.01 1050.00 12.50 3.00 2500.25 1.05 27.50 10.00
76 1.00 125.00 0.53 1.01 1050.00 12.50 3.00 2500.25 1.05 27.50 10.00
77 5.50 50.00 0.53 1.01 1050.00 12.50 3.00 2500.25 1.05 27.50 10.00
78 5.50 125.00 0.53 1.01 1050.00 12.50 3.00 2500.25 1.05 5.00 10.00
79 5.50 125.00 0.53 1.01 1050.00 12.50 3.00 2500.25 1.05 27.50 10.00
80 3.03 166.18 0.79 0.46 528.35 8.38 1.90 3872.86 0.53 15.15 4.51
81 7.97 166.18 0.26 1.55 1571.65 16.62 4.10 3872.86 0.53 39.85 15.49
82 7.97 83.82 0.26 0.46 528.35 8.38 4.10 3872.86 1.57 15.15 15.49
83 7.97 83.82 0.79 1.55 1571.65 16.62 4.10 1127.64 0.53 39.85 4.51
84 3.03 83.82 0.79 0.46 1571.65 16.62 1.90 1127.64 1.57 39.85 4.51
85 3.03 166.18 0.26 1.55 528.35 16.62 1.90 3872.86 0.53 39.85 4.51
86 7.97 83.82 0.79 0.46 528.35 16.62 1.90 1127.64 1.57 15.15 15.49
87 5.50 125.00 0.53 2.00 1050.00 12.50 3.00 2500.25 1.05 27.50 10.00
88 5.50 125.00 0.53 1.01 1050.00 12.50 3.00 5000.00 1.05 27.50 10.00
89 3.03 166.18 0.26 0.46 1571.65 16.62 4.10 3872.86 1.57 15.15 15.49
90 7.97 166.18 0.79 0.46 1571.65 8.38 4.10 3872.86 1.57 39.85 15.49
91 10.00 125.00 0.53 1.01 1050.00 12.50 3.00 2500.25 1.05 27.50 10.00
92 5.50 125.00 0.53 1.01 1050.00 5.00 3.00 2500.25 1.05 27.50 10.00
93 7.97 166.18 0.26 1.55 528.35 8.38 4.10 1127.64 1.57 39.85 4.51
94 7.97 83.82 0.26 1.55 1571.65 8.38 4.10 1127.64 0.53 15.15 15.49
95 3.03 83.82 0.26 0.46 528.35 8.38 1.90 1127.64 1.57 39.85 15.49
96 7.97 166.18 0.26 1.55 1571.65 8.38 1.90 3872.86 1.57 39.85 15.49

Run ATRA CITCO
Testoster

one
17β Estradiol  ITE Y27632 MS-1 Sod But

Asc 
Acid

OSM H/C

1 3.03 83.82 0.79 1.55 1571.65 16.62 4.10 3872.86 0.53 15.15 15.49
2 3.03 166.18 0.79 1.55 528.35 8.38 1.90 1127.64 1.57 39.85 4.51
3 3.03 83.82 0.79 0.46 528.35 8.38 1.90 3872.86 1.57 39.85 15.49
4 3.03 166.18 0.26 1.55 1571.65 8.38 1.90 3872.86 0.53 15.15 15.49
5 3.03 83.82 0.26 1.55 1571.65 16.62 4.10 1127.64 0.53 39.85 15.49
6 5.50 125.00 0.53 1.01 1050.00 12.50 3.00 2500.25 1.05 50.00 10.00
7 5.50 125.00 0.53 1.01 2000.00 12.50 3.00 2500.25 1.05 27.50 10.00
8 3.03 166.18 0.79 0.46 1571.65 16.62 1.90 3872.86 0.53 39.85 15.49
9 5.50 125.00 0.53 1.01 1050.00 20.00 3.00 2500.25 1.05 27.50 10.00
10 7.97 83.82 0.26 0.46 528.35 8.38 1.90 1127.64 0.53 15.15 4.51
11 5.50 125.00 0.53 1.01 1050.00 12.50 3.00 2500.25 1.05 27.50 10.00
12 3.03 166.18 0.26 0.46 1571.65 8.38 1.90 1127.64 1.57 15.15 4.51
13 7.97 166.18 0.26 1.55 1571.65 8.38 1.90 1127.64 0.53 39.85 4.51
14 3.03 166.18 0.79 1.55 528.35 8.38 4.10 3872.86 0.53 39.85 4.51
15 5.50 125.00 0.53 1.01 1050.00 12.50 3.00 2500.25 1.05 27.50 20.00
16 3.03 166.18 0.26 0.46 528.35 8.38 4.10 3872.86 0.53 39.85 15.49
17 7.97 83.82 0.26 1.55 1571.65 16.62 4.10 3872.86 1.57 15.15 4.51
18 7.97 166.18 0.79 0.46 1571.65 16.62 4.10 1127.64 1.57 15.15 4.51
19 5.50 125.00 0.53 1.01 1050.00 12.50 3.00 2500.25 1.05 27.50 10.00
20 7.97 166.18 0.26 0.46 1571.65 8.38 1.90 3872.86 0.53 15.15 4.51
21 7.97 83.82 0.79 1.55 528.35 16.62 4.10 3872.86 1.57 15.15 4.51
22 7.97 83.82 0.79 0.46 1571.65 16.62 1.90 3872.86 0.53 15.15 4.51
23 7.97 83.82 0.26 0.46 528.35 16.62 1.90 3872.86 1.57 39.85 4.51
24 5.50 125.00 0.53 1.01 1050.00 12.50 3.00 2500.25 0.10 27.50 10.00
25 3.03 83.82 0.26 0.46 528.35 16.62 4.10 3872.86 0.53 15.15 4.51
26 7.97 83.82 0.79 0.46 1571.65 16.62 4.10 3872.86 1.57 39.85 15.49
27 7.97 83.82 0.79 1.55 528.35 8.38 4.10 1127.64 1.57 39.85 15.49
28 7.97 166.18 0.79 0.46 528.35 16.62 4.10 3872.86 0.53 15.15 15.49
29 3.03 83.82 0.26 1.55 528.35 8.38 1.90 3872.86 1.57 15.15 4.51
30 3.03 166.18 0.26 0.46 528.35 16.62 1.90 1127.64 0.53 15.15 15.49
31 3.03 166.18 0.79 0.46 528.35 16.62 4.10 1127.64 1.57 39.85 15.49
32 5.50 125.00 0.05 1.01 1050.00 12.50 3.00 2500.25 1.05 27.50 10.00
33 5.50 125.00 0.53 1.01 1050.00 12.50 3.00 0.50 1.05 27.50 10.00
34 7.97 166.18 0.26 0.46 1571.65 16.62 1.90 1127.64 1.57 39.85 15.49
35 7.97 83.82 0.26 0.46 528.35 16.62 4.10 1127.64 0.53 39.85 15.49
36 5.50 125.00 0.53 1.01 1050.00 12.50 3.00 2500.25 1.05 27.50 10.00
37 7.97 166.18 0.79 1.55 1571.65 8.38 4.10 3872.86 1.57 15.15 4.51
38 3.03 83.82 0.79 1.55 528.35 16.62 1.90 1127.64 0.53 39.85 15.49
39 7.97 166.18 0.26 1.55 528.35 8.38 1.90 1127.64 1.57 15.15 15.49
40 3.03 83.82 0.79 0.46 1571.65 8.38 4.10 3872.86 1.57 15.15 4.51
41 5.50 125.00 0.53 1.01 1050.00 12.50 3.00 2500.25 2.00 27.50 10.00
42 3.03 166.18 0.26 0.46 528.35 8.38 4.10 1127.64 1.57 15.15 4.51
43 7.97 83.82 0.79 1.55 1571.65 8.38 1.90 3872.86 1.57 15.15 15.49
44 7.97 166.18 0.79 1.55 1571.65 16.62 1.90 1127.64 0.53 15.15 15.49
45 5.50 125.00 0.53 1.01 1050.00 12.50 1.00 2500.25 1.05 27.50 10.00
46 3.03 83.82 0.79 1.55 1571.65 8.38 1.90 1127.64 0.53 15.15 4.51
47 3.03 166.18 0.79 0.46 1571.65 8.38 4.10 1127.64 0.53 15.15 4.51
48 3.03 83.82 0.26 1.55 1571.65 16.62 1.90 1127.64 1.57 15.15 15.49

Run ATRA CITCO
Testoster

one
17β Estradiol  ITE Y27632 MS-1 Sod But

Asc 
Acid

OSM H/C Table 29: 
Central 
Composite 
Design for 
DoE#4. Ta-
ble of com-
binations of 
the 12 fac-
tors to in-
duce matu-
ration of 
hepatocytes 
upon 
hepatocyte 
differentia-
tion on day 
17 following 
a DoE ap-
proach. All 
combina-
tions were 
added to 
Medium 
C+HGF. 
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Run
Decitabi

ne
SR12813 CHIR99 D-Glucose GlutaMAX MS-2

Progestero
ne 

TCA Lipid MIX OSM H/C

1 7.97 1.51 4.58 7.97 4.10 4.10 3.88 155.47 7.97 15.15 4.51
2 7.97 1.51 4.58 3.03 1.90 1.90 1.17 47.03 3.03 15.15 4.51
3 5.50 2.75 6.50 5.50 3.00 3.00 2.53 101.25 5.50 27.50 10.00
4 7.97 3.99 8.42 3.03 4.10 4.10 3.88 47.03 7.97 15.15 4.51
5 3.03 1.51 4.58 3.03 1.90 4.10 3.88 155.47 3.03 15.15 4.51
6 3.03 1.51 4.58 7.97 4.10 4.10 3.88 47.03 3.03 39.85 15.49
7 7.97 1.51 8.42 3.03 4.10 1.90 1.17 47.03 3.03 39.85 15.49
8 7.97 1.51 4.58 7.97 1.90 4.10 1.17 155.47 3.03 15.15 15.49
9 5.50 2.75 6.50 5.50 3.00 3.00 2.53 101.25 5.50 27.50 10.00
10 7.97 1.51 8.42 7.97 4.10 4.10 3.88 47.03 3.03 39.85 4.51
11 7.97 1.51 4.58 3.03 4.10 1.90 3.88 47.03 7.97 39.85 4.51
12 3.03 3.99 4.58 7.97 1.90 4.10 3.88 47.03 3.03 15.15 15.49
13 3.03 3.99 8.42 3.03 4.10 4.10 1.17 155.47 3.03 39.85 15.49
14 7.97 3.99 4.58 7.97 1.90 1.90 1.17 47.03 7.97 15.15 15.49
15 7.97 1.51 8.42 7.97 1.90 1.90 3.88 47.03 7.97 39.85 15.49
16 7.97 3.99 8.42 3.03 1.90 4.10 3.88 155.47 3.03 15.15 15.49
17 5.50 2.75 6.50 5.50 3.00 3.00 2.53 101.25 5.50 27.50 10.00
18 7.97 1.51 4.58 7.97 4.10 1.90 3.88 47.03 3.03 15.15 15.49
19 5.50 2.75 6.50 5.50 3.00 3.00 2.53 200.00 5.50 27.50 10.00
20 7.97 1.51 8.42 3.03 4.10 4.10 1.17 155.47 3.03 15.15 4.51
21 7.97 3.99 4.58 3.03 4.10 4.10 1.17 47.03 7.97 39.85 15.49
22 3.03 1.51 8.42 7.97 4.10 4.10 3.88 155.47 3.03 15.15 15.49
23 5.50 2.75 6.50 5.50 3.00 3.00 2.53 101.25 5.50 27.50 20.00
24 5.50 2.75 6.50 5.50 5.00 3.00 2.53 101.25 5.50 27.50 10.00
25 5.50 0.50 6.50 5.50 3.00 3.00 2.53 101.25 5.50 27.50 10.00
26 5.50 2.75 6.50 5.50 3.00 1.00 2.53 101.25 5.50 27.50 10.00
27 3.03 1.51 4.58 3.03 1.90 1.90 1.17 47.03 7.97 39.85 15.49
28 3.03 3.99 4.58 3.03 4.10 1.90 1.17 47.03 7.97 15.15 4.51
29 3.03 3.99 4.58 7.97 1.90 4.10 1.17 155.47 3.03 39.85 4.51
30 5.50 2.75 10.00 5.50 3.00 3.00 2.53 101.25 5.50 27.50 10.00
31 3.03 3.99 8.42 3.03 1.90 1.90 1.17 155.47 3.03 15.15 4.51
32 3.03 3.99 8.42 7.97 4.10 1.90 3.88 47.03 7.97 39.85 15.49
33 7.97 1.51 8.42 3.03 4.10 4.10 3.88 155.47 7.97 39.85 15.49
34 3.03 1.51 8.42 3.03 1.90 1.90 3.88 47.03 3.03 15.15 15.49
35 7.97 3.99 8.42 7.97 4.10 4.10 1.17 47.03 3.03 15.15 15.49
36 5.50 2.75 6.50 5.50 3.00 3.00 2.53 101.25 5.50 27.50 0.00
37 3.03 1.51 8.42 3.03 4.10 1.90 3.88 155.47 7.97 15.15 4.51
38 7.97 1.51 8.42 7.97 4.10 1.90 1.17 155.47 7.97 15.15 15.49
39 3.03 3.99 8.42 7.97 1.90 1.90 1.17 47.03 7.97 39.85 4.51
40 3.03 1.51 8.42 3.03 4.10 4.10 1.17 47.03 7.97 39.85 4.51
41 7.97 3.99 8.42 7.97 4.10 1.90 3.88 155.47 7.97 15.15 4.51
42 5.50 2.75 6.50 10.00 3.00 3.00 2.53 101.25 5.50 27.50 10.00
43 7.97 1.51 4.58 3.03 1.90 4.10 1.17 155.47 7.97 39.85 4.51
44 7.97 1.51 4.58 7.97 1.90 1.90 3.88 155.47 3.03 39.85 4.51
45 3.03 3.99 4.58 7.97 4.10 1.90 1.17 155.47 3.03 15.15 15.49
46 7.97 3.99 4.58 7.97 1.90 1.90 3.88 47.03 7.97 39.85 4.51
47 1.00 2.75 6.50 5.50 3.00 3.00 2.53 101.25 5.50 27.50 10.00
48 3.03 3.99 4.58 3.03 1.90 1.90 3.88 47.03 7.97 15.15 4.51

Run
Decitabi

ne
SR12813 CHIR99 D-Glucose GlutaMAX MS-2

Progestero
ne 

TCA Lipid MIX OSM H/C

49 7.97 3.99 8.42 3.03 1.90 4.10 1.17 155.47 3.03 39.85 4.51
50 3.03 3.99 8.42 3.03 4.10 1.90 3.88 47.03 3.03 15.15 4.51
51 7.97 3.99 8.42 7.97 1.90 1.90 1.17 155.47 3.03 39.85 15.49
52 7.97 3.99 8.42 3.03 4.10 1.90 3.88 155.47 7.97 39.85 15.49
53 3.03 1.51 8.42 3.03 1.90 1.90 3.88 47.03 3.03 39.85 4.51
54 5.50 2.75 6.50 5.50 3.00 3.00 2.53 101.25 5.50 27.50 10.00
55 3.03 3.99 4.58 3.03 1.90 4.10 1.17 47.03 3.03 15.15 15.49
56 7.97 1.51 4.58 3.03 4.10 4.10 1.17 47.03 3.03 39.85 4.51
57 3.03 1.51 8.42 3.03 1.90 1.90 1.17 155.47 7.97 39.85 15.49
58 7.97 1.51 8.42 3.03 1.90 4.10 1.17 47.03 7.97 15.15 15.49
59 5.50 2.75 6.50 5.50 3.00 3.00 5.00 101.25 5.50 27.50 10.00
60 5.50 2.75 6.50 5.50 3.00 3.00 2.53 101.25 5.50 27.50 10.00
61 5.50 2.75 3.00 5.50 3.00 3.00 2.53 101.25 5.50 27.50 10.00
62 7.97 3.99 4.58 7.97 4.10 1.90 1.17 155.47 7.97 39.85 15.49
63 3.03 3.99 8.42 7.97 4.10 4.10 3.88 47.03 7.97 15.15 4.51
64 5.50 2.75 6.50 5.50 3.00 3.00 2.53 101.25 5.50 5.00 10.00
65 7.97 3.99 4.58 7.97 4.10 1.90 1.17 47.03 3.03 39.85 4.51
66 3.03 3.99 8.42 7.97 1.90 1.90 3.88 155.47 3.03 39.85 4.51
67 7.97 3.99 8.42 7.97 1.90 1.90 3.88 47.03 3.03 15.15 4.51
68 5.50 5.00 6.50 5.50 3.00 3.00 2.53 101.25 5.50 27.50 10.00
69 5.50 2.75 6.50 5.50 3.00 3.00 2.53 101.25 1.00 27.50 10.00
70 10.00 2.75 6.50 5.50 3.00 3.00 2.53 101.25 5.50 27.50 10.00
71 7.97 1.51 4.58 3.03 1.90 1.90 3.88 155.47 7.97 15.15 15.49
72 3.03 3.99 4.58 3.03 4.10 4.10 3.88 155.47 7.97 15.15 15.49
73 7.97 1.51 8.42 7.97 1.90 4.10 3.88 155.47 7.97 15.15 4.51
74 3.03 1.51 4.58 3.03 4.10 1.90 1.17 155.47 3.03 39.85 4.51
75 7.97 3.99 4.58 7.97 4.10 4.10 3.88 155.47 3.03 39.85 15.49
76 3.03 1.51 8.42 7.97 1.90 4.10 1.17 47.03 3.03 39.85 15.49
77 7.97 1.51 4.58 3.03 1.90 4.10 3.88 47.03 3.03 39.85 15.49
78 3.03 3.99 8.42 7.97 1.90 4.10 1.17 155.47 7.97 15.15 15.49
79 5.50 2.75 6.50 5.50 3.00 3.00 0.05 101.25 5.50 27.50 10.00
80 5.50 2.75 6.50 5.50 3.00 3.00 2.53 101.25 5.50 50.00 10.00
81 3.03 1.51 8.42 7.97 4.10 4.10 1.17 155.47 7.97 39.85 4.51
82 3.03 3.99 8.42 3.03 1.90 4.10 3.88 47.03 7.97 39.85 15.49
83 3.03 3.99 4.58 3.03 1.90 1.90 3.88 155.47 3.03 39.85 15.49
84 7.97 3.99 4.58 3.03 4.10 1.90 1.17 155.47 3.03 15.15 4.51
85 3.03 1.51 4.58 7.97 1.90 1.90 1.17 155.47 7.97 15.15 4.51
86 5.50 2.75 6.50 5.50 1.00 3.00 2.53 101.25 5.50 27.50 10.00
87 5.50 2.75 6.50 5.50 3.00 5.00 2.53 101.25 5.50 27.50 10.00
88 3.03 3.99 4.58 3.03 4.10 4.10 3.88 155.47 7.97 39.85 4.51
89 3.03 1.51 4.58 7.97 4.10 4.10 1.17 47.03 7.97 15.15 15.49
90 5.50 2.75 6.50 5.50 3.00 3.00 2.53 101.25 5.50 27.50 10.00
91 5.50 2.75 6.50 1.00 3.00 3.00 2.53 101.25 5.50 27.50 10.00
92 3.03 1.51 8.42 7.97 4.10 1.90 1.17 47.03 3.03 15.15 4.51
93 3.03 1.51 4.58 7.97 1.90 4.10 3.88 155.47 7.97 39.85 15.49
94 7.97 3.99 4.58 7.97 1.90 4.10 1.17 47.03 7.97 15.15 4.51
95 5.50 2.75 6.50 5.50 3.00 3.00 2.53 2.50 5.50 27.50 10.00
96 5.50 2.75 6.50 5.50 3.00 3.00 2.53 101.25 10.00 27.50 10.00

Table 30: Central 
Composite Design 
for DoE#5. Table 
of combinations of 
the 12 factors to 
induce maturation 
of hepatocytes 
upon hepatocyte 
differentiation on 
day 17 following a 
DoE approach. All 
combinations 
were added to 
Medium C+HGF. 
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