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Abstract 

Given the essential biological role the liver plays, reliable and reproducible in vitro models are 

vital for furthering research in many fields. The current in vitro liver models have limitations, 

most often that they are two-dimensional and lack critical architectural features of the endogenous 

liver. The goal of this research project was to utilise stem cell-derived hepatocytes, and the cancer 

cell-line HepaRG, to develop a 3D tissue model that can be bioprinted in a high throughput 

manner.  

Initial experiments with human embryonic stem cells (hESCs) resulted in high levels of cell death. 

Robust viability of encapsulated hESCs was achieved by first generating hESCs before 

encapsulation. Preliminary differentiation of hESCs within the alginate was inefficient  soit was 

necessary to adapt the differentiation protocol for stem cell-derived hepatocytes. This was 

achieved by preloading the alginate with growth factors andelongating the initial differentiation 

step.  

Identification of porous hydrogels was essential for permeation of crucial growth factors 

throughout the bioprinted structures to control differentiation. Carboxymethyl cellulose was 

identified as producing the most porous hydrogels in combination with alginate, determined 

through the leaching of fluorescent proteins from the gel.  

The previous results were translated to the liver cell line, HepaRG cells. The carboxymethyl 

cellulose and alginate composite supported the highest function from the HepaRG cells. This 

bioink of encapsulated HepaRGs was then bioprinted in a high throughput manner into 96 well 

plates using a custom designed 3D model. These HepaRG-laden structures were subsequently 

used for a hepatotoxicity drug assay.  The structures showed expected levels of hepatotoxicity in 

response to these molecules. 

This work demonstrated the feasibility of generating reproducible and reliable liver tissue in vitro, 

which could be used for mid to high throughput research.  
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1.1 Background and Motivation 

 

The liver is  a vital internal organ, conducting essential roles such as the synthesis of proteins and 

other biochemicals, storage of biomacromolecules, and the breakdown of numerous metabolites 

and xenobiotics (Ishibashi et al. 2009). While highly regenerative, the liver is still affected by 

diseases of lifestyle, ageing, genetics, and the results of drug toxicity. As a result, liver organs and 

tissue are needed for clinical, industrial, and academic application. Clinically, liver 

transplantation is often the only solution for end-stage liver disease (van de Kerkhove et al. 2004). 

Industrially, particularly in pharmaceutical companies, liver cells (hepatocytes) are used as a 

model to assess hepatotoxicity when developing drugs(Lee 2003). Academically, hepatocytes and 

liver tissue are used extensively as models to research the cell biology, genetics, physiology and 

pathophysiology of the liver in various states of health and disease (Godoy et al. 2013). The broad 

use of hepatocytes unfortunately coincides with a scarcity of primary human tissues and cells. 

Attempts to generate liver tissue in vitro has been an active area of research for more than 30 

years since the use of the “collagen sandwich” culture for primary hepatocytes(Dunn et al. 1989). 

When cultured in vitro, hepatocytes lose essential signals and factors from physiological liver 

tissue, which results in short-lived suboptimal function and  ultimately cell death(LeCluyse 2001). 

When comparing the complexities of tissue to the simplicity of standard in vitro tissue culture, 

the discrepancies become clear. For example, when modelling hepatotoxicity for pharmaceutical 

development, a range of liver models with varying complexity are utilised throughout the 

development process(Holmes et al. 2017). Simple, 2D hepatocyte models are used initial in large 

scale, high throughput screens of compounds to generate or filter ‘hits’. Potential candidate 

compounds can then be assessed in in vivo animal models, which have increased complexity. 

However, both these stages have limitations. Hepatocytes cultured with standard in vitro 

techniques lack the 3D architecture found in tissue and are not exposed to appropriate 

extracellular matrix materials or supporting cell types(Lin and Khetani 2016). Biomechanical 

factors such as the rigidity of the tissue are also lost, with tissue culture plastic being several 

orders of magnitude more rigid than liver tissue (Liu et al. 2015). Likewise, histopathological, or 

organ level damage cannot be assessed in vitro in such simple models(Holmes et al. 2017). The 

use of animal models introduces resource, ethical and welfare concerns, limiting the replicate 

number. The intrinsic differences between species biology can also cause unpredictability in the 

results translation to humans(Holmes et al. 2017).  Tissue engineers have begun exploring the use 

of biomaterials, biomechanical characteristics, co-cultures, and biofabrication techniques to 

recapitulate the tissue niche that hepatocytes, and their supporting cells, would ordinarily reside 
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in in vivo. Bioprinting in particular has been  highlighted as a biofabrication technique that could 

be employed to develop more physiologically relevant liver tissue models(Nguyen et al. 2016a; 

Skeldon, Lucendo-Villarin, and Shu 2018)(Lin and Khetani 2016)(Peng et al. 2017). The research 

detailed in this thesis will be focused on the further development of generating liver tissue using 

3D bioprinting for pharmacological and toxicological use.  

1.2 Literature Review 

This multi-disciplinary thesis will cover various topics from numerous fields required for the 

generation of bioprinted 3D liver tissue. These fields include liver development and biology, stem 

cell biology, biomaterials, and bioprinting techniques. The literature review will focus on the 

different options available when starting this research and will support the choices made 

throughout the research project. Section 1.3 will introduce liver biology, and its requirements in 

the clinic, life sciences industry, and academia. It will also discuss examples of techniques used 

to engineer liver tissue. Follow this, I will discuss different bioprinting technologies and their 

applicability to the field of liver tissue engineering. I will subsequently evaluate the various 

biomaterials that are available for hepatocytes culture, and how they can be employed with 

bioprinting technology. Finally, a summary of the literature review findings is given, and the 

conclusion used to generate the aims and objectives that have driven the research of this thesis.  

1.3 Liver Biology – use in the clinic, industry and academia 

The liver  performs over 500 unique functions within the body, from the synthesis of essential 

proteins, storage of biomolecules, metabolism of biomacromolecules and xenobiotics, bile 

secretion and many more(Ishibashi et al. 2009). The liver is a highly regenerative organ, with just 

25% of the initial liver mass able to regenerate to its healthy state(Kholodenko and Yarygin 2017). 

Despite this regenerative potential, acute and chronic illnesses can result in liver damage and 

eventual failure. For acute-liver failure and end-stage liver disease, liver transplantation is the 

only clinical option(Szkolnicka et al. 2014). Unfortunately, organs suitable for transplantation are 

in short supply, with average wait times exceeding 100 days with the NHS(NHS 2020).  

The pharmaceutical industry use hepatocytes as a tool to model human drug metabolism. In some 

cases, metabolites formed through this liver metabolism can be reactive and toxic(Kaplowitz 

2005). Subsequently, pharmaceutical companies assess the hepatotoxicity of their drug 

development leads using various in vitro models of hepatocyte and liver cells. Unfortunately, 

these models are insufficient to completely recapitulate the environment that may be necessary to 

generate hepatoxic events in a patient. This results in attrition of drugs in late stages of 
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development, or even harm to patients from hepatotoxicity. The cost of unsuitable liver models 

can be significant in terms of cost, time, and health of patients(Lee 2003). 

Academic research utilises liver cells and tissues as a research tool to analyse liver physiology, 

pathophysiology, genetics, epigenetics, among many other fields(Cameron et al. 2015; 

Szkolnicka et al. 2013, 2016). Academic research can range from fundamental understanding of 

cell biology, to translational clinical trials(Lu et al. 2015). However, throughout it is imperative 

for academic research to utilise a physiological relevant liver model, that will closely resemble 

natural liver tissue. Historically, the gold standard for in vitro liver modelling utilised primary 

hepatocytes in a simplistic “collagen sandwich” culture(Dunn et al. 1989; Dunn, Tompkins, and 

Yarmush 1992). Without the collagen, primary hepatocytes rapidly lose function and die in 

culture. Despite this, hepatocytes can still only be cultured for around 14 days in this culture 

system before functions lapse. De-differentiation of the hepatocytes into non-functional 

mesenchymal cells is most likely the result of the simplistic culture system, and lack key factors 

associated with natural liver tissue.  

In general, limitations in current models of the liver in vitro are the result of gross simplification 

of the desired tissue. It is essential to understand the liver intricately, in order to recapitulate the 

niche that hepatocytes reside in, in order to produce physiological relevant and useful liver tissue.  

1.3.1 Liver Development and physiology 

In order to best design and engineer a faithful in vitro mirror of liver tissue, it is important to 

understand the structure and function of the endogenous liver tissue.  

The liver is derived from the endoderm germ lineage of the zygote(Zorn 2008). During 

gastrulation, morphogenetic movements form a primitive gut tube embryo. While precise details 

are not yet known, it is known that spatial and temporal gradients of FGF(Dessimoz et al. 2006), 

Wnt(McLin, Rankin, and Zorn 2007), BMP(Roberts et al. 1995) and retinoic acid(Stafford et al. 

2004) from the adjacent mesoderm pattern the endoderm into foregut, midgut and hindgut. The 

embryonic liver originates from the ventral foregut(Tremblay and Zaret 2005), adjacent to the 

developing heart. Transcription of key genes such as Gata4-6 and FoxA2 play essential roles in 

endoderm formation and hepatogenesis, acting as pioneer factors which govern chromatin 

accessibility (Gualdi et al. 1996). Deletion of FoxA2 prevents early liver induction in the 

foregut(Lee et al. 2005) byFGF and BMP signalling which orginate from  the cardiac mesoderm 

and septum transversum mesenchyme, respectively (Rossi et al. 2001). At day 9 of development 

in mice, hepatoblasts delaminate and invade the septum transversum mesenchyme (STM) and 

form the liver bud(Houssaint 1980) (Figure 1.1). It is in the STM that the developing liver procure 

the supporting cells of the liver, fibroblasts and stellate cells. The STM and supporting cells 
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produce a litany of supporting growth factors, including FGF, BMP, HGF, Wnt, TGF-β, and 

retinoic acid. The budding liver then undergoes rapid growth from day 10 to 15 in the mouse, 

accelerated by these growth factors (Matsumoto et al. 2001). The hepatoblasts present are 

bipotent, with those closest to the portal vasculature ultimately forming the biliary epithelial cells  

and intrahepatic ducts, while the majority of the hepatoblasts form hepatocytes(Lemaigre 2003). 

Fetal biliary cells increase expression of biliary endothelial genes such as cytokeratin-19, while 

suppressing hepatocyte specific genes. Fetal hepatocytes express key genes Hnf4α(Li, Ning, and 

Duncan 2000) and Albumin(Bort et al. 2006). Hepatocyte differentiation continues throughout 

development via secretion of Oncostatin M (OSM) from haematopoietic cells, in concert with 

glucocorticoid hormones, HGF and Wnt(Kamiya, Kinoshita, and Miyajima 2001; Michalopoulos 

et al. 2003; Suzuki et al. 2003; Tan et al. 2008). This process of biliary network formation and 

hepatocyte maturation is continued until after birth to form the characteristic liver architecture. 

 

 

Figure 1.1. Schematic of the significant steps in early liver development. E8.25 shows the ventral foregut 

already destined for liver lineage adjacent to the developing heart. FGF and BMP signalling from the heart 

reinforce hepatocyte fate. By e9 the early liver invades the septum transversum (STM) to begin forming 

the early liver bud. Delamination of the liver epithelium is shown at e9.5, with the hepatoblasts invading 

the STM. It is in the STM that the liver bud gains the supporting fibroblasts, stellate cells, and endothelial 

cells of the liver, shown at e10.5. The mesenchyme at this stage delivers many signals including HGF, Wnt 

and TGF-beta to further mature the hepatoblasts. E: embryonic day. STM: Septum Transversum.(Zorn 

2008) 

 

The primary parenchymal cell of the liver is the hepatocyte, which performs most of its functions. 

However, hepatocytes require the support of the nonparencymal cells in the liver, including; 

hepatic stellate cells, endothelial cells, fibroblasts and Kupffer cells. Together, the multiple cells 

of the liver are arranged in a specific architecture that relate to their zonal function(Trefts, 

Gannon, and Wasserman 2017). The relatively amorphous macroscopic nature of the lobed liver 
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somewhat belies its intricate architecture at the tissue and cellular scale. The lobule is the 

characteristic structural unit of the liver, tens of thousands of which come together to form the 

organ(Ishibashi et al. 2009) (Figure 1.2). Lobules are hexagonal in nature, centred on a vessel of 

the hepatic vein. Each vertex of each hexagon has a resident portal triad, composed of three 

vessels: a vessel of the hepatic artery; a vessel of the hepatic portal vein, and a bile duct. Within 

the lobule, the blood from the hepatic artery and portal vein traverse and mix as they pass through 

to the hepatic vein. Bile produced from hepatocytes is drained to bile ducts, in the opposite 

direction of blood flow. 

 

Figure 1.2. The lobule is the structural unit of the liver. Liver lobules are hexagonal systems centred on a 

vessel of the hepatic vein (blue). Cords of hepatocytes radiate from the vein toward each vertex of each 

hexagon which harbour a portal triad composed of the hepatic portal vein, hepatic artery and bile duct 

(black, red and green respectively). Two lobules show the direction of flow of mixed blood from the hepatic 

artery and hepatic portal vein to the hepatic vein (purple arrows). They also show the flow of bile in the 

opposite direction towards the bile duct in the portal triad (green arrow). 

Lobules themselves are composed of cords of hepatocytes that radiate from the vein to the portal 

triad. Alongside endothelial cells, stellate cells, Kupffer cells, and biliary epithelial cells form 

sinusoids(Trefts et al. 2017) (Figure 1.3). Liver sinusoids are the fundamental functional unit of 

the liver, where the architecture of the tissue relate directly to the function of the cells.  The 

sinusoid is lined by liver sinusoidal endothelial cells (LSECs), the fenestrated nature of which 

allows the maximum exchange of molecules from the blood to the space of Disse. The space of 

Disse is an area between the LSECs and the hepatocytes surrounding them which allows for 
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maximum diffusion and exchange of molecules from the blood and hepatocytes, as well as 

protecting the hepatocytes from shear stress of the blood vessel(Motta 1984). 

 

Figure 1.3. Illustration of a liver sinusoid. Liver sinusoids are the site of molecular exchange for hepatocytes 

in the liver. Blood from the portal triad vessels (artery and portal vein) mix in the sinusoids of the liver, is 

made available to hepatocytes, and then drained in the central hepatic vein of each lobule. Each sinusoid is 

composed of an inner layer of fenestrated endothelial cells. This fenestration allows maximum exchange 

of molecules from the blood vessel to the space of Disse. This space allows the most efficient exchange of 

molecules to and from hepatocytes, and also protects hepatocytes from the shear stress of the blood vessel. 

The space of Disse is also populated by other non-parenchymal cells: the hepatic stellate cell, and the 

resident macrophage, the Kupffer cell. These cells play vital roles in homeostasis and regulation of 

hepatocyte activity. Between sinusoids, hepatocytes form tight junctions and consequently bile canaliculi, 

where bile drains. This bile moves inverse to the flow of blood back to the portal triad where it is drained 

to the bile duct. Image taken from Wikipedia, available under Creative Commons Attribution 2.5 Generic 

license. 

Hepatocyte cytoarchitecture within the hepatocyte cord of the sinusoid is key to their function. 

Hepatocytes have defined polarity, with two basolateral domains on each side facing endothelial 

cells of two sinusoids(Treyer and Müsch 2013). They also contain two apical domains facing 

adjoining hepatocytes, with whom they form tights junctions and, consequently, bile canaliculi. 

Bile canaliculi allow the draining of bile produced from hepatocyte metabolism back to the portal 

triad, so it can be removed by the bile duct and prevent cholestasis. 

As well as the lobule and sinusoid, the liver can be further subdivided into the acinus(Kietzmann 

2017). The acinus is defined by areas of differing oxygen concentration (Figure 1.4). This oxygen 

gradient is caused by the flow of oxygenated blood diffusing into the tissue, flowing from the 

hepatic artery to the hepatic vein. As well oxygen, a gradient of nutrients, growth factors and 

cytokines across the acinus produces a heterogeneous population of hepatocytes which can 

display differences in expression of hepatic genes and proteins(Traber, Chianale, and Gumucio 
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1988), an example being cytochrome P450 enzyme CYP3A4 expression being highest in the 

pericentral area (zone 3).  This physiological heterogeneity across the lobule and sinusoids allows 

the different metabolic tasks of the liver to be performed by the hepatocytes. For example, Zone 

I hepatocytes tend to conduct oxidative metabolism given the enriched oxygen environment, with 

roles including gluconeogenesis and ureagenesis. Zone III hepatocytes act under a lower oxygen 

concentration and perform glycolysis and xenobiotic metabolism. Zone II hepatocytes tend to 

perform a mixture of the tasks that zone I and III hepatocytes conduct.  Matrix composition also 

varies across the acinus supporting the breadth of phenotype exhibited throughout(McClelland et 

al. 2008) (Figure 1.5).    

 

Figure 1.4. Zonation of the acinus. The acinus is roughly divided into three zones, defined by their position 

relative to the portal triad and hepatic vein. The most oxygenated region, adjacent to the portal triad is Zone 

1. Zone 3 is the least oxygenated region and found near the hepatic vein. Zone 2 found in between has a 

mix of the physiological roles found in each of the other zones. 
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Figure 1.5. Varying composition of ECM materials across the acinus, shown from the perspective of a 

sinusoid. Collagen type changes throughout the acinus, with laminins primarily found in the periportal zone. 

Fibronectin is found throughout the acinus, whereas proteoglycan composition also varies, with an increase 

in heparan proteoglycan toward the pericentral zone. This shows a clear difference in the matrix 

composition across the acinus, which will have an effect on the phenotype and function of the heterogenous 

population of hepatocytes within(McClelland et al. 2008). CS = Chondroitan sulfate, HS = Heparan sulfate, 

LAM = Laminins, FN = Fibronectin. 

 

Xenobiotic metabolism often takes place in the liver through three phases of detoxification(Xu, 

Li, and Kong 2005). Phase I metabolism involves the modification of the xenobiotics with the 

introduction of reactive and/or polar groups. This process is catalysed by the cytochrome P450 

class of enzymes found in the liver. These modified, reactive/polar metabolites are then subjected 

to Phase II metabolism, which conjugates with charged species, such as glutathione (GSH). This 

process is catalysed by a group of enzymes known as transferases. Phase III metabolism largely 

involves transport of large, modified xenobiotics across cell membranes for eventual excretion. 

There are two primary families of Phase III transporters: ATP-binding cassette (ABC) and solute 

carrier (SLC) transporters. Ultimately, drug metabolism results in the formation of a more 

hydrophilic compound that is readily excreted from the body 

Taken together it is clear that the architecture of liver tissue is incredibly important at the 

microvascular and cellular level, and the structure of the lobule and sinusoid is directly related to 

the function of hepatocytes and NPCs. Consequently, it seems apt that tissue engineers should 

utilise this well understood and characterised structure to design and produce an analogous tissue-

like system for use in research. By reproducing the architecture and cell patterning of the sinusoid 

and recapitulating the nutrient and oxygen gradient that exists across the acinus, it may be possible 

to create a tissue-like structure that is highly biomimetic and analogous to in vivo liver 

tissue(Skeldon et al. 2018). 
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1.4 Source of liver cells 

When developing tissue engineered liver structures, the source of the hepatocytes and NPCs must 

be considered. The various sources available have their own benefits and drawbacks, and include 

primary liver cells, differentiated stem cells, and liver cell lines. 

1.4.1 Primary liver cells 

Primary human hepatocytes (PHHs) are considered to be the gold standard for in vitro models of 

the liver for toxicology or disease modelling(LeCluyse 2001). They are directly relatable to in 

vivo liver cells and show expression of proteins and markers relatable to those expressed in vivo. 

In particular PHHs strongly express cytochrome P450 proteins in culture, enzymes essential in 

xenobiotic metabolism in the liver (Godoy et al. 2013).  

Many tissue engineering endeavours have utilised PHHs as their cell source(Messner et al. 

2013)(Nguyen et al. 2016b)(Sasaki et al. 2017)(Török et al. 2011), but they come with significant 

caveats. PHHs come from primary tissue and are thus plagued by the same problems of 

availability that concern liver transplantation. Primary human liver tissue is in short supply, and 

hepatocytes cannot be efficiently expanded in culture. This is due to the instability of hepatocytes 

in vitro, where they rapidly de-differentiate and characteristic hepatic protein expression is 

diminished substantially (LeCluyse et al. 2012).  

1.4.2 Stem-cell derived hepatocytes 

Stem cells appear to be an ideal source of mature hepatocyte and NPCs: They are readily 

renewable, often being highly proliferative; They can have varied donors, which allows distinct 

genetic backgrounds in the case of disease modelling or pharmacogenetics; and they are often 

multi or pluripotent, allowing them to differentiate from their naïve to a mature, somatic cell 

type(Szkolnicka et al. 2013). Most frequently, hepatocytes are derived from pluripotent stem cells 

(PSCs), either embryonic or induced-pluripotent stem cells.  Embryonic stem cells, taken from 

early stage blastocysts, have the potential to ultimately form any cell type in the mature body, 

known as pluripotency. Induced-pluripotent stem cells are mature cells which have been genetic 

reprogrammed to regain this pluripotent ability(Takahashi et al. 2007). It is this ability that allows 

their use in generating hepatocytes. While various protocols for generating stem-cell derived 

hepatocytes exist(Cameron et al. 2015)(Dianat et al. 2014)(Takebe et al. 2013)(Ware, Berger, and 

Khetani 2015), they share the same philosophy of guiding the pluripotent stem cell through 

pseudo-development in a dish. The stem cells are exposed to specific growth factors and chemical 

cues and at specific times that mimic the natural development of the liver in utero as described 

earlier (Figure 1.6). For examples Activin A is used to mimic the action of TGF-beta in endoderm 
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specification, whereas HGF is used to mature hepatocytes from hepatoblasts. Despite the clear 

benefits of renewability and genetic variety, the differentiation of stem cells to hepatocytes never 

generates hepatocytes that are exactly like primary hepatocytes. Often stem-cell derived 

hepatocytes have foetal markers, decreased function, and a limited time of viability in 

vitro(Schwartz et al. 2015). Physiologically, liver develops in a highly intricate manner, as 

described previously. Some aspects of this process will be lost in the relatively simplistic in vitro 

systems that are currently used to generate stem-cell derived hepatocytes. Nonetheless, as the 

fields of liver development, stem cell niches, and stem cell biology move forward, this increased 

understanding could be utilised in developing more efficient and complete differentiation 

protocols to produce more physiologically relevant stem-cell derived hepatocytes. 

 

Figure 1.6. Hay protocol for stem cell-derived hepatocytes. The process is derived from the natural 

developmental stages of the liver. PSCs are maintained in proprietary media, such as mTESR1, and on 

different biomaterials, such as vitronectin or laminin. To initiate endoderm specification, activin A and 

Wnt3A are added, mimicking early ventral foregut patterning. Hepatoblasts are then generated with the 

addition of DMSO to increase accessibility to chromatin for transcriptional activation of key hepatic genes 

such as HNF4alpha and AFP. Mature hepatocyte-like cells are then produced with the addition of HGF, 

OSM, and hydrocortisone, again mimicking the signals received to the liver bud from the septum 

transversum. Edited from(Cameron et al. 2015) 

1.4.3 Liver-cell lines  

Immortalized liver cell lines overcome the problem of availability that stymies primary 

hepatocytes and are in some ways more physiologically relevant than stem cell-derived 
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hepatocytes. By their nature immortalized cell lines can be cultured and self-renew indefinitely. 

Two of the most widely used immortalized liver cell lines are HepG2 and HepaRG, both derived 

from hepatocellular carcinoma.  

HepG2 is a highly differentiated epithelial-like cell which secrete characteristic liver proteins such 

as albumin and fibrinogen, and still display some degree of xenobiotic metabolism(Ramaiahgari 

et al. 2014). Gene expression is markedly different between HepG2 and primary hepatocytes, 

with an overexpression of genes involved in cell-cycle regulation found in HepG2, while they 

also exhibited a downregulation of characteristic enzymes of both Phase 1 and Phase 2 liver 

metabolism (Liguori, Blomme, and Waring 2008). HepG2 is still a useful tool for gauging 

approximate hepatocyte biology, but they fall short of recapitulating the true in vivo hepatocyte. 

HepaRG is a less differentiated epithelial-like cell, which when grown to confluency consists of 

two distinct cell morphologies, a hepatocyte-like morphology and a cholangiocyte-like 

morphology(Guillouzo et al. 2007). In order to promote expression of hepatocyte function of 

HepaRG cells, they must be differentiated by addition of DMSO to the media. This in turn 

promotes the expression of CYP enzymes, well above that of HepG2 (Turpeinen et al. 2009), as 

well as Phase 2 metabolism enzymes and hepatocyte characteristic transporters. While HepaRG 

does display a strong hepatic phenotype when compared to HepG2, it is not without its own 

caveats, as the high concentrations of DMSO required to promote its differentiation also 

artificially induce the Phase 1 and 2 metabolism pathways(LeCluyse 2001). The eventual mixed 

population of hepatocyte-like cells and cholangiocyte-like cells also confuses and complicates the 

biological basis of observed effects. That being said HepaRG shows a clear improvement in 

recapitulating hepatocyte phenotype over HepG2s, and have been shown in preclinical studies as 

a useful tool as a stand-in for primary hepatocytes under certain conditions (Kanebratt and 

Andersson 2008). 

1.5 Engineered liver tissue 

Devising the source of the liver cells to use in liver tissue engineering is only one step of the 

process. When developing the engineered tissue, it is essential to consider numerous 

characteristics of endogenous liver tissue, as described earlier. These include 3D architecture, 

relevant extracellular matrix materials, physical and mechanical factors acting on the cells, co-

culture with supporting cells, and many others. The progress in the field of engineered liver tissue 

has advanced far in recent times, from simplistic 3D cultures of cells, to complex biomimetic 

biofabricated structures(Khetani et al. 2015)(Lin and Khetani 2016)(Griffith, Wells, and Stolz 

2014)( Lee, Kim, and Choi 2015). 
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1.5.1 3D Culture 

Historically, the gold standard for in vitro liver modelling utilised primary hepatocytes in a 

simplistic “collagen sandwich” culture(Dunn et al. 1989). Without the collagen, primary 

hepatocytes would rapidly lose function and die in culture. In this case, the culture model attempts 

to recapitulate 3D architecture and an extracellular matrix environment for the cells. Despite this, 

hepatocytes can still only be cultured for around 14 days in this culture system before functions 

lapse. De-differentiation of the hepatocytes into non-functional mesenchymal cells is most likely 

the result of improper or missing environmental cues from the model, such as lack of co-cultured 

cells, improper material use, or culture media provided. 

A simplistic method to generate 3D architectures in vitro is the generation of spheroids or 

aggregates of cells(Subramanian et al. 2014). The aggregation of cells allows polarity and 

cytoskeletal arrangements that would not be possible in simplistic 2D cultures. Cell aggregates 

and spheroids can be generated using various techniques, but primarily they are formed using the 

hanging-drop method, non-adherence aggregation,  micro-well plates, and stirred culture 

vessels(Cui, Hartanto, and Zhang 2017) (Figure 1.7). In the hanging drop method, cell solutions 

are dispensed dropwise onto the lid of a culture vessel, and then inverted. The gravity acting on 

the droplet causes the cells to concentrate at the bottom of the cell solution and allow 

aggregation(Faulkner-Jones et al. 2013b). Non-adherence culture utilises culture plastics which 

have been treated to be hydrophobic, and stop cells attaching. As the cells cannot attach to the 

culture substrate, they instead attach to each other forming aggregates(Lv et al. 2017). Micro-well 

plates also utilise non-adherent surfaces. Using stamps or moulds, micro wells are formed in 

agarose, or a similar non-adherent substrate(Rashidi et al. 2018).  A cell solution is then 

introduced to the micro-wells where they settle to the bottom and attach to one another. The size 

of the micro-wells and concentration of the cell solution can be tuned in order to alter the final 

aggregate density and size. Due to the reproducibility of micro-wells over standard non-adherent 

culture, the use of micro-wells is becoming more common(Gong et al. 2015; Hwang et al. 2018; 

Lee et al. 2018; Seyfoori et al. 2018).  

3D culture of hepatocytes have shown improved acetaminophen-induced hepatotoxicity 

sensitivity over 2D, correlating with an increase in the P450 isoform, CYP2E1(Schyschka et al. 

2013). The comparative relevance of the HepG2 cell line to primary human hepatocytes was 

similarly improved by culturing HepG2 cells in Matrigel(Ramaiahgari et al. 2014). HepG2s 

cultured in this way self-organised into spheroids and displayed mature hepatocyte features, 

including polarity, hepatic gene expression and cytochrome activity. These cells also showed 

improve cytotoxic response to hepatotoxins over 2D monolayer culture. 
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Figure 1.7. Methods of generating cell aggregates or spheroids. A: The hanging drop method. A cell 

suspension is deposited on the underside of a culture vessel, and gravity causes sedimentation of the cells, 

resulting in aggregation. B: non-adhesive culture. A suspension of cells is cultured in a non-adherent culture 

dish. The lack of anchorage points for the cells promote cell-cell interaction, resulting in aggregation. C: 

Micro-well culture. Similar to non-adhesive culture, a cell suspension is cultured in micro-wells fabricated 

from non-adherent material, often gels such as agarose. The limited space available in the micro-wells 

further stimulates aggregation of the cells and can be tailored to alter spheroid size. D: spinner flask culture. 

Cell suspension is cultured in a vessel that can be stirred, such as a bioreactor. The fluid dynamics of the 

stirring promotes cellular aggregation, and can be altered to tune the size of spheroids(Benien and Swami 

2014).  

 

1.5.2 Microfluidic cultures 

Microfluidic devices are a useful tool in the study of biological systems, but they can also be 

tailored to form biomimetic tissue-like models(Mehling and Tay 2014). Simplistically, 

microfluidic cultures utilise a hollow channel where cells can be seeded, and culture media 

perfused though(Friend and Yeo 2010). This allows the study of how dynamic cultures, and the 

flow of media, can affect cells in vitro. A perfused, dynamic culture more closely imitates the 

physiological state of cells, where they would be constantly exposed to the flow of the vasculature 

and the molecular gradients that brings(Halldorsson et al. 2015). It has been shown that a perfused 

culture can significantly alter the hepatic functions of hepatocytes, bringing their cytochrome 

P450 profile more in-line with physiological levels(Rashidi et al. 2016).  

Besides just simply acting as a vessel for perfusion culture, microfluidic devices can be used as a 

foundation in which to engineer tissue-like models. By utilising the hollow channel as an artificial 
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vasculature, tissue engineers can build tissue-like cell co-cultures around it, even utilising tissue 

relevant extracellular matrix materials. In this sense, it involves the generation of a “sinusoid on 

a chip”. One example used primary rat hepatocytes co-cultured with endothelial cells in a 

microfluidic platform to form the artificial “sinusoid on a chip”, the cultured hepatocytes 

displayed improved longevity and function over 2D alternatives(Kang et al. 2015). A further study 

fabricated a 3D hepatic model that comprised primary rat hepatocytes, stellate cells, Kupffer cells, 

and endothelial cells. The resultant tissue preserved function for up to 3 months, including key 

protein secretion, as well as cytochrome P450 inducibility, bile canaliculi formation and response 

to inflammatory signals. Of particular note, when challenged with toxins known to induce 

idiosyncratic hepatotoxicity, this 3D model was a better indicator of in vivo toxicity than standard 

2D monolayers(Kostadinova et al. 2013).  

Another microfluidic co-culture system, which utilised the HepaRG cell line as well as supporting 

human non-parenchymal cells, attempted to further recapitulate endogenous architecture by 

creating an artificial space of Disse in the 3D culture via a suspended membrane(Rennert et al. 

2015). The space of Disse is a gap between the endothelial cells and hepatocytes. of the liver 

sinusoid. This gap protects the hepatocytes from the direct shear stress of the vasculature. 

Particular to this research was the inclusion of sensitive oxygen monitors to record oxygen intake 

by the cultured cells. This is relevant for xenobiotic metabolism of the liver, as discussed earlier 

there is distinct zonation of the liver lobule defined by the oxygen concentration available 

(Ishibashi et al. 2009). Given the variety in phenotypes across the acinus, it becomes clear 3D 

liver models that incorporate oxygen gradients and measurements, as the one above, will improve 

its predictive nature. 

1.5.3 Bioprinted liver tissue 

Bioprinting can be defined as robotically automated, layer by layer, additive biofabrication using 

both living cells and biomaterials, directed by a digital model(Groll et al. 2016). By controlling 

the deposition of cells and biomaterials in 3D space, it is possible to recreate tissue architecture. 

Research utilising 3D bioprinting of liver was very sparse before inception of this research project, 

excepting the seminal stem cell-derived hepatocytes printing research(Faulkner-Jones et al. 

2015). However, throughout the course of the project, there has been a flurry of activity in the 

field, printing primary, stem cell-derived, and liver cell lines in various forms with various 

techniques. Detailed descriptions of the techniques are given below.   

The seminal research publication on the bioprinting of stem cell-derived hepatocytes inspired the 

inception of this research project. In Faulkner et als’ work, hepatocytes were differentiated from 

iPSCs using the Hay protocol to the hepatoblast stage(Faulkner-Jones et al. 2015). They were 
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then encapsulated in RGD-tethered alginate and bioprinted using a valve-based printer. The 

differentiation protocol was continued, and the cells showed mature liver function and albumin 

secretion. The RGD (arginine, glycine, aspartic acid peptide) motif was essential for the survival 

of the cells, as it created anchorage points for the adherent-dependent cells to attach.   

Throughout the research project, new research publications have become available showing the 

application of bioprinting for liver tissue engineering.  

Ma et al (2015) utilised a stereolithographic technique with a methyacrylated gelatin bioink in 

order to pattern stem cell-derived hepatocytes with supporting cells (Ma et al. 2016). Alongside 

the induced-pluripotent derived hepatocytes, human umbilical vein endothelial cells (HUVECs) 

and adipose-derived stem cells were patterned in a hexagonal pattern, akin to the lobular 

arrangement found in liver tissue.  

A digital micromirror device (DMD) chip was used to pattern the micro-scale structure, and 

sequentially adding the hepatocytes and then supporting cells allowed the formation of a 

biomimetic liver structure in vitro. The hepatocytes printed and cultured in this way displayed 

improved morphological organisation, liver-specific gene expression, metabolic induction, and 

CYP450 activity. As well as providing the parenchymal supporting cells, the recapitulation of the 

native architecture of the liver may have improved the function of these cells in this research. 
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Figure 1.8. Biopatterned induced-pluripotent stem cell derived hepatocytes with endothelial and adipose 

supporting cells. A: The cells were biopatterned using stereolithography, utilising a digital micromirror 

device chip (DMD). Sequential addition of the cells allowed the supporting cells to fill the gaps left by the 

patterned hepatocytes. B: Green hepatocytes are shown patterned into the hexagons, with the red supportive 

cells filling the gaps in between. Work from, and adapted from (Ma et al. 2016).  

Skardal et al (2016) developed a novel bio-ink based decellularized extra-cellular matrix from 

liver, with additional hyaluronic acid (HA) and gelatin, with a 2-stage crosslinking protocol 

(Skardal et al. 2016). In this example, endogenous matrix and chemical cues are retained in the 

decellularized ECM, and the physical nature of the gel itself can be controlled by altering the 

components, primarily the molecular size and concentration of polyethylene glycol, and was 

tailored to 10kPa to mimic natural liver elasticity. This group used the bioink to encapsulate and 

print primary human hepatocyte spheroids. The bioink lends itself to extrusion-based printing in 

this instance. The encapsulated and cultured primary human hepatocyte spheroids maintained 

robust viability, urea and albumin production, and CYP3A expression of 14 days of culture.  

The design of the bio-ink was significant from this work, with a highly bespoke and biomimetic 

gel utilised. Not only did it contain numerous endogenous signals from the decellularized ECM 

(such as growth factors including HGF, FGF, BMP, and ECM components such as collagen, 

elastin and GAGs), but the elasticity of the gel can be customised to fit the ideal range for 

endogenous liver.  
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While the decellularized matrix in this research shows many benefits, there are significant 

drawbacks to its use in tissue engineering presently (Liao et al. 2020). The process of 

decellularization is often difficult and inconsistent, dependent on tissue thickness, density, and 

composition, as well as dependent on the method of decellularization. It is often a balance between 

decellularization and destroying the very bioactive materials of interest. Immunogenicity and 

biodegradation are also cited as potential concerns when using decellularized matrices, owing to 

their intrinsic biological components(Liao et al. 2020). This is particularly troublesome when 

considering that ECM is most likely garnered from animals, as human tissue would be scarce to 

harvest. 

In 2017, Kim et al published research that utilised an alginate-based hydrogel in an extrusion 

bioprinting to culture encapsulated primary rat hepatocytes with supportive rat mesenchymal stem 

cells (Kim et al. 2018). Primary and supportive cells were kept in separate gels and printed in 

alternating log-piles, one atop the other. Significant improvements over 2D cultured hepatocytes 

were noted for albumin, and CYP gene expression at day 7, as well as significantly increased 

albumin and urea secretion over 2D at day 7. Similarly, hepatocytes cultured with supportive 

MSCs showed significantly improved hepatic function and expression of hepatocytes that were 

cultured alone. This research aimed to highlight the benefits of providing a 3D culture for 

hepatocyte culture, as well as supportive cells types in order to improve their poor longevity in 

2D.  

Kang et al also utilised an alginate-based gel with extrusion-based bioprinting to generate a liver 

culture model. In this case, the research utilised mouse-derived hepatocytes, virally transduced 

from mouse embryonic fibroblasts. The transduced hepatocytes were cultured in an alginate 

bioink, bioprinted into a log-pile structure. Viability and function of the cells were assessed in 

vitro, with significant increase of albumin expression up to 28 days after printing. AFP also 

decreased, which may suggest improved maturation of the cells. The research group also assessed 

the in vivo application of these bioprinted structures and implanted them into liver injury model 

mice (Jo2-treated NSG mice). The bioprinted structures were found 28 days after implantation, 

with some pieces found engrafted to the surrounding liver. Proliferating hepatocytes were 

identified after 28 days in vivo, as well as some CK19-stained cholangiocyte like cells identified 

around the bile ducts. Albumin expression was also identified, suggesting liver function was 

maintained at 28 days in vivo. This work highlighted the potential of varied cell sources (in this 

case directly virally transduced hepatocytes) as well as their viability for in vivo transplantation.  

In 2018 Mazzocchi et al (Mazzocchi et al. 2018) characterised a bio-ink composed of varying 

concentrations of hyaluronic acid and collagen type I. As stated in the paper, collagen I is an 

integral component to numerous extra-cellular matrices, but is often unsuitable for bioprinting 
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due to its physical properties. By combining it with hyaluronic acid, the group improved its 

properties to allow extrusion bioprinting. The group utilised the hepatic stellate cell line Lx2, and 

primary fetal activated hepatic stellate cells for their work. While viability was not observed to 

be statistically different between the collagen/hyaluronic bioink and commercially available 

HyStem, elongation of the primary hepatic stellate cells was noted at higher collagen ratios, 

potentially due to improved adherence properties of the bioink. The group also assessed whether 

the liver model would demonstrate appropriate hepatotoxic effects when exposed to 

acetaminophen (paracetamol), which it did. The work by Mazzocchi et al highlighted the 

development and characterisation of bio-inks for bioprinting, that not only support cell viability 

and function, but are also practically applicable to the bioprinting process itself.  

Likewise, Yu et al (Yu et al. 2019) aimed to modify decellularized ECM-based bio-inks to 

improve their printability. By combining decellularized ECM solutions with GelMA, the highly 

bio-supportive solution can be tailored to be printable and form stable structures. Human induced 

pluripotent stem cell-derived hepatocytes were encapsulated and printed into a structure akin to 

the hexagonal lobule and portal triad (similar to Ma et al’s work (Ma et al. 2016)). Cell viability 

was maintained across 7 days of structure, as well as the integrity of the printed structure itself. 

Positive staining of E-cadherin and albumin were observed in the structures. The mature 

hepatocyte marker, transthyretin (TTR), was also significantly upregulated in compared to 

collagen only and 2D controls.  

Goulart et al (Goulart et al. 2019) assessed the outcome of encapsulating iPSC-derived 

hepatocytes as single cells or as spheroids. The single cell encapsulates displayed reduced 

viability and function compared to the spheroid cultures. Likewise, aberrant differentiation was 

noted in the single cell cultures, potential epithelial to mesenchyme transition (EMT), which was 

not observed in the spheroid cultures. The bio-ink used was alginate based, mixed with pluronic 

F-127, and mixed 1:1 with Matrigel and EGM-2 media. The pluronic was used to promote 

porosity of the gel, while Matrigel and EGM-2 were used as bio-supportive agents. 

Importantly, the research characterised the differentiation of the spheroids in 3D, which was 

necessary as the process would be so different to the standard 2D protocol. In this instance, the 

differentiation protocol was the Hay protocol (Cameron et al. 2015). The significant result of this 

research was that for encapsulation cultures, single cell cultures fare much poorer than spheroid 

cultures, perhaps due to poor cell-cell signalling resulting in aberrant differentiation and anoikis.  
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1.6 Bioprinting technology 

3D bioprinting is based off the technology of 3D printing, or fused deposition modelling (FDM) 

that came before it, primarily used for plastics. Bioprinting itself is an umbrella term for several 

techniques which are defined by the way in which material and cells are deposited (Figure 1.9). 

Droplet-based, extrusion-based, and laser-assisted bioprinters have significantly different 

methods of deposition, with their own positives and drawbacks. 

 

Figure 1.9. The three primary bioprinting methods. (a) Drop-on-demand (DoD) bioprinting, comprising: 

ink-jet and valve-jet bioprinting. (b) Micro-extrusion bio- printing: pressure, spring or piston forces the bio-

ink to extrude through a nozzle. (c) Laser-assisted bioprinting: stereolithography and laser-induced forward 

transfer (LIFT). Image from (Skeldon et al. 2018). 

 

1.6.1 Laser-assisted bioprinting 

Laser-assisted bioprinting (LAB) encompasses two forms of bioprinting: laser-induced forward 

transfer (LIFT) technique, whereby a laser beam pushes a biological sample from a pool of bio-

ink to the target substrate; and stereolithography, which involves curing of a photo-sensitive 

polymer using a laser. Use of a laser allows very high resolution, with single-cell placement being 

possible [20,21]. As there are no nozzles used in printing, clogging is not an issue, so high 

viscosity fluids can be printed. Cell viability is high in printed human stem cells [34]. Bearing 

perhaps the best resolution possible for in situ bioprinting, LAB theoretically has the closest 
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possibility of printing a completely biomimetic tissue structure. In reality, limited scalability 

makes this far from feasible for clinical translation. A large excess of bio-ink is required to print 

a structure and the technology is expensive. Constructing the bio-ink ribbon necessary for LIFT 

is also time-consuming and difficult, especially for larger structures. 

Stereolithography is most often used in the production of acellular scaffolds. The capability of a 

laser-based system allows extremely high resolution, with printed structures having features in 

the nanometre range [35,36]. The need for excess materials to be present during the curation step 

represents a limitation for the bioprinting of large structures employing one-step 

stereolithographic printing. The presence of toxic photo-initiators and the resultant free radicals 

is also an ongoing concern for cell viability during and after printing [37]. 

1.6.2 Droplet based bioprinting 

Drop-on-demand (DoD) printing uses controlled deposition of droplets of cells and biological 

material to generate artificial tissue in a high-throughput manner. The two methods of DoD 

printing are ink-jet and valve-jet bioprinting (Figure 1.9a). In an ink-jet printer, a droplet is 

dispensed by generating a discrete thermal, piezo-electric or electromagnetic effect. Indeed, some 

of the earliest bioprinting was done by using commercial ink-jet printers to pattern proteins [30], 

followed by a patterned culture of hamster ovarian and motor neuron cells [9]. The ability to 

deposit droplets in the range of picolitres means the resolution available to print live cells is very 

high and single-cell printing is possible [21]. However, due to the potential for high shear and 

thermal stresses, cell viability is a concern. Although transient pores were visible following ink-

jet printing of mammalian cells, these quickly sealed and were actually used to successfully 

transfect cells with plasmids following printing [31]. Print nozzle clogging and need for low-

viscosity bio-inks also constrain the use of DoD printers for creating larger printed structures (in 

the scale of cubic centimetres).  

Valve-jet bioprinting controls dispensing through solenoid microvalves with bio-inks driven by 

pneumatic pressure [32]. Very high spatial precision, small deposition volumes (in the nanolitre 

range), high cell viability [33] and high-throughput generation (1000 droplets per second) make 

valve-jet bioprinting very appealing for generating human tissue. But like inkjet, valve-jet bio- 

printing is still a nozzle-based printing technology where nozzle blockage can be an issue with 

high viscosity and bio-inks with high cells density. 

1.6.3 Extrusion based bioprinting 

Extrusion-based bioprinting is currently the most accessible and widespread bioprinting technique 

[38]. Originally developed for printing plastics as fused deposition modelling (FDM) technology, 
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deposition of biomaterials is often through a motor-driven or pneumatic extruder. Unlike ink-jet 

printing limited by low viscosity and LAB limited by scalability, extrusion-based bioprinting can 

print large, scalable constructs with a wide range of viscosities. However, extrusion is not without 

its own caveats. Resolution of printed products is lower than other forms of bioprinting, in the 

range of 30–100 μm for their finest details. Cells also experience shear stress while being 

deposited with highly viscous materials, therefore material selection is crucial for extrusion 

printing as the printed structure must maintain its shape while gelled. This leads to a balance 

between the need for rigid gels that can maintain their structure after printing, but gels that also 

have low enough viscosity to cause lethal shear stress to cells. This balance can be overcome by 

printing into supportive baths, where structures can be printed with low-viscosity gels into a bath 

of sacrificial support materials. This suspends and holds the structures stably while it crosslinks, 

and then can safely be released by removing the bath material. [39,40].  

The flexibility of extrusion-based bioprinted made it the ideal technology to pursue for this 

research. The planned tissue structures did not require precise placement of single cells or 

extracellular material. An extrusion-based system could be easily developed and modified to suit 

the needs of a rapidly iterated culture platform, encompassing different bio-inks, cell types, 

densities and desired tissue structures. Significant expertise within the research group also 

inspired the use of DoD and extrusion-based printing. However, for the reasons above, extrusion-

based printing seems the most apt.  

 

1.7 Biomaterials for bioprinting 

To bioprint biological materials, cells must be present in a solution or gel. A bio-ink is the 

biological equivalent of ink for ink printers, but instead of dyes it employs biological materials to 

generate the 3D structures. Bio-inks are typically composed of structural supporting materials, 

live cells and can also include bioactive molecules such as growth factors, either encapsulated or 

covalently tethered to the supporting material [41,42].  

1.7.1 Bioink considerations 

Choice of material to form the basis of the bio-ink is crucial for successful printing and tissue 

formation. The desirable bio-ink should fulfil a range of properties including: (i) mechanical 

stiffness; (ii) structural stability and biodegradability; (iii) biocompatibility and tissue induction; 

and importantly for bioprinting (iv) printability, all of which are summarized in Figure 1.10. 
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Figure 1.10. Selecting the appropriate bioink requires considering the biological and mechanical 

specifications of the bioprint. These relate to the planned biological relevance of the biofabricated product, 

as well as the practicality of its production. Image from (Skeldon et al. 2018) 

 

Measured using the shear elastic modulus given in Pascals (Pa) or kilopascals (kPa), the stiffness 

of a desired tissue is a key biological characteristic often overlooked in in vitro cell culture. Tissue 

stiffness varies between tissues, from less than 1 kPa for neuronal tissue to greater than 100 kPa 

in bone (Figure 1.11)(Liu et al. 2015). When compared with the stiffness of common tissue 

culture plastics (TCPs; 1 GPa or 1 000 000 kPa), it is unsurprising that in vitro culture alters cell 

biology, particularly of cells from low stiffness tissues such as liver or brain. With a wealth of 

research showing the effects of increased tissue stiffness on tissues including the liver(Bomo et 

al. 2016)(Deegan et al. 2016)(Schrader et al. 2011), design of the bio-ink must be carefully 

tailored to match endogenous, healthy tissue. This can be achieved by material selection, 

modification and cross-linking parameters. To alter stiffness, the molecular weight of bio-ink 

monomers can be altered, as well as the polymer components, and the cross-linking methods used. 
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Figure 1.11. The rigidity of tissue varies greatly and  effects the phenotype and function of the cells that 

reside within. It is necessary to consider the physiological rigidity of the desired tissue during 

biofabrication, and tailoring the biomaterials or bioinks used to meet these needs.(Skeldon et al. 2018) 

 

The stability of the resulting structure is crucial for the printing process. When depositing low-

viscosity bio-inks, definition of the printed structure will suffer owing to spreading of the ink. 

Structure resolution can also suffer as a result of imperfect cross-linking parameters: lack of cross-

linking can cause spreading of the structure, whereas over crosslinking can result in lamination 

and a failure of the entire structure to coalesce. Certain cross-linking methods, such as ionic with 

alginate, can also cause shrinkage that will affect the intended structure’s shape(Hölzl et al. 2016). 

Bearing this in mind, an ideal bio-ink would have sufficient viscosity not to spread upon 

deposition, and its cross-linking method would be tightly controlled. The bio-ink must also have 

mechanical strength sufficient for initial printed layers to support subsequent deposition without 

collapse or impairment of the structure.  

The ideal fate of most transplanted bioprinted tissue is the degradation of its scaffold, in tandem 

with integration of the encapsulated cells and regeneration of the target tissue. Biodegradation 

properties of bio-inks are a key characteristic when considering implantation(Török et al. 

2011)(Hospodiuk et al. 2017). There is a balance to strike between too rapid degradation, resulting 

in loss of cells and potential inflammation, and lack of degradation that can hamper tissue 

regeneration. Often biodegradability can be tuned by altering the properties of the bio-ink 

components and their cross-linking procedures. 

A summary of the most commonly employed hydrogels in bio-ink preparations is displayed in  
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Table 1.1. The materials can be broadly divided into naturally occurring materials (such as 

collagen, alginate, or hyaluronic acid) or synthetic materials (such as polyethylene glycol, or 

 Type Crosslinker Pros Cons References 

Agarose Natural Thermoresponsive Cheap, good 

printability 

Nonadherent and 

bioinert 

(Duarte Campos et 

al. 2015) 

Alginate Natural Ionic, (Ca2+, Sr2+, 

Ba2+) 

Good printability, 

tuneable 

characteristics, fast 

crosslinking 

Difficult to control 

shrinking during 

crosslinking, bioinert 

(Carrow et al. 

2015)(Mørch et al. 

2006)(Jia et al. 

2014)(Lee and 

Mooney 2013) 

Chitosan Natural pH neutralization  pH changes required (Duarte Campos et 

al. 2015) 

Collagen Natural Thermoresponsive, 

pH 

Biologically relevant, 

adherent, reasonable 

printability 

pH changes required or 

cold bed for thermal 

gelling, characteristic of 

fibrosis, must be 

sourced from humans 

for clinical use 

(Wu et al. 2016) 

Fibrin Natural Enzymatic 

(thrombin) 

Biologically relevant 

and adherent 

Poor printability (Kober et al. 

2015)(Kang et al. 

2016) 

Gelatin Natural Thermoresponsive, 

or UV if 

methacryloyl 

Cheap, good 

printability, adherent 

and bioactive 

Cold bed or UV 

exposure required to 

crosslink, must be 

sourced from humans 

for clinical use, poorly 

defined  

(Laronda et al. 

2017)(Ma et al. 

2016) 

Gellan Gum Natural Ionic (Ca2+) Cheap, reasonable 

printability, tuneable 

with peptide motifs 

Low mechanical 

properties, nonadherent 

and bioinert 

(Ferris et al. n.d.; 

Lozano et al. 

2015) 

Hyaluronic Acid Natural Dependent on 

modification 

Reasonable to print, 

biologically active and 

relevant 

Low mechanical 

properties, must be 

human sourced for 

clinical use, crosslinker 

can be harmful (H2O2) 

(Lambrichta et al. 

2014)(Zhu et al. 

2017) 

Pluronic Synthetic Thermoresponsive Good printability, 

highly tunable 

viscosity, sacrificial 

Mainly used for 

sacrificial inks, requires 

cold printing bed to 

maintain structure 

(Kang et al. 2016) 

Poly(ethylene glycol) (PEG) Synthetic UV exposure Good printability, 

tuneable, well-defined 

polymer 

Potentially harmful UV 

and photo-initiator 

exposure 

(G. Gao et al. 

2015) 

Poly(caprolactone) (PCL) Synthetic Thermoresponsive 

(High temp) 

Mechanically strong, 

bioinert 

Not suitable for cell-

printing due to high 

melting point 

(Kang et al. 

2016)(Zhang et al. 

2016) 
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pluronic). Natural occurring materials have the benefit of being derived from biological systems 

meaning they are often ideally suited to supporting cell biology, as is the case with extracellular 

matrix materials such as collagen or hyaluronic acid. However, their source also confers a 

potential high level of variability between batches of a material. For example, alginate can be 

derived from numerous species of algae (Yagi et al. 2018) and can be composed of varying ratios 

of monomers in its macro-polymer structure, leading to varied characteristics of the final material 

as a result. Synthetic materials, conversely, have highly consistent and reproducible 

characteristics. This leads to very low batch to batch variability. They are however, intrinsically 

non-biological, and so are often bioinert.  

Other considerations for bio-ink selection is the crosslinking method that must be performed to 

initiated gelation and maintain the printed structure. Methods to initiate crosslinking are, broadly, 

thermo-responsive, ionic, enzymatic, through UV exposure, or by pH neutralization. Thermo-

responsive gelation is dependent on a change in temperature to elicit gelation. In general, high 

temperature liquids are cooled to lower temperatures in gel. This process is used in gelatin, 

agarose, and collagen gels. Depending on the temperature ranges required, this can be cell-

friendly or detrimental: extended periods outside of 37°C would be detrimental to the viability of 

cells. Ionic crosslinking utilises specific ions to bonds polymers and cause gelation, such as in 

alginate and gellan gum.  Divalent cations are used in both, such as calcium, barium and 

strontium. Attention must be paid to the concentration and duration of crosslinking required to 

ensure a stable gel structure, as extended exposure to high levels of cations is likely to be 

cytotoxic. Enzymatic cross-linking utilises the biological activity of an enzyme to cause 

polymerisation. The enzyme thrombin acts to polymerise fibrin biological to initiate clotting and 

can subsequently be used to initiate gelation in vitro. Limitations of enzymatic crosslinking are 

that there will only be specific gelation reactions they can catalyse, and those must be 

characterised in terms of enzymatic units required, and time for gelation. Certain polymers can 

be crosslinked through the use UV exposure. Methacrylation involves the modification of gel 

components with the addition of a methacrylate group. These methacrylate groups can 

subsequently be crosslinked using UV light. This allows creation of gels where gelation would 

normally not be possible or allows a method to “double cross-link” certain materials. A common 

example in tissue engineering research is gelatin methacrylate (GelMA) (Xiao et al. 2019). 

GelMA is a bioactive gel, whose crosslinking can be controlled through the amount of 

methacrylation of the gelatin, UV exposure, and temperature during gelation. Subsequently, this 

means that GelMA properties can be tightly controlled during structural formation. However, UV 

crosslinking does pose potential cytotoxic problems: UV light is inherently dangerous to cellular 

DNA and could result in damage or mutation. The photo-crosslinkers required for UV 

crosslinking can also produce free-radicals during the process and cause cytotoxicity, so this must 
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be carefully characterised and controlled. Finally, pH neutralization can be used to elicit gelation 

in certain materials, particularly for collagen gels. As with temperature gelation, wide pH ranges 

can be detrimental to cell viability, and this must be accounted for when considering pH 

neutralization as a crosslinking method.  

 

The biological activity of the bio-ink is a key aspect to make it suitable for cell viability and tissue 

formation ( 

 Type Crosslinker Pros Cons References 

Agarose Natural Thermoresponsive Cheap, good 

printability 

Nonadherent and 

bioinert 

(Duarte Campos et 

al. 2015) 

Alginate Natural Ionic, (Ca2+, Sr2+, 

Ba2+) 

Good printability, 

tuneable 

characteristics, fast 

crosslinking 

Difficult to control 

shrinking during 

crosslinking, bioinert 

(Carrow et al. 

2015)(Mørch et al. 

2006)(Jia et al. 

2014)(Lee and 

Mooney 2013) 

Chitosan Natural pH neutralization  pH changes required (Duarte Campos et 

al. 2015) 

Collagen Natural Thermoresponsive, 

pH 

Biologically relevant, 

adherent, reasonable 

printability 

pH changes required or 

cold bed for thermal 

gelling, characteristic of 

fibrosis, must be 

sourced from humans 

for clinical use 

(Wu et al. 2016) 

Fibrin Natural Enzymatic 

(thrombin) 

Biologically relevant 

and adherent 

Poor printability (Kober et al. 

2015)(Kang et al. 

2016) 

Gelatin Natural Thermoresponsive, 

or UV if 

methacryloyl 

Cheap, good 

printability, adherent 

and bioactive 

Cold bed or UV 

exposure required to 

crosslink, must be 

sourced from humans 

for clinical use, poorly 

defined  

(Laronda et al. 

2017)(Ma et al. 

2016) 

Gellan Gum Natural Ionic (Ca2+) Cheap, reasonable 

printability, tuneable 

with peptide motifs 

Low mechanical 

properties, nonadherent 

and bioinert 

(Ferris et al. n.d.; 

Lozano et al. 

2015) 

Hyaluronic Acid Natural Dependent on 

modification 

Reasonable to print, 

biologically active and 

relevant 

Low mechanical 

properties, must be 

human sourced for 

clinical use, crosslinker 

can be harmful (H2O2) 

(Lambrichta et al. 

2014)(Zhu et al. 

2017) 
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Table 1.1). Certain bio- inks, such as alginate(Jia et al. 2014) or poly-ethylene glycol (PEG)-

based hydrogels(Underhill et al. 2007), are used as they are bioinert and non-adherent. This 

simplifies the process as the bio-ink needs only conform to mechanical suitability, and the 

biological effect can be disregarded, or biosupportive molecules can be added to the ink. 

However, other bio-inks make use of biologically active molecules such as gelatin, collagen, 

hyaluronic acid and fibrin. This becomes a double-edged sword, as while in theory adherent and 

bioactive matrices should support cell attachment and viability, when constructing a stem-cell 

niche it is crucial to consider cell–matrix interactions. For example, collagen, while naturally 

adherent and a large part of endogenous extracellular matrix, is also largely associated with 

fibrosis of tissue [62]. Stem-cell niches have specific ECM architecture, which likely needs to be 

mimicked to support stem-cell culture and tissue development(Morrison and Spradling 2008). 

Printability of a bio-ink, or bioprintability, is determined by the rheological properties of the bio-

ink, comprising its dispensability and ability to maintain structural integrity after bioprinting. 

Successful and efficient deposition of the ink depends largely on its viscosity, as well as 

homogeneity of the solution(Skeldon et al. 2018). An ink that is too viscous will force high shear 

stresses upon the cells being deposited, and often lead to clogging of the printer nozzle and cell 

damage(Blaeser et al. 2016). Conversely, low-viscosity inks will result in poor definition of the 

print due to flowing of the ink after printing(Colosi et al. 2015). It can also lead to less 

homogeneous ink and nozzle clogging, as cells will likely sediment in the bio-ink chamber 

throughout the print. One of the most desirable characteristics for a bio-ink is that it displays shear 

thinning(Merceron and Murphy 2015). This is the behaviour of fluids where under shear strain 

(i.e. while being pushed through the printer nozzle) the viscosity of the fluid will temporarily 

decrease. This allows easy printing with low shear stress on the cells, as well as maintaining the 

resolution of the printed product. 

The porosity of a gel structure is an essential consideration for sustaining cell models in 3D. Cells 

require a constant transfer of oxygen, carbon dioxide, nutrients, waste, metabolites, endocrine 

signals, and many other chemicals to maintain proper function and viability. If this transfer is 

Pluronic Synthetic Thermoresponsive Good printability, 

highly tunable 

viscosity, sacrificial 

Mainly used for 

sacrificial inks, requires 

cold printing bed to 

maintain structure 

(Kang et al. 2016) 

Poly(ethylene glycol) (PEG) Synthetic UV exposure Good printability, 

tuneable, well-defined 

polymer 

Potentially harmful UV 

and photo-initiator 

exposure 

(G. Gao et al. 

2015) 

Poly(caprolactone) (PCL) Synthetic Thermoresponsive 

(High temp) 

Mechanically strong, 

bioinert 

Not suitable for cell-

printing due to high 

melting point 

(Kang et al. 

2016)(Zhang et al. 

2016) 
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impaired, it will subsequently impair proper cell function. Producing a gel structure that has 

sufficient porosity to allow this is key, however an overly porous structure will likely also be too 

weak to support itself. This balance of porosity is important to bear in mind while designing and 

choosing a suitable bio-ink for the bioprinting project. 
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Table 1.1 Hydrogels used in biofabrication and bioprinting techniques. Derived from (Skeldon et al. 2018).  

 

 Type Crosslinker Pros Cons References 

Agarose Natural Thermoresponsive Cheap, good 

printability 

Nonadherent and 

bioinert 

(Duarte Campos et 

al. 2015) 

Alginate Natural Ionic, (Ca2+, Sr2+, 

Ba2+) 

Good printability, 

tuneable 

characteristics, fast 

crosslinking 

Difficult to control 

shrinking during 

crosslinking, bioinert 

(Carrow et al. 

2015)(Mørch et al. 

2006)(Jia et al. 

2014)(Lee and 

Mooney 2013) 

Chitosan Natural pH neutralization  pH changes required (Duarte Campos et 

al. 2015) 

Collagen Natural Thermoresponsive, 

pH 

Biologically relevant, 

adherent, reasonable 

printability 

pH changes required or 

cold bed for thermal 

gelling, characteristic of 

fibrosis, must be 

sourced from humans 

for clinical use 

(Wu et al. 2016) 

Fibrin Natural Enzymatic 

(thrombin) 

Biologically relevant 

and adherent 

Poor printability (Kober et al. 

2015)(Kang et al. 

2016) 

Gelatin Natural Thermoresponsive, 

or UV if 

methacryloyl 

Cheap, good 

printability, adherent 

and bioactive 

Cold bed or UV 

exposure required to 

crosslink, must be 

sourced from humans 

for clinical use, poorly 

defined  

(Laronda et al. 

2017)(Ma et al. 

2016) 

Gellan Gum Natural Ionic (Ca2+) Cheap, reasonable 

printability, tuneable 

with peptide motifs 

Low mechanical 

properties, nonadherent 

and bioinert 

(Ferris et al. n.d.; 

Lozano et al. 

2015) 

Hyaluronic Acid Natural Dependent on 

modification 

Reasonable to print, 

biologically active and 

relevant 

Low mechanical 

properties, must be 

human sourced for 

clinical use, crosslinker 

can be harmful (H2O2) 

(Lambrichta et al. 

2014)(Zhu et al. 

2017) 

Pluronic Synthetic Thermoresponsive Good printability, 

highly tunable 

viscosity, sacrificial 

Mainly used for 

sacrificial inks, requires 

cold printing bed to 

maintain structure 

(Kang et al. 2016) 

Poly(ethylene glycol) (PEG) Synthetic UV exposure Good printability, 

tuneable, well-defined 

polymer 

Potentially harmful UV 

and photo-initiator 

exposure 

(G. Gao et al. 

2015) 

Poly(caprolactone) (PCL) Synthetic Thermoresponsive 

(High temp) 

Mechanically strong, 

bioinert 

Not suitable for cell-

printing due to high 

melting point 

(Kang et al. 

2016)(Zhang et al. 

2016) 



31 

 

1.7.2 Alginate as a bioink 

Alginate is a popular supporting material or scaffold for bioprinting(Faulkner-Jones et al. 2015; 

Q. Gao et al. 2015; Jia et al. 2014), but is itself biologically inert and non-adherent(Lee and 

Mooney 2013). Alginate is a copolymer, composed of β-D-mannuronate (M) and α-L-guluronate 

(G) residues (Figure 1.12). These residues can either form consecutively, i.e. GGGGGG or 

MMMMM, dubbed G or M blocks, or alternating such as GMGMGM, known as GM blocks. 

Gelation of alginate occurs by introducing a divalent cation, usually calcium (Ca2+), strontium 

(Sr2+) or barium (Ba2+). The ion crosslinks primarily with the G residues creating a characteristic 

“egg-box” formation, producing a gel (Figure 1.12).  

While itself biologically inert, certain mechanical qualities within alginate do influence cell 

viability. The liver itself is a tissue with relatively low stiffness in the body with an elastic modulus 

of 300-600 Pa(Wells 2008). Given that tissue culture plastic has an elastic modulus in the giga-

Pascal range, it is clear there could be some disparity in cell function between the two 

environments. The stiffness of alginate as a scaffold for 3D culture is well known to effect cellular 

viability and growth (Chandler et al. 2011) (West et al. 2007)(Branco et al. 2014) and this can be 

modulated by the concentration of calcium or barium used to crosslink the structure, as well as 

the proportion of G-residues within the alginate. A higher G content alginate will have more sites 

for crosslinking and thus be more rigid following crosslinking(Hay et al. 2010). The molecular 

weight of sodium alginate can vary from 32,000 to 400,000 g/mol (Lee and Mooney 2013) and 

this relates to the viscosity of the pre-gelled solutions: the higher the mW the higher the viscosity. 

This in turn is relevant to cell viability as it has been shown that lower viscosity alginate solutions 

improves the cell viability, likely due to higher shear stress involved in mixing cells into a high 

viscosity fluid(Kong, Smith, and Mooney 2003) 
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Figure 1.12. A. Structure of G blocks, M blocks and GM blocks. B. Formation of alginate gel by ionic 

bonding of divalent cation to G residues in alginate, producing “egg box” formation. Derived from (Lee 

and Mooney 2013). 

By adding active biomaterials to the alginate scaffold, cells may find sufficient adherent anchor 

points to attach and promote viability and growth. Alternatively, encapsulation of cell aggregates 

may allow cell survival by anchoring to each other. The use of extracellular matrix material 

coatings such as laminin(Cameron et al. 2015) and collagen(Reif et al. 2015) are known to 

improve cell culture, and their use has already extended into 3D alginate culture. Previous 

literature has utilised gelatin, a derivative of collagen, in the hydrogel mixture with alginate to 

support embryonic stem cells(Ouyang et al. 2015) and cardiac cells(Rosellini et al. 2009).  

A concern with only physically mixing materials in the hydrogel, is that during the phase shift of 

alginate from solution to gel (or in the case of gelatin, from gel to solution at 37oC) the materials 

will be separated and have no impact on the cells encapsulated(Panouillé and Larreta-Garde 
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2009). One way to overcome this potential outcome is to covalently tether bio-active molecules 

to alginate. Active motifs of laminin(Yamada et al. 2010) and of collagen(Shachar et al. 2011) 

have been tethered to alginate covalently and used successfully in cell culture. These motif-

conjugated alginates allow an “all in one” hydrogel which would have homogeneous distribution 

of bioactive and biosupportive material throughout. However, as previously discussed, the type 

of ECM used must be specific to the cell niche in question, as aberrant ECM signalling may have 

deleterious effects on cell viability.  

Previous work by Tabriz et al(Ghanizadeh Tabriz et al. 2017) showed alginates potential in 

forming micro tubes, which would lend itself well to the production of artificial liver sinusoids. 

The seminal paper from Faulkner et al also utilised an RGD-tethered alginate for their printing of 

stem cell-derived hepatocytes. Ultimately, alginate was selected as the base of the bioink for this 

research project. The decision was reached by analysis of alginates mechanical, chemical and 

biological properties, as well as the expertise present in the research group and literature at large. 

Alginate is shear thinning, highly bioprintable, is bioinert, easily mixed with other biomaterials, 

crosslinked in a tunable manner, has a wealth of research publications for its use, and can be 

quickly adapted in the iterative process of 3D culture optimisation.  
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1.8 Summary, aims and objectives 

This chapter has presented a literature review of liver biology, liver tissue engineering, 

biofabrication techniques, and biomaterials for use therein. In this thesis, the development of a 

printable 3D liver tissue culture system is detailed. Current pharmacological or toxicological 

models are often inadequate to accurately predict effects that may be seen in humans. This is due 

to oversimplification of the culture system, which removes essential physiological factors and 

signals from the cells, resulting in them being a poor predictor of natural tissue. Liver in particular 

is crucial in the development of drugs, as well as disease modelling. Bioprinting of liver tissue 

has the potential to overcome the limitations of current in vitro models. Bioprinting can 

incorporate various supporting cell types, specific biomaterials, and their location in 3D space, 

allowing accurate recreation of tissue-like structures.  

Stem cell-derived hepatocytes could be a near limitless source of genetically defined populations 

of cells, but their differentiation protocol at the time was devised solely for 2D culture. Before 

any development of bioprinting techniques, it was necessary to optimise the differentiation 

process for encapsulated, 3D cells. 

As mentioned previously, alginate was selected as the foundation of the bioink, and gel used to 

encapsulate cells for the 3D culture. Its biological, mechanical, and chemical properties all 

favoured its use, as well as its applicability to GMP, and relative cost effectiveness. As alginate 

is a naturally occurring hydrogel, it has numerous varieties of varied composition. Selection of an 

appropriate alginate for stem cell encapsulation and differentiation was essential, as there was a 

gap in knowledge of which alginate would be most suitable.  

When optimisation of the 3D culture seemed to reach a limit, it was decided to employ HepaRG 

liver cell line as the cell of choice. HepaRG is bipotent, highly functional, easy to maintain,  

slightly more cost effective and renewable. The methodology developed for encapsulated and 

culturing stem cell-derived hepatocytes was successfully extended to HepaRG cells. Its culture 

was rapidly optimised allowing development of the bioprinting assay.  

Ultimately the goal was to use encapsulation of stem cell-derived hepatocytes and liver cell lines 

to generate 3D liver models that could be used as an effective model for human hepatotoxic drug 

screens. 

The requirements needed to meet the objective of bioprinting liver tissue models were: 

• Develop and optimise a 3D, encapsulated culture system of liver cells 
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• In the case of stem-cell derived hepatocytes, optimise differentiation protocols for 3D 

• Assess use of biocomposite alginate hydrogels to support cells 

• Promote porosity of bioink to promote differentiation, viability, and function 

• Develop high throughput printed model for toxicological assay 
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1.9 Structure of the thesis 

Each chapter of the thesis described different parts of the research project. A short summary of 

each chapter is provided below. 

• Chapter 1: Introduction 

◼ This chapter aims to give a background and motivation for the research of 

this thesis. A short literature review is also provided. Based on the 

literature review, a summary of the aims and objectives are given. 

• Chapter 2: Materials and methods. 

◼ This chapter details all the methods and materials that were employed 

throughout the project to complete the research. 

• Chapter 3: Stem cell-derived hepatocyte encapsulation in bioinks 

◼ This chapter discusses the research into the initial encapsulation and 

differentiation attempts of embryonic stem cells in 3D encapsulated 

culture. The iterative process of bioink selection is presented, as well as 

optimisation of the alginate parameters. Cell aggregation and viability 

optimisation is also detailed. 

• Chapter 4: Optimisation of encapsulated cell-derived hepatocytes for bioprinting 

◼ This chapter details attempts to optimise the differentiation of 

encapsulated stem cells to a hepatic fate. This includes manipulation of 

the bioink to become more porous.  

• Chapter 5: HepaRG bioprinting for drug testing and implantation 

◼ This chapter describes the research conducted after switching to HepaRG 

as a cell source. It gives an introduction of HepaRG biology, its 

characterization in 2D, before detailing the 3D culture, bioprinting, and 

subsequent toxicological assay conducted.  

• Chapter 6: Summary and future challenges 

◼ This chapter summarizes the main work from each previous chapter, and 

recommendations given for improvements and areas of future work. 
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2.1 Cell culture 

2.1.1 Human embryonic stem cell culture 

Human embryonic stem cell (hESC) line “H9” was used for all hESC experiments between 

passages 30 and 55. H9 is a karyotypically normal, female embryonic stem cell line, derived from 

the blastocyst(Chen et al. 2008). Cultures were maintained on standard treated cell culture plastics 

(Corning, UK), coated with recombinant full-length Laminin-521 (Lm521) peptide from 

Biolamina (BioLamina) (Cameron et al. 2015). Laminin-521 was coated on tissue culture plastics 

at 0.5ug/cm2, diluted in PBS with magnesium and calcium ions (ThermoFisher). Lm-521 was 

allowed to coat on plates for 24 hours at 4°C. hESC cultures were maintained using proprietary 

Stem Cell Technology mTESR1 pluripotent stem cell media (Stem Cell Technologies). Media 

was replaced every 24 hours. Cultures were assessed for confluency every day, and once at 70-

80% confluency, cells were passaged. This was to reduce risks of spontaneous differentiation.  

To passage cells, 70-80% confluent cultures were washed once with PBS without magnesium or 

calcium, and then either EDTA 0.5mM or Stem Cell Technologies proprietary Gentle Cell 

Dissociation Reagent (Stem Cell Technologies) was added. Culture observed after 2 minutes and 

assessed for fragmentation of colonies and rounding of colony edges, suggesting cells were 

beginning to lift from substrate.  

For cell maintenance passaging, dissociation reagent was aspirated, and then mTESR1 media 

added, and cells gently scraped from the well in clumps. This is to reduce cell death via 

dissociation induced apoptosis (anoikis). Cells are then directly dispensed to wells at a density of 

40,000 cells per cm-2.  

For single cell plating for differentiation, dissociation reagent is left on culture for ~5-6 minutes 

before being aspirated, and mTESR1 is added, containing 10uM of the Rho-Kinase inhibitor Y-

27632 (Calbiochem). Y-27632 inhibits Rho-kinase 1 and 2 and reduces anoikis in the subsequent 

single cell suspension of hESCs. hESCs in mTESR are centrifuged at 0.2 rcf for 5 minutes before 

resuspending the pellet in mTESR1 supplemented with 10μM Y-27632. This single cell 

suspension was then dispensed into culture plastics pre-coated with Lm-521 at 40,000 cells per 

cm2. Plate well shaken for homogenous distribution on plate, then incubated. Cell density 

assessed 4 hours, 12 hours and so on until confluency reached ~40% to begin differentiation.  

All hESCs cultures used antibiotic-free media, were checked regularly for Mycoplasma infection, 

and were cultured in a humidified 37°C, 5% CO2 incubator.  



49 

 

2.1.2 hESC differentiation to hepatocyte-like cells 

Once confluency of previously plated hESC h9s was deemed appropriate (~40%) differentiation 

to definitive endoderm stage was induced by replacing mTESR1 media with endoderm 

differentiation media: RPMI 1640 (ThermoFisher, 21870076), supplemented with 1 x B27 (Life 

Technologies, 17504044), 1 x penicillin and streptomycin (ThermoFisher, 15140148), 100ng/ml 

Activin A (PeproTech, 120-14P), and 50ng/ml Wnt3a (R&D Systems, 5036-WN-500). Activin 

A and Wnt3a act as physiologically relevant ligands to drive the pluripotent state towards the 

definitive endoderm. This media was replaced every 24 hours for 72 hours, where the endoderm 

differentiation was switched to hepatoblasts differentiation(Hay et al. 2007).  

Hepatoblast differentiation media was composed of sterile filtered: knockout-DMEM (Life 

Technologies, 10829018), serum replacement (Life Technologies, 10828028), 0.5% Glutamax 

(Life Technologies, 35050061), 0.5% non-essential amino acids (Life Technologies, 11140050), 

0.2% β -mercaptoethanol (Thermo, 21985023), 1 x penicillin and streptomycin (ThermoFisher), 

and 1% DMSO (Sigma). Media was changed every 48 hours for 5 more days. At Day 9 of 

differentiation, hepatoblasts differentiation is switched to the final hepatocyte differentiation 

stage. 

Hepatocyte differentiation media was composed of HepatoZYME (Life Technologies, 

17705021), 1% Glutamax, 1 x penicillin and streptomycin, and 10ng/ml hepatocyte growth factor 

(HGF) (Peprotech, 100-39) and 20ng/ml oncostatin M (OSM) (Peprotech, 300-10T). HGF and 

OSM are known to have differentiating and maturing effects on function and phenotype of 

hepatocyte cells. Media can be changed every 48 hours. These cells can be maintained on this 

media for 9-12 more days before significant de-differentiation and cell death occurs. Peak 

function and morphology appear to be around day 18-22 of culture. 

2.1.3 HepaRG cell culture and maintenance 

HepaRG cells between P2 and P14 were used. HepaRGs were cultured on standard treated cell 

culture plastics (Greiner Bio-one, UK). HepaRG media was composed of William’s E Media 

(Thermo, 12551032), 10% FBS, (Thermofisher, UK), 1% penicillin and streptomycin, 1% 

glutamax, 5ug/ml insulin (Thermofisher, 12585014), and 50μM hydrocortisone hemisuccinate 

(Sigma, PHR1926-500MG). Media was changed every 2-3 days and checked for confluency each 

day. When near or full confluency was reached, cells were dissociated for passaging using 

TRYPLE Cell dissociation reagent (Thermofisher, 12563011). TRYPLE was added for 2-3 

minutes and then cells tapped off of flask mechanically. TRYPLE was then nullified by addition 

of HepaRG media. Cells could then be counted using a standard haemocytometer. Cells were then 



50 

 

centrifuged at 0.2rcf for 5 minutes and the pellet resuspended. This cell suspension could then be 

passaged into appropriate culture vessel.  

Differentiation of the HepaRG cells was induced by addition of 1% DMSO to the HepaRG media.  

2.2 Spheroid and aggregate formation 

2.2.1 hESC spheroid – suspension culture formation 

Spheroids of h9 ESCs were formed in one of two manners: non-adherent suspension culture, or 

micro-well plate aggregation. Non-adherent plate culture involved dissociating hESCs into single 

cell suspension with mTESR and Y-27632 as previously described. This was then dispensed into 

an untreated bacteriological dish. The inability to attach to the plastic substrate causes formation 

of aggregates of cells within the suspension culture. These aggregates can be of various sizes and 

still harbour dead, single cells. This can be overcome by straining the cells in a 40μM cell strainer 

(Corning, UK), resulting in small, dead cells being filtered out into waste, and retaining 

aggregates of 40μm or larger in the strainer. This can then be flushed with media to retrieve hESC 

aggregates.  

2.2.2 hESC spheroid – micro-well aggregation 

Agarose micro-wells for formed to promote aggregation of hESCs as agarose is not adherent to 

cells. 3% agarose (Sigma, A9539) was melted and pipetted into 12 well plates. 3D Petri Dish 

mould (Sigma, Z764019) was used to stamp 256 micro-wells into the molten agarose. Upon 

cooling, the mould was removed and left 256 micro-wells in each well. As described previously, 

a single cell solution of hESCs in mTESR with 10μM Y-27632 at a density of 2 million cells/ml 

was produced. 190ul of this solution was added directly to the agarose micro-wells in each well 

and mixed well to ensure homogenous spreading into each micro-well. After 1-2 hours, after 

allowing cells to settle into the micro-wells, 1ml of mTESR with Y-27632 was added gently and 

incubated overnight to allow aggregation of the cells. hESCs spheroids can be retrieved by 

aspirating the agarose moulds gently with media.  

2.2.3 HepaRG aggregate formation 

Micro-wells for aggregate formation were generated by dispensing molten agarose into a 6 well 

plate, and applying a silicon stamp, moulded from a AggrewellTM plate (Stemcell Technologies, 

UK). The stamp would rest in the molten 3% agarose as it cooled, and upon removal would have 

imprinted the micro-wells (Figure 2.1-A). Micro-wells could then have PBS added and stored at 

4C for up to 2 weeks.  
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For generation of the HepaRG aggregates, a single cell suspension of HepaRG cells (between 

passage 5-15) was passaged and concentrated to a density of 104/ml in HepaRG culture media. 

This was then evenly distributed over the agarose micro-wells, and allowed to settle for at least 1 

hour, before media in the well was topped up. Aggregate formation could take between 2-3 days, 

and was monitored by light microscope for aggregation and proliferation (Figure 2.1-B). 

Aggregation seemed to be dependent on passage number – higher passage cells produced 

aggregates less consistently, perhaps due to a selective phenotype change in culture.  

 

Figure 2.1. Preparation of agarose microwells (A) and aggregation of HepaRG cells (B). A: liquid agarose 

(2-3% w/v) is dispensed into a multi-well plate well, and a silicon micro-well stamp is depressed into the 

agarose. After cooling the agarose and allowing gelation, the stamp is removed leaving the micro-wells 

present at the bottom of the well plate. B: HepaRGs are dispensed as single cells at cell density allowing 

for 50 or 100 cells per micro-well. Within 48 hours the single cells aggregate within the micro-wells and 

form the aggregates. Image derived from unpublished work by Dr Dirk Jan Cornellisen. 

2.3 Cell encapsulation, culture, and differentiation 

2.3.1 hESC encapsulation 

Prior to cell encapsulation, hydrogels and BaCl2 crosslinker were warmed to 37°C. 
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Both single and spheroids of hESCs were encapsulated in various gels. For single cells, as 

described above, a single cell solution in mTESR1 with Y-27632 was pelleted at 0.2rcf for 5 

minutes. This pellet was then either directly resuspended in the desired gel, or first resuspended 

in the required media before mixing to a final w/v percentage of hydrogel. The encapsulated single 

cells in hydrogel were then dispensed to the required multi-well plate by dispensing 10ul of cell-

laden gel solution to the bottom of the culture well, and then crosslinked with barium chloride for 

the required time (2 minutes). Barium chloride was utilised as a divalent cation to ionically 

crosslink the alginate structure, and was chosen over calcium as it produces a more robust, and 

long-lasting structure, less likely to degrade over the long (20+ days) culture period required for 

stem cell-derived hepatocyte culture. BaCl2 was then aspirated and required cell culture media 

then added.  

For hESC spheroids, to avoid pelleting and destroying formed spheroid structure, hESCs were 

centrifuged at 0.1rcf for 10 seconds. This allowed light sedimentation of the spheroids. Careful 

aspiration of the supernatant would then allow resuspension of the spheroids in the desired gel. 

As above, encapsulated spheroid gel was then dispensed and crosslinked as required.  

2.3.2 Pre-differentiated hepatoblast encapsulation 

To encapsulate hepatoblasts that were differentiated in 2D culture in hydrogels, specific 

dissociation and encapsulation methods were employed. TRYPLE Cell Dissociation reagent 

(Thermo) was used to dissociate the cells over 15-20 minutes. A longer time was required to 

dissociate due to deposition of extracellular matrix by the maturing cells. Cells observed for lifting 

off or rounding at edges. Cells could then be pipetted or scraped off gently. Hepatoblasts were 

suspended in a modified, encapsulation media, based on the hepatocyte cells differentiation 

media: Hepatozyme, serum replacement 5%, 10μM Y-27632, 1% Glutamax, 1 x penicillin and 

streptomycin, 20ng/ml hepatocyte growth factor (HGF) (Peprotech) and 40ng/ml oncostatin M 

(OSM) (Peprotech), double the standard concentration(Villarin et al. 2015). The media also 

contained 10ng/ml epidermal growth factor (EGF, R&D Systems 236-EG) to promote cell 

proliferation and survival. Hepatoblasts were then centrifuged in this encapsulation media at 

0.2rcf for 5 minutes, before being resuspended in 1% Protanal, diluted with the complete 

encapsulation media. Encapsulation media was then added to the encapsulated cells’ wells also.   

2.3.3 In situ encapsulated hESC differentiation 

Attempts to differentiate hESCs from naïve pluripotent state to hepatocyte-like state completely 

within a hydrogel were made. While this protocol was optimised and modified throughout the 

project, it was finalised as such: 
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hESCs spheroids formed over 24 hours by agarose multi-well aggregation were lightly pelleted 

as previously described and then resuspended in 1% Protanal, diluted with complete definitive 

endoderm differentiation media as described above. This allowed immediate access to necessary 

growth factors for differentiation. Definitive endoderm media was then replaced every 24 hours 

for 5 days. After 3 days, Wnt3a was removed from the media. At D5 of differentiation, protocol 

then follows standard 2D differentiation protocol. 

2.4 Hydrogel formation 

Several hydrogels were mixed and utilised in this research. Protanal (FMC Biopolymer, 

LF10/60LS) was dissolved at 4% w/v in 10mM HEPES buffer (Sigma, 7365-45-9) at 40-50°C. 

Alginate (Sigma, W201502) was dissolved at 4% w/v in 10mM HEPES buffer at 40-50°C. 

Alginates from Novamatrix (Novamatrix, 4270519) were dissolved in 0.9% NaCl to stock 

concentration of 2% w/v. Hydrogels were sterilised by gamma radiation, 20 grays over 20 

minutes.  

Alginate crosslinker, barium chloride dihydrate (Sigma, 10326-27-9), was mixed to 50mM in 

10mM HEPES buffer. This was then filter sterilised. 

In some instances, hydrogels were combined with bioactive materials, such as gelatin (Sigma, 

G1890) and laminin (Biolamina), or sacrificial material, such as carboxymethylcellulose, to form 

composite gels. In this case, gels and solutions were first thoroughly mixed by pipetting, before 

vortexing, and finally centrifugation to remove any bubbles.  

2.5 Viability analysis 

2.5.1 Live/dead fluorescent analysis 

Analysis of cell viability was conducted using live and dead cell fluorescent stains. Fluorescent 

diacetate (FDA) (Sigma) was used to stain metabolically active, viable cells. Propidium iodide 

(PI) (Sigma) stains DNA in dead cells with permeable membranes. FDA stock solution of 5mg/ml 

was made up in DMSO. PI stock solution of 1mg/ml was made in H2O. Staining solution made 

fresh as required. Staining solution was comprised of current culture media to sustain cell 

viability, with 5ug/ml FDA and 0.05mg/ml PI. Staining solution was added to cells for 30 minutes 

before imaging on inverted fluorescent microscopes at 488nm for FDA/live cells, and 568nm for 

PI/dead cells.  
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2.5.2 Cell viability analysis with Cell Titre Blue 

Cell Titre Blue assay (Promega, G8080) was used to quantitatively determine cell viability of 

encapsulated cells. Cell media was replaced with cell media with cell titre blue reagent at a 5:1 

ratio. Cells were incubated at 37°C for 4 hours. Triplicate samples from each well were then 

analysed on a plate reader for fluorescent emission at 560/590nm. Mean fluorescence for each 

well is then determined.  

2.5.3 Cell viability analysis with Cell Titer-Glo 

CellTiter-Glo Luminescent Cell Viability assay (Promega, G7570) was also used to quantitatively 

assess cell viability. This assay utilises a luminescent response when binding to ATP to relate to 

the number of viable cells in the sample. Assay instructions were followed. Briefly, Cell-Titer 

Glo buffer was equilibrated to room temperature and then added to wells containing cell-laden 

structures. Contents were mixed thoroughly, and any structures mechanically disrupted for 2 

minutes to allow complete cell lysis. Plate was then incubated at room temperature for 10 minutes. 

Luminescent signal was then read on plate reader.  

2.6 Biochemical techniques for cell characterisation 

2.6.1 Cytochrome P450 function assessment 

Activity of the liver enzyme cytochrome P450 34A (CYP3A4) was assessed using the P450-Glo 

CYP3A4 Assay System (Promega, V8901). 25ul/ml of assay substrate was added to the relevant 

culture media, and cells were incubated with this for 4 hours, or 24 hours, depending on 

experiment. Following incubation, 50ul triplicate samples from each well are added to an opaque, 

white 96 well plate. 50ul of luciferase detection reagent was added to each sample and incubated 

for 37°C. Plate was then analysed for luminescence on a plate reader. Mean luminescence reading 

was then attained for each well. 

It was essential to have appropriate background controls for luminescence – in the case of cells 

encapsulated in hydrogels, empty hydrogels were the appropriate backgrounds. 

2.6.2 Protein extraction and determination 

Extracting protein from cells was necessary to normalise CYP3A4 activity. Cells or structures 

were washed with PBS once, and then Pierce IP Lysis Buffer (Thermo, 87787) or RIPA Buffer 

(Thermo, 89900) was added. Cells were scraped off their surface with a pipette tip and thoroughly 

triturated by pipetting. Gel structures required more extensive trituration and mechanical 

disruption to retrieve as much protein as possible from the encapsulated cells therein. Vortexing 
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was also employed to disrupt the structures as much as possible. This solution was then 

centrifuged at 1rcf for 5 minutes to pellet remaining hydrogel, and supernatant was retrieved for 

protein determination.  

The bicinchoninic acid (BCA) assay (Thermo, 23225) was used to determine protein 

concentration. The isolated protein from samples as described above, cause reduction of the Cu2+ 

ions in the BCA assay. These ions in turn chelate with bicinchoninic acid and form a purple-

coloured solution which absorbs light at wavelength 562nm. Protein samples are incubated with 

BCA reagent for 15-30 minutes at 37°C, followed by analysis of an absorbance at 562nm on a 

plate reader. A standard curve of absorbance is obtained using known concentrations of a stock 

protein (bovine serum albumin). From this standard curve, concentration of samples protein can 

be inferred from their absorbance readings.  

2.6.3 Encapsulated cell immunocytochemistry 

Appropriate alteration to immunocytochemistry protocol was necessary to attain sufficient 

staining in 3D aggregates of cells encapsulated within the hydrogels. Cells for staining were first 

washed with PBS, and then fixed with either 100% methanol at -20°C for 30 minutes, or with 

formalin at room temperature for 30 minutes. Following fixation, cells were washed with PBS for 

30 minutes three times. Structures and cells were permeabilised and blocked with 0.1% TWEEN 

in PBS (PBS-T) with 10% bovine serum albumin (BSA) for 2 hours at room temperature. 

Appropriate primary antibodies were prepared in PBS-T with 1% BSA and added after 

permeabilisation and blocking. Primary antibodies were incubated with cells at 4°C for 24 hours. 

Cells were then washed with PBS with 1% BSA for 2 hours three times. Secondary antibodies 

were prepared in PBS and added after washing. Secondary antibodies were incubated at 4°C for 

24 hours. Structures were then again washed but with PBS for 2 hours, three times. In the final 

wash, DAPI or DRAQ5 was added 1:1000 to stain nuclei. Structures were parafilmed and stored 

at 4°C for imaging.  

Animal protein IgG antibodies were used as controls for immunocytochemistry.  

2.6.4 RNA isolation and cDNA formation 

To assess mRNA expression of significant genes, primarily for the definitive endoderm, RNA 

was isolated from cells and cell-laden structures. RNeasy mini kit (Qiagen, 74104) was used for 

this. On required timepoints, RLT lysis buffer was added to cells or cell-laden structures to lyse 

cells. Structures were mechanically disrupted to allow release of as much RNA was possible. 2D 

cell cultures were scraped with a pipette tip before being aspirated. RNA isolation solutions were 
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kept on ice from here when possible. RNEasy mini kit protocol was then followed and total RNA 

concentration and purity determined by nanodrop 260/230 and 260/280 ratios.  

cDNA from the isolated RNA was formed using the RT-PCR Quantitect Reverse Transcription 

Kit (Qiagen, 204443). Protocol was followed from the kit.  

2.6.5 qPCR of definitive endoderm genes 

To assess mRNA expression of characteristic definitive endoderm genes, qPCR was conducted 

on the cDNA produced as described above. TaqMan Fast Advance Mastermix and appropriate 

primer pair (Applied Biosystems, 4444556) were used and analysed using a Roche LightCycler 

480 real-time PCR system. Gene expression was normalised to β-2 microglobulin (B2M) and 

visualised as relative to expression over control sample (hESC at day 0 differentiation, in 

pluripotent naïve state). qPCR was conducted with triplicates from each sample and data analysis 

was conducted with Roche LightCycler 480 software. B2M, Sox17, and Foxa2 were analysed 

using qPCR.  

2.7 Antibody release from porous gels 

To determine porosity of alginate gels with and without sacrificial material, gels and composite 

gels were preloaded with fluorescent antibody and its leakage assessed by reading fluorescence 

at 488nm on a plate reader. Protanal 1%, Protanal 1% with 1.25% carboxymethyl cellulose 

(Sigma, 419273), and Protanal 1% with varying concentrations of gelatin (Sigma, G1890) were 

mixed with 488nm fluorescent antibody before crosslinking with BaCl2 50mM for 2 minutes. 

Structures were then placed in standard basal cell culture media. Media was taken from these 

wells at timepoints: 0, 1 , 5, 10, 15, 30, 60, 120, and 180 minutes to assess changes in fluorescence 

brought on by leakage of antibody from the structures. Triplicates were taken for each timepoint, 

and an average fluorescence was plotted across the time course.  

2.8 Bioprinters and bioprinting processes 

2.8.1 Gelatin bath bioprinting 

Encapsulated single cell and aggregate HepaRGs were bioprinted in 1% Protanal into a supportive 

gelatin liquid-gel bath. The gelatin bath was prepared by mixing gelatin powder (Sigma, G1890) 

to 0.6% w/v in 10mM HEPES solution. HEPES was used to maintain a cell-friendly pH 

throughout the process. 0.06% w/v calcium chloride was added to the bath solution, in order to 

provide an immediate crosslinker to any material deposited into the bath. This solution was added 

to 6 well plates, to a depth sufficient to allow the extrusion needle to deposit the planned bioink. 
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These well baths were then stored at 4C for at least 12 hours to allow the bath to settle and produce 

the desirable supportive properties.  

On the day of experimentation, the well baths were removed from 4°C and kept at room 

temperature (~18°C). This was found to be an ideal temperature to maintain the desirable 

properties of the supportive bath: any colder and the bath would impede the progress of the 

bioprinter extrusion nozzle, causing splitting of the bath and improper self-healing; any hotter 

(such as incubated at 37°C), and the bath would be too liquid to support the deposited material.  

The bioink for printing was prepared by passaging and centrifuging either single cell or aggregates 

HepaRG cells to create a pellet, and resuspending these cells in HepaRG media at the desired cell 

density. This was then mixed with 2% Protanal which had been diluted from 4% with HepaRG 

media, to create a final bioink of 1% Protanal with the encapsulated cells. To ensure homogenous 

mixing of the cells, the cell suspension was mixed with the Protanal between two syringes, with 

a syringe adapter between the two. Excess air was first passed out of each syringe to minimise 

bubble formation, and then the solutions were gently passed back and forth between the two 

syringes, until robust mixing and homogeneity had been achieved.  

The homogenous bioink with cells was loaded into a 3ml syringe and placed into the 

INKREDIBLE bioprinter (CELLINK). The INKREDIBLE utilises pneumatic air pressure from 

an air compressor to compress the plastic plunger of the syringe and elicit controlled deposition, 

while the extruder itself was moved around in the X, Y axes, while the bioprinting bed was moved 

up and down on the Z axis. These movements and extrusion were controlled by G-code, derived 

from a 3D model generated in SolidWorks, which was then processed in the Slic3r software. 

Slic3r slices the 3D model into thin layers which are translated into G-code, providing instructions 

to the printer in cartesian coordinates of where to position and extrude from the extrusion nozzle. 

The G-code used to operate the bioprinting was designed in SolidWorks, as either a simple ring 

with multiple layers, or three hexagons combined into a honeycomb like structure, also with 

multiple layers.  

After printing, it was necessary to fully crosslink and release the structure from the support bath. 

HepaRG cell culture media with 50mM barium chloride added was incubated to 37°C. This was 

then added to the top of the wells, and allowed to diffuse throughout the support bath. In doing 

so, it simultaneously permanently cross-linked the alginate structure, as well as diluting the gelatin 

bath. By diluting the bath in this way, and by incubating the wells at 37°C, the gelatin is much 

more amenable to removal by pipetting. After incubating with the release media for 15-30 

minutes, the gelatin bath material can be readily removed from the wells by gentle aspiration with 

a pipette. It is recommended to wash the structures left over thoroughly with media to ensure 

removal of as much of the bath material as possible, lest it become an unwanted variable in 



58 

 

observations. After bath material removal and washing, hepaRG media was added, and structures 

cultured at 37°C.  

2.8.2 Bioprinter for 96 well plate production 

The bioprinter used to generate the 96 well plate structures was a custom built Cartesian CNC 

machine that utilised NEMA 17 stepper motors pulling along a 20 tooth pulley for the X and Y 

axis. The Z axis was also driven by an integrated 2 start Tr8*8 Acme leadscrew driven stage. A 

stepper motor also drove the extrusion controls, with a screw moving down into the syringe 

plunger to control deposition through the extrusion nozzle. The theoretical resolution of the 

printer was approximated by the linear distance per motor step. The theoretical resolution in the 

X and Y axes was 12.5 microns, and 2.5 microns in the Z-axis.  

2.8.3 96 well plate print model  

To design a model to coordinate the print into the 96 well plate for the high-throughput drug 

screen bioprint, the dimensions for the Corning 96 well plate were derived from online sources, 

and confirmed using digital callipers.  

To these specifications, SolidWorks was used to design a 3D model. A flat circle was designed 

to fill approximately 60% of the area of the 96 well plate well, and copied 60 times in the defined 

dimensions, so as to mimic the spacing of the wells to guide the extrusion nozzle (Figure 2.2). 

The flat circles were extruded to a height that would allocate three layers of extrusion, dependant 

on the needle diameter. While initially designed with 96 discs to fill a plate, limitations in the 

dimensions of the extrusion carriage in X and Y meant that bioprinting was not possible in the 

outer rows and columns. Therefor the final design was for only 60 wells. This had the added 

benefit of protection from evaporation: when dealing with a large number of small wells, 

evaporation and condensation differences between the outer and inner wells of a plate become 

greater. By leaving the outer wells empty of cells and loaded with PBS to limit evaporation, more 

consistent results should be achieved. 
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Figure 2.2. 3D model designed in SolidWorks of 60 discs that match dimensions of inner 60 wells of a 

Corning 96 well plate. Outer wells of the plate were excluded due to limitations in the X and Y axis of the 

printer, as well to limit evaporation of the outer wells.  

The stereolithography (stl) file of the 60 discs was saved from SolidWorks and exported to the 

Slic3r software. Slic3r cuts the model into layers, which can then be interpreted by cartesian 

coordinates by the bioprinter, for X, Y, Z movement, as well as extrusion. An example of g-code 

is given in Figure 2.3. By default, the g-code produced would not take into account the walls of 

the well plate and would try to deposit each disc in succession without raising the nozzle. The 

result would have been the extrusion nozzle trying to drag through the well plate walls, likely 

damaging the nozzle and disrupting the print. It was necessary to manually edit the g-code to 

input Z movement between discs: giving Z coordinates to ensure clearance of the top of the well 

(giving the known dimensions of the 96 well plate), and to ensure reset of the nozzle inside each 

well before extrusion.  
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Figure 2.3. Example g-code from 60 disc model. X and Y coordinates refer to their respective cartesian 

coordinates in the print bed, E refers to extrusion. This example does not demonstrate Z movements, as this 

is g-code for a single disc for a single well.  

Bioprinting was conducted in a Class II Biological Safety Cabinet/Tissue Culture hood. 

Bioprinter was thoroughly sterilised with 70% alcohol and mucosal detergent before placing in 

the hood, with particular attention paid to any areas that would require manipulation or contact 

with the plate or biological sample.  

2.9 Hepatotoxicity drug screen setup 

To assess the suitability of the designed 3D liver organoid model for hepatotoxicity testing, a drug 

screen was conducted. The drugs selected were chosen for their published hepatotoxic, or non-

hepatotoxic nature previously. They included: acetaminophen/paracetomal (toxic, Sigma A7085), 

amiodarone (highly toxic, Sigma A8423), acetylseric acid/aspirin (slightly toxic, Sigma A5376), 

azathioprine (potentially toxic to the bile duct, Sigma A4638), and prednisolone (non-toxic, 

Sigma P6004). Drug stocks were dissolved in DMSO to a concentration of 100mM. This was 

then used to dilute stocks of 10mM, 1mM, and 0.1mM in DMSO, which were further diluted 

1:1000 in HepaRG media for the final drug toxicity media concentrations of 0.1uM, 1μM, 10μM, 

and 100μM, with equal concentrations of DMSO. A control of DMSO only was also added 

(concentration of 0.1% DMSO).  
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After bioprinting the 60 discs into the 96 well plate, structures were crosslinked with 50mM 

BaCl2, before being washed and provided HepaRG cell media. After 3 days, cell media was 

replaced. After a further 2 days (5 days since bioprint), structures were dosed with cell media with 

drugs for screening, with a replicate number of 6 structures per concentration per compound. Drug 

media was replaced after 24 hours. A further 24 hours later, encapsulated cells were assessed for 

viability with the Promega CellTiter-Glo kit, as previously described.  

2.10 Statistical analysis 

Data was processed and graphed using OriginLab, or Excel 8.0. Error bars represent standard 

deviation (SD). Number of replicants for each experiment was 3 technical and 3 biological unless 

stated otherwise. Comparative analysis was conducted using a Student t-Test or ANOVA where 

required, with a p value of ≤ 0.05 deemed significant. 

2.11 Image processing 

Imaging of cells stained with the Live/Dead assay were performed on an EVOS Floid imaging 

station.  

Imaging of fluorescently stained cells were conducted on a Confocal Scanning Laser 

Microscope (CSLM, Leica microsystems, SP 5). CSLM images were obtained using a dry 10x 

lens, or a dry 20x lens. Image processing was conducted using Fiji, a package of software 

plugins for the image processor ImageJ.  

 

Brightfield microscopy was conducted on a SP50D Digital Microscope or a Brunel SP400 

microscope.  
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Figure 2.4. Leica SP microscope with fixed stage and laser controls. (Https://www.leica-microsystems.com 

2020) 
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3. Chapter 3 - Stem cell-derived hepatocyte 

encapsulation in bioink
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3.1 Introduction 

To generate 3D in vitro liver models for use in drug screening or assay development, stem cell-

derived hepatocytes were chosen as an initial cell source. Stem cell-derived hepatocytes are 

differentiated from pluripotent stem cells, either embryonic or induced, through a stepwise 

protocol by exposure to specific, developmental cued growth factors and chemical signals. It has 

been previously demonstrated how physiological mimetic these cells can be (Cameron et al. 

2015), and so would be ideal for generating a reliable and sensitive hepatotoxic drug screen 

model.  

As the research began, significant gaps in the knowledge were identified for the planned research. 

While encapsulation of pluripotent stem cells had been published previously in the literature (Siti-

Ismail et al. 2008), as well as directed differentiation of encapsulated hESCs to definitive 

endoderm (Chayosumrit, Tuch, and Sidhu 2010), no research had been published on the 

differentiation of encapsulated cells to hepatocyte-like stage, or with well-defined culture 

reagents. These studies utilised feeder cell layers or Matrigel. This meant that the research had to 

be devised with basic biological considerations. In order for the model to be successful, the 

encapsulated cells must: remain viable, successfully proliferate, undergo controlled 

differentiation and maturation, and undergo expected and natural function. To facilitate these 

requirements the bio-ink used to encapsulate the cells had to be carefully selected. As well as  

previous research on encapsulation of pluripotent stem cells(Sidhu et al. 2012; Siti-Ismail et al. 

2008), colleagues in Professor Shu’s research group had successfully utilised alginate to 

encapsulate stem cell-derived hepatocytes previously (Faulkner-Jones et al. 2015). Alginate is an 

excellent foundation as a bio-ink as it is naturally bio-inert so should elicit no cytotoxic effects or 

confounding biological variables, and its crosslinking methods and physical properties can be 

carefully controlled.  

Initial encapsulation efforts sought only to maximise cell viability. As, at that time, little research 

had been conducted on the encapsulation of pluripotent stem cells, extensive optimisation and 

iteration of the encapsulation process was required.  

This included: choice of alginate; concentration of alginate; method of encapsulation; and 

crosslinking parameters.  

3.2 Initial bio-ink selection 

Initial alginate selection was one based on available materials and previous experience from the 

bioprinting research group. There were primarily 3 commercial sources of alginate available at 

the start of the project: Novamatrix (https://www.novamatrix.biz/), Sigma Aldrich 
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(https://www.sigmaaldrich.com) and FMC Biopolymer (http://www.fmc.com/). Of the 

Novamatrix, there was low molecular weight alginate, and RGD-tethered alginate. The seminal 

pluripotent stem cell bioprinting paper identified the necessity for cell adherence points in the 3D 

culture, which the RGD motifs could provide (Faulkner-Jones et al. 2013a).  Sigma-aldrich 

alginate was used extensively in multiple research projects in the bioprinting group, and FMC 

Biopolymer’s Protanal was recently identified as a new potential source. Novamatrix alginate had 

been utilised in encapsulation of hESC research published previously(Chayosumrit et al. 2010).  

There were positives and drawbacks to each alginate before they were tested biologically. 

Novamatrix has the benefit of being GMP-compatible, low variability between batches, and well-

defined variants including RGD-tethered alginate. However, the Novamatrix alginates are by far 

the most expensive The Novamatrix “NOVATACH VLVG 4GRGDSP” was selected, as the high 

guluronic (>60% guluronic content (Novamatrix 2020)), low molecular weight option. Sigma-

aldrich has been used extensively and is very cost effective. Unfortunately, it has very high batch 

to batch variability in its G-M ratio, and structures formed of SA alginate degrade relatively 

rapidly. Protanal is a high G-block polymer which creates highly rigid structures (estimated at 67-

75 G to 25-35 M ratio(FMC 2015). It has high consistency between batches and is cost effective.  

 

3.3 Initial single cell ES cell encapsulation 

Initial hydrogel compositions used for encapsulation were 1% w/v Novamatrix with RGD motifs, 

1% Protanal, and 1.1% SA. These were starting concentrations advised by previous publications 

encapsulating hESCs(Chayosumrit et al. 2010; Siti-Ismail et al. 2008) and those with expertise in 

the research group. Embryonic stem cells were disassociated into a single cell solution, as per 

differentiation initiation protocol, and then encapsulated in the alginates at a cell density of 1x106 

cells per ml. Cell-laden alginates were extruded from a pipette into rudimentary filaments, 

approximately 5mm long, and 1mm thick. Crosslinking was conducted over 5 minutes with 

50mM barium chloride, as per recommendation from previous work. Cell viability was then 

assessed 24 hours after encapsulation. 

Immediately it was evidence that viability was extremely low in all encapsulate cultures, as seen 

in Figure 3.1, Figure 3.2, and Figure 3.3 below. Sporadic live cells were seen, but overall cell 
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death tended towards 100% in all cultures. It was evident several aspects of the encapsulation 

technique and culture could be altered to improve viability.  

 

Figure 3.1. Live/Dead fluorescent stain of single cell hESCs encapsulated in Novamatrix with RGD 1% 

w/v at a cell density of 1x106 cells per ml, 48 hours after encapsulation. A: Viable cells (fluorescein). B: 

Dead cells (propidium iodide). C: Nuclear stain of cells (DAPI). D: Merge of channels. Cell viability <5%. 

Green: Live cells. Red: Dead cells. Blue: Nuclear stain. Scale bar 100μm.  
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Figure 3.2. Live/Dead fluorescent stain of single cell hESCs encapsulated in Protanal 1% w/v at a cell 

density of 1x106 cells per ml 48 hours after encapsulation. A: Viable cells (fluorescein). B: Dead cells 

(propidium iodide). C: Nuclear stain of cells (DAPI). D: Merge of channels. Cell viability <5%. Green: 

Live cells. Red: Dead cells. Blue: Nuclear stain. Scale bar 100μm. 



69 

 

 

 

Figure 3.3. Live/Dead fluorescent stain of single cell hESCs encapsulated in sigma Aldrich alginate 1.1% 

w/v at a cell density of 1x106 cells per ml 48 hours after encapsulation. A: Viable cells (fluorescein). B: 

Dead cells (propidium iodide). C: Nuclear stain of cells (DAPI). D: Merge of channels. Cell viability <5%. 

Green: Live cells. Red: Dead cells. Blue: Nuclear stain. Scale bar 100μm. 

Surprisingly, no difference was seen in this qualitatively viability assessment between different 

alginates. All alginates structures harboured very low cell viability. The few exceptions were 

small, viable clumps or aggregates of cells. Human embryonic stem cells are maintained in 

specific and defined cultures, with appropriate media and materials to adhere to (Cameron et al. 

2015). It was clear from this result that, while the media available was identical, the shift from 

2D to 3D culture would require further optimisation to improve viability, regardless of the alginate 

used. Common to all alginate composition (bar the RGD Novamatrix alginate) was their bioinert 

quality: they did not interact with cells. Pluripotent cells are highly adherent-dependent and 

rapidly undergo anoikis when in unsuitable environments. In 2D culture, they have been cultured 

on vitronectin, Matrigel, and recently (when the PhD began) laminins(Cameron et al. 2015; 

Szkolnicka et al. 2014; Villarin et al. 2015). Another potential problem was cell density. The cell 

density encapsulated was the same as was used in 2D culture, <100,000 cells/ml. Given the drastic 

differences in space and surface area that the cells experience in the 3D environment, it is likely 
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a much higher cell density would have improved cell viability, such as the 2.5 million cells/ml 

used in previous hESC encapsulation research(Chayosumrit et al. 2010). Additionally, the size of 

the rudimentary fibres was likely too large and hampering mass transfer of essential nutrients to 

the cells within. This was solved in later experiments where a very thin disc was generated instead 

of the filaments. 

3.4 Addition of bioactive material to bio-ink 

Addition of bioactive materials to the alginate base was trialled to improve cell viability by 

improving cell adherence and reducing anoikis. As well as Novamatrix RGD (Figure 3.4) and 

base Protanal alginate( Figure 3.5), Protanal with 5% Gelatin (Figure 3.6) and laminin 521 (Figure 

3.7) were added as conditions, and cell cultures were kept for 4 days to assess cell viability over 

a longer time. In this instance, more sporadic, viable clusters of cells were seen in most 

composites. Over the 4 days culture period, these were seen to expand by proliferation. Sigma 

Aldrich gel composites were also trialled but not shown here for brevity. While the pattern of 

increasing number and size of viable aggregates increased over the 4 days of culture in the sigma 

Aldrich structures, the structures were very brittle and would often collapse and deteriorate before 

the required timepoint. 

 

Figure 3.4. Live/dead stain of single cell hESCs encapsulated in Novamatrix RGD 1% w/v at 0hrs after 

encapsulation (A), 48hrs (B), and 96 hrs (C). While overall viability remains low, increasing numbers of 

large cell aggregates appear through the structure in B and C. Green: Live cells (fluorescein), Red: dead 

cells (propidium iodide). Scale bar 100μm. 

 

Figure 3.5. Live/dead stain of single cell hESCs encapsulated in Protanal 1% w/v at 0hrs after encapsulation 

(A), 48hrs (B), and 96 hrs (C). While overall viability remains low, increasing numbers of large cell 
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aggregates appear through the structure 96 hours after encapsulation. Green: Live cells (fluorescein), Red: 

dead cells (propidium iodide). Scale bar 100μm. 

 

Figure 3.6. Live/dead stain of single cell hESCs encapsulated in Protanal 1% w/v + 5% gelatin at 0hrs after 

encapsulation (A), 48hrs (B), and 96 hrs (C). Green: Live cells (fluorescein), Red: dead cells (propidium 

iodide). Scale bar 100μm. 

 

Figure 3.7. Live/dead stain of single cell hESCs encapsulated in Protanal 1% w/v with laminin 521 solution 

included at a ratio of 1:20, at 0hrs after encapsulation (A), 48hrs (B), and 96 hrs (C). As seen in the 

Novamatrix and Protanal alginate, increasing numbers of viable aggregates were seen by day 4 of culture. 

Green: Live cells (fluorescein), Red: dead cells (propidium iodide). Scale bar 100μm. 

Further gel composite experiments were conducted with the addition of bio-active materials. 

Figure 3.8 below shows the cell viability difference between sigma Aldrich and Protanal 

composite gels. While no addition of bioactive material significantly improved cell viability due 

to the error bars that were seen, Protanal did significantly improve cell viability over SA. Addition 

of gelatin seemed to trend towards improved viability in both the SA and Protanal gels. This may 

have been due to improved adherence of the cells. While Laminin 521 is essential in maintaining 

hESCs in 2D (Cameron et al. 2015), in 3D its addition did not promote cell viability. The reason 

for this is not clear, but may be due to the needs of a cell cultured in 3D being intrinsically different 

than those in 2D.  
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Figure 3.8. h9 hESC viability assessed at 96 hours when encapsulated in sigma Aldrich (SA) alginate and 

Protanal (P) with addition of bioactive materials. 1:20 Lm521; 5% v/v Lm521 in final gel. Gel+Lm521; 2% 

w/v Gelatin and 5% v/v Lm521 in final gel. Error bars represent standard deviation. 

 

3.5 Optimisation of bio-ink properties 

Sigma Aldrich alginate was not chosen after these initial experiments as the structures produced 

were inconsistent and disintegrated after just a few days in culture. This is clearly impractical, as 

2D differentiate culture lasts at least 20 days. To refine the number of culture conditions being 

assessed, Protanal and Novamatrix with RGD peptide motifs were selected to compare cell 

viability in a more quantitative manner, using a Cell Titre Blue (Promega) assay which measures 

cell viability through their ability to metabolise a substrate into a fluorescent molecule, which can 

then be read on a plate reader. They were selected owing to their increased viability, seen 

qualitatively in the live/dead cell stains. From Figure 3.9 below, no significant differences were 

seen between ranges of w/v of Protanal or Novamatrix RGD on cell viability. The slight but 

insignificant dip in viability seen in the P 1.5% is likely just a result of variability in the culture 

of the stem cells, represented by the error bars. The only exception was 0.5% RGD which did not 

produce viable structures.  
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Figure 3.9. h9 hESC viability analysis of various concentration (w/v) of alginates seven days after 

encapsulation. No significant difference was seen between any conditions, with the exception of RGD 

0.5%. P: Protanal, RGD: Novamatrix RGD. Errors bars represent standard deviation.  

3.6 Optimising crosslinking parameters 

Previous work by Tabriz et al (Tabriz et al. 2015) had analysed varying concentrations of barium 

chloride to crosslink alginate, and its effect on structural integrity of printed structures over 

several days. As culture of encapsulated stem cells was likely to extend over weeks, it was 

necessary to not only ensure cell viability was unaffected by the crosslinking method, but also 

that the structures generated would last for the desired culture period, like of over 20 days. 

Crosslinking parameters were thus assessed to determine the optimal concentration and time to 

allow crosslinking (Figure 3.10). 20 or 50mM barium chloride concentrations were chosen based 

on work by Tabriz et al (Tabriz et al. 2015), and were exposed to a confluent monolayer of h9 

ESCs for 1-3 minutes, before media was replaced and culture continued. 24 hours after exposure 

the cells viability was assessed using a luminescence viability kit from Promega. 20mM and 

50mM BaCl2 for 3 minutes had the highest viability result, with no significant difference. The 

standard crosslinking method from hereon was decided to be 50mM BaCl2 for 3 minutes, in order 

to best allow gelation of the structures to improve structural integrity and longevity over the long 

culture period required (>20 days), without sacrificing cell viability. 
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As well as assessing crosslinking parameters, cell viability upon exposure to a low concentration 

of the desired gel (Protanal 0.5%), and potential de-crosslinking compounds. De-crosslinking or 

releasing encapsulated cells is important for characterisation of the cells after culture, as most 

commonly used biological and chemical techniques used to characterise cells would likely be 

impeded by the encapsulating gel. EDTA is a chelator of divalent cations, and so it was 

hypothesised it could chelate the cations from the cross-linked gel, de-crosslinking it and 

degrading the structure. EDTA’s effect on cell viability was assessed here at 50mM over 2 

minutes. The result was nil cell viability, as EDTA also causes cell dissociation, resulting in all 

cells being lost as media was aspirated to conduct the viability assay. Alginate lyase is an enzyme 

that occurs naturally within alginate producing organisms, including Pseudomonas 

aeruginosa(Schiller et al. 1993) where it cleaves the polymer chains of alginate. It was assessed 

as an alternative to EDTA as a gel degradation tool, but was also shown to effect cell viability. 

Sodium citrate is another chelator that was trialled, but was found to be ineffective at degrading 

structures, and so its effect on cell viability was not assessed. 
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Figure 3.10. h9 hESC viability analysis across varying crosslinking and decrosslinking compounds. Cells 

were cultured on laminin 521 2D culture for at least 24 hours before being exposed to the compounds.  

Exposure time was 2 minutes unless otherwise stated. 20mM and 50mM BaCl for 3 minutes registered the 

highest cell viability, with no significant difference between. Alginate lyase and EDTA, tested as potential 

degradation tools, did not show favourable cell viability profiles and so were avoided in future experiments. 

Error bars represent standard deviation. 

3.7 Encapsulated single cell differentiation 

Differentiation of the encapsulated stem cells is essential to generate a liver model. However, 

prior to this work no research had been published attempting to differentiate naïve pluripotent 

stem cells into hepatocytes in a 3D encapsulated culture. Our initial line of experimentation 

involved using a wide range of potential hydrogels with the aim to pinpoint a suitable bio-ink that 

could support the maturation of the stem cells throughout the complex differentiation protocol. 

The initial differentiation experiment was conducted with single cell ES cells in the various 

Protanal biocomposites and the Novamatrix gels. The Protanal biocomposites were expanded to 

include bioactive materials that had been used to support 2D culture of human pluripotent stem 

cells previously, vitronectin(Heng et al. 2012) and Matrigel (Xu et al. 2001). The 2D 

differentiation protocol was initiated 7 days after encapsulating the naïve ES cells. CYP3A4 
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activity was assessed at day 21, 23, 25, and 28 of the differentiation Figure 3.11. While some 

(non-normalised) activity was detectable at day 21, this rapidly deteriorated by day 23. No 

statistically significant differences were seen between different gels on the resultant liver enzyme 

activity after differentiation. The low activity seen in all gels is reflective of the immature state of 

the culture system at this stage: cell viability was still very poor following encapsulation; allowing 

7 days to pass before initiating differentiation would allow the cells to begin spontaneous 

differentiation towards lineages not specifically hepatic;  and the differentiation protocol used 

was optimised for 2D culture, not the significantly different state of a 3D encapsulated culture.  

 

Figure 3.11. Activity of CYP3A4 enzyme of encapsulated stem-cell derived hepatocytes from day 21 to 28 

post-encapsulation. P: Protanal 1%, PG: Protanal 1% and gelatin 2%, PL: Protanal 1% and Laminin 521 

5%v/v, PGL: Protanal 1%, gelatin 2%, and Laminin 521 5%v/v, PV: Protanal 1% and Vitronectin 5%v/v, 

PM: Protanal 1% and Matrigel 5%v/v, RGD: 1% Novamatrix RGD, 2D: Standard 2D differentiation culture 

on Laminin 521. Error bars represent standard deviation. 

By day 21 of the differentiation protocol, 2D stem cell-derived hepatocytes are typically around 

their maximum function (Cameron et al. 2015; Szkolnicka et al. 2016). At day 21 in this 

experiment, the standard 2D cultured cells showed the highest liver function activity in the form 

of CYP3A4 function. The encapsulated 3D cultured cells showed lower function than the 2D 

control. There was no statistically significant differences between the 3D encapsulation 

conditions. By day 23 the function of all cultures had fallen and had reached nil by day 25. There 
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was a slight increase in activity of the 2D cells at day 28, but by this time all 3D cultured cells 

had ceased CYP3A4 function.  

It was from these experiments that Protanal was determined to be the most suitable for the 

subsequent encapsulation compared to the RGD Novamatrix alginate. It was necessary to reduce 

the total number of conditions to a suitable level for further optimisation, and as there was no 

difference in cell viability from qualitative assessment of the alginate composites, Protanal was 

chosen. It was deemed favourable as it showed reasonable cell viability, high reproducibility 

between batches, was the most cost-effective gel by far, created strong structures owing to its high 

G-block content, and seemed to degrade the least during the 4-day culture.  

3.8 Optimisation of Protanal bio-ink 

With the selection of Protanal as the gel of focus for the project, it was pertinent to address the 

continued cell viability issue on encapsulation. As mentioned previously, ES cells are highly 

adherent dependent and rapidly undergo anoikis when their anchorage needs are not met. This 

was attempted to be remedied with the inclusion of bioactive materials into the biocomposite gels 

Figure 3.12. As discussed above, no significant effect on cell viability was seen.  
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Figure 3.12. h9 hESC viability when encapsulated in alginate with biocomposite gels after seven days. P: 

Protanal 1%; Gelatin: 2% w/v gelatin; Laminin 5% v/v laminin 521; vitronectin 5% v/v vitronectin; RGD: 

2% Novamatrix RGD tethered high molecular weight alginate.  Error bars denote standard deviation. 

An important consideration for this result was the assay that was utilised and the state of the 

cultured cells. As observed in fluorescent live/dead analysis, surviving cells in the encapsulated 

cultures were only found as clusters or aggregates of cells, individual cells were rarely if ever 

seen alive. This suggested that to remain viable, cells had to be aggregate, or have cell-cell 

interactions. Subsequently, this means that the only viable cells present in the culture were 

aggregates. This in turn creates a confounding variable with this form of viability assay. The one 

utilised for Figure 3.12 was a metabolic assay that recorded viability by measuring the amount of 

reagent metabolised by cells into a fluorescent metabolite. As the only viable and metabolically 

active cells were in aggregates in these cultures, the outermost cells of the aggregates would have 

been exposed to the viability assay reagent to the greatest degree, while those in the interior would 

be exposed to a much lower level. This creates a confounding variable in the results, where they 

may not truly reflect the number of viable cells in each condition, as those in the interior of 

aggregates would likely not be accurately captured. This reasoning was bore in mind for future 

experiments, and molecular tools and assays that are more suitable and applicable to 3D culture 

were used.  
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In this vein, another conceived way of improving cell viability was to promote not cell-material 

interactions, but cell-cell interactions. Aggregation of ES cells could provide a means to sustain 

their viability during encapsulation and throughout differentiation while suspended in the 3D 

architecture of the Protanal hydrogel.  

3.9 ES cell spheroid formation 

A simplistic method of generating aggregates in non-adherent dishes was employed to rapidly 

assess the feasibility of aggregating ES cells for encapsulation. Initial tests showed markedly 

improved cell viability in the encapsulated spheroids cultures compared to single cells (Figure 

3.13). While dead cells were still apparent, nearly 100% of formed aggregates were viable. 

Similar results were found in the single cell cultures using either Protanal or RGD alginate. 

However, viability was very low in the Novamatrix-RGD spheroid culture. Continued culture of 

the spheroids encapsulated in Protanal showed growth over 7 days, suggesting viable, 

proliferating hESCs, which was not seen in the RGD spheroid culture. (Figure 3.14). Protanal 

spheroids were significantly larger throughout the course of a seven-day culture compared to 

Protanal single cells and both RGD conditions. It is unclear why the RGD gels appeared to cause 

high level of cells death in the spheroid culture, and not to the same extent in the single cell 

culture. It is possible that biological requirements vary for cells with more cell-cell interaction, as 

is the case with the spheroids. RGD motifs are known to cause cell apoptosis via caspase-3 

activation (Buckley et al. 1999; Matsuki et al. 2008) so this effect may be more prominent in the 

spheroid cultures. It is also worth noting the spheroid density disparity between the RGD alginate 

and Protanal cultures. During crosslinking, Protanal gels crosslink and gel extremely rapidly, in 

a matter of seconds, while RGD alginate is much slower, taking tens of seconds to minutes. This 

is likely due to the difference in the components of the alginates, with Protanal having a very high 

guluronic acid content. As a result, significant shrinkage occurs in the Protanal gel as it is 

crosslinked, and subsequently the encapsulated spheroids are pushed into dense clumps, as 

observed in Figure 3.13. Conversely, RGDs slower crosslinking allows a more uniform dispersal 

of spheroids. This may have been the cause of the lower cell viability however, as the dense 

clustering of spheroids in the Protanal cultures may have provided close cell-cell signalling 

support which was lacking in the RGD culture. 
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Figure 3.13. Live/dead fluorescent stain of encapsulated single cell hESCs and hESCs spheroids in both 

protanal and RGD-tethered alginate after 48 hours. Row A are the live, green cells (fluorescein). Row B 

are the dead, red cells (propidium iodide). Row C is the merge of these channels. Substantial improvements 

were seen when encapsulating spheroids versus single cells in Protanal. Similar results were seen between 

encapsulating single cells in Protanal and RGD alginate, however encapsulated spheroids in RGD had very 

low viability, <5%.Green: live cells. Red: dead cells. Bottom row represents a merge of the channels. Scale 

bar 100μm. 
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Figure 3.14. Growth of ES aggregates over 6 days when encapsulated in 1% Protanal or 2% RGD-tethered 

alginate. The highest growth was seen in the ES spheroid encapsulated in Protanal. Growth was seen in all 

conditions over 7 days, excepting spheroids in the RGD-tethered alginate due to high cell death. Error bars 

represent standard deviation. 

3.10 Encapsulated 3D hepatocyte differentiation 

After identifying that encapsulation of hESC spheroids in Protanal produced the most viable 

cultures yet attained, another 3D encapsulated differentiation experiment was planned. hESCs 

were formed and encapsulated in 1% Protanal and maintained for seven days before the standard 

2D differentiation protocol was initiated. Throughout the protocol, characteristic protein markers 

were assessed at key timepoints throughout the differentiation with immunocytochemistry (ICC). 

As previously discussed, the Hay protocol (Cameron et al. 2015) adapts natural liver 

developmental signals to produce an in vitro model of liver development from pluripotent cell, to 

definitive endoderm, to hepatoblast, and finally to mature hepatocyte-like cell. Each of these 

stages have characteristic markers which are well documented in endogenous development, and 

in the in vitro 2D differentiation process. By probing the expression of these markers at key 

timepoints, insight would be gained of the progress and efficiency of the differentiation protocol 

when applied to these 3D, encapsulated spheroids.  

The initial stage of differentiation is the definitive endoderm, formed by day 3 of the protocol. 

FoxA2 and Sox17 are two early endodermal markers used to characterise cells. In this instance, 
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while cells were positively stained for nuclei and proliferation, in the form of DRAQ5 and Ki67 

respectively, no positive stain was seen for the endodermal markers at day 3 in the encapsulated 

spheroids (Figure 3.16). This immediately suggested that induction into the definitive endoderm 

stage was improper as early as day 3 of the protocol. This would almost certainly have a knock-

on effect to the later differentiation stages, which are normally orchestrated through well-defined 

cell maturity states. 

 

Figure 3.15. IgG antibody controls for encapsulated 3D hepatocyte differentiation immunocytochemistry. 

A and D are nuclear stains (DRAQ5), B: Mouse IgG, C: Goat IgG, E: Sheep IgG, F, Rabbit IgG. Scale bars 

represent 50micrometers. 
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Figure 3.16. ICC for definitive endoderm markers at day 3 of differentiation of hES spheroids encapsulated 

in 1% Protanal. While positive staining for Ki67 was achieved, suggesting proliferation, no expression of 

the characteristic DE markers FoxA2 or Sox17 were noted. Scale bars are 50μm. 

Hepatoblasts are expected by day 8 of the protocol, with expression of the foetal marker AFP 

(denoting the relative immaturity of the cells) and the essential hepatic transcription factor HNF4a 

being typical. In the case of the encapsulated spheroids, sporadic HNF4a expression was seen 

across the spheroids (Figure 3.17), and little to no AFP expression was seen. Ki67 staining 

suggested some cells remained proliferative, which would be expected at this stage. The 

incomplete expression of HNF4a and lack of AFP furthered the conclusion that the cells were not 

being appropriately driven through hepatic differentiation, with problems already being seen at 

day 3.  
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Figure 3.17. ICC of day 8 ES spheroids differentiation for hepatoblast markers encapsulated in 1% Protanal. 

Ki67 staining suggested some proliferation still present, but sporadic HNF4A and no AFP expression 

suggest the cells are not following the expected path of differentiation. Scale bars are 50μm. 

By day 20 the cells should have reached the final stage of differentiation – the mature hepatocyte-

like cells. Here the cells would typically express mature liver markers such as albumin, 

cytochrome P450 3A isoform, e-cadherin, and MRP-1 transporter protein expression. 

Encapsulated spheroids were examined at day 15 to assess the progression of differentiation from 

the hepatoblast to hepatocyte-like stage (Figure 3.18). CYP3A, e-cadherin and albumin were all 

expressed, but heterogeneously across spheroids, with far from 100% cell expression. MRP-1, 

one of the most mature markers of hepatocyte differentiation, was absent from the cells at this 

timepoint. By day 20, expression of CYP3A, e-cadherin and albumin became sparser (Figure 

3.19). This was exacerbated by day 25. This, alongside the deterioration of the nuclei signal 

suggested the cells were in fact dying. This was confirmed with a live/dead stain at day 26, where 

it was observed entire spheroids had died (Figure 3.20).  
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Figure 3.18. ICC at day 15 of differentiation of ES cell spheroids encapsulated in 1% Protanal. Expression 

of mature hepatocyte markers such as CYP3A, e-cadherin and albumin are seen, if sporadically. MRP-1 is 

not expressed. Scale bars are 50μm. 
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Figure 3.19. ICC of day 20 of the differentiation of encapsulated ES spheroids in 1% Protanal. Expression 

of mature markers are still noted but deteriorating quality of signal (bottom left) suggests that cell viability 

is decreasing. Scale bars are 50μm. 

 

Figure 3.20. Cell viability fluorescent stain at day 26 of differentiation showing large numbers of dead hESc 

spheroids in the 1% Protanal gel. Grey: Brightfield, Green: live cells, Red: dead cells. Scale bar is 50μm. 

Of acute interest from day 15 onwards was the expression of a non-hepatic marker, vimentin, 

which was used a control for improper differentiation (Figure 3.21). Vimentin is an intermediate 
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filament protein characteristically expressed by mesenchymal cells and is also known as a marker 

for cells undergoing epithelial-to-mesenchymal transition (EMT) (Maier, Traenkle, and 

Rothbauer 2015). As the planned cell goal of hepatocytes are epithelial, expression of vimentin 

would suggest improper differentiation in the culture, or an EMT. Vimentin was strongly 

expressed from day 15, which corroborates with the results from previous timepoints at day 3 and 

8: encapsulated cells in the spheroids had not undergone typical differentiation from endoderm, 

to hepatoblast, to mature-hepatocyte. Instead, cells had differentiated aberrantly into a 

heterogenous mix of some hepatic expressing cells, and some vimentin expressing mesenchyme. 

The presence of some functional hepatic cells was confirmed by a CYP3A4 metabolism assay 

performed at day 20, but the activity seen was relatively weak, and rapidly deteriorated after day 

20.  

 

Figure 3.21. Expression of mesenchymal marker vimentin (Green) was noted at day 15 and day 20 of the 

differentiation protocol within the cells encapsulated in 1% Protanal, suggesting uncontrolled endoderm 

differentiation of cells. Blue: Nuclei, Green: vimentin. Scale bar is 50μm. 
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Figure 3.22. CYP3A4 liver enzyme activity of encapsulated, differentiated ES spheroids in 1% protanal 

from day 15 to day 24 after starting the differentiation protocol. Relatively weak activity was noted at day 

20, but this rapidly declined afterwards, likely due to cell death as seen above. Error bars represent standard 

deviation. 

3.11 Conclusion 

When initiating this research project, little previous work had been conducted on the 

encapsulation and culture of human pluripotent stem cells in 3D. Given the highly demanding and 

fragile nature of these cells in order to maintain them in culture, it was necessary to explore the 

choices available for the bio-ink, and optimise its use. The 3 commercial sources of alginate, 

Sigma Aldrich, FMC Biopolymer, and Novamatrix were each trialled with single cell hESCs 

encapsulated. Very low cell viability was achieved initially, and viability was only seen where 

cells had aggregates or remained as clumps. Addition of bioactive materials known to support 

human pluripotent cells, such laminin or vitronectin, did not seem to improve the viability of the 

encapsulated cells.  

Ultimately the solution to improving the cell encapsulation was found by first aggregating the 

hESCs into spheroids. By doing so, the cell-cell interactions proved to be highly supportive for 

the cells, and they maintained high viability even in the bioinert alginate bio-ink. Ultimately, 

Protanal alginate was selected as the foundation gel to proceed with, as addition of bio-active 
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materials did not seem to improve viability significantly, the RGD-alginate elicited high levels of 

apoptosis in the spheroid encapsulates, and the Sigma Aldrich alginate was too fragile for long 

term culture. Differentiation experiments were conducted to assess how the standard 2D 

differentiation protocol would translate to the new 3D encapsulated culture. Little success was 

seen with the single cell differentiation, likely due to the low viability that was seen in these 

conditions. The spheroid culture differentiation was more fruitful, with characteristic hepatoblast 

and hepatocyte markers such as HNF4-a and albumin being present. However, other characteristic 

markers used to assess successful controlled differentiation were missing: definitive endoderm 

markers were not seen, suggesting a poor initiating into the protocol; and vimentin was observed 

from day 15, suggesting a mesenchymal phenotype.  

To answer the problem of improper differentiation, it was pertinent to analyse what facets of the 

protocol had failed. As the encapsulated cells at day 3 were already failing to express 

characteristic markers, it was essential to first optimise the encapsulated cells induction into the 

definitive endoderm.  
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4. Chapter 4 - Optimisation of encapsulated stem 

cell-derived hepatocytes for bioprinting 
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4.1 Introduction 

Initial experiments of embryonic stem cells in alginate hydrogel highlighted the poor viability of 

single cells when encapsulated, which could not be overcome by addition of bioactive composite 

materials. This was surprising and the reason is unclear. The high level of cell death in all 

conditions suggests that a suitable 3D culture model would need to be tightly controlled to support 

the fragile nature of hESCs in single cell encapsulation. In 2016 Ouyang et al (Ouyang, L. Yao, 

R. Sun 2016) had success bioprinting a single cell solution of mouse embryonic stem cells in a 

bio-ink with a high w/v of gelatine, up to 10%. It may be necessary to have a very high volume 

of bio-active material in the bio-ink for single cell encapsulation, as each cell will require cell 

adherence to prevent anoikis. When observing the live/dead fluorescent stains, it was clear that 

aggregates of cells were surviving and proliferating, which drove the research into developing the 

aggregate encapsulation culture. 

While forming rudimentary aggregates improved the viability of encapsulated ESCs significantly, 

there were still noticeable problems in the differentiation of these encapsulated cells, in both 

single cell and aggregate form. Noticeably, the cells did not express characteristic endoderm 

markers at the expected time point in the differentiation protocol. In an effort to tackle this 

problem, the spheroid formation protocol was optimised, as well as the 2D differentiation for this 

3D system. 

4.2 ESC spheroid formation optimisation 

While cell viability was undoubtably improved with encapsulated aggregates in Protanal 

compared to single cells, there was considerable differences seen in the size of aggregates, from 

less than 50μm to over 200μm. Size discrepancies of this magnitude were likely to confound 

results later. While they did not interfere much with viability assessment (a 50μm sphere was just 

as likely to be viable as a 200μm), the differentiation of spheroids of such different sizes was 

likely to be impacted due to the different in cell density, cell surface area, and potential necrotic 

cores forming within each spheroid(Mirab, Kang, and Majd 2019).  

To normalise the size of cell aggregates, micro-well technology was employed. Micro-well 

technology is a simple, good through-put technique that can achieve highly consistent sized and 

shaped aggregates (Razian, Yu, and Ungrin 2013).. Agarose is moulded with stamps to produce 

micro-wells in culture dishes. These micro-wells are non-adherent and a defined size. When a cell 

suspension is added to these micro-wells, non-adherence and limited space promotes adhesion 

and aggregation of the cells. The well-defined space and equal distribution of cells to each well 

allows formation of highly repeatable and consistently sized cell spheroids, which should in turn 
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allow a more consistent differentiation (Figure 4.1)(Rashidi et al. 2018). The cell density chosen 

for this experiment was taken from work by Rashidi (Rashidi et al. 2018) who utilised a density 

of 2.0 x106 cells per ml, with resulting spheroids being approximately 150um in diameter. 

 

4.3 2D to 3D endoderm induction optimisation 

As well as optimisation of the spheroid formation to promote consistency in shape and size, the 

differentiation protocol was also assessed and altered to improve induction to the definitive 

endoderm state.  

The 2D differentiation protocol induces the endoderm state by supplying the pluripotent stem 

cells with a defined concentration of developmentally derived growth factors: activin A and 

Wnt3A. As described in Chapter 1, activin A mimics the action of TGF-beta, alongside Wnt in 

the endogenous development of endoderm and hepatic progenitors in the embryo.(Zorn 2008) 

Figure 4.1. ESC spheroid formation methods. A displays aggregates formed by standard suspension 

culture whereby a single cell suspension of density 1x10^6 was cultured in a non-adherent plate for 48 

hours, highlights the disparity in aggregates formed. B shows the formed spheroids in the agarose micro-

wells. In this example, after forming micro-wells using molten agarose and a silicon stamp, 50-100 cells 

are dispensed per micro-well and allowed to aggregate over 24-48 hours. C displays their encapsulation. 

Scale bars represent 200μm. 
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That the process did not translate directly to 3D may have been caused by one of several potential 

factors: the inherent difference in biology in a 2D plated vs 3D aggregated cells; lack of material 

stimulation from ECM material in 3D; and changes in growth factor density exposure from 2D to 

3D. When considering concentration of growth factor required in a 3D culture, assessing the 

concentration to cell number is not always valid as it is in 2D culture, as by generating a 3D 

aggregate, you also generate a heterogenous population of cells: those on the periphery of the 

aggregate, and those closer to, or in, the core. Bearing this in mind, it would have been necessary 

to trial varying concentrations of growth factor in the differentiation time-frame. Given how cost-

intensive this would have been, it was instead decided to trial simple elongation of the endoderm 

induction stage of the protocol. Elongation of this step has been published previously as a method 

to improve induction in iPS cell cultures(Sullivan et al. 2010). 

The endoderm induction stage takes place over 3 days, so the protocol was extended to four and 

five days. To assess the differentiation to definitive endoderm, qPCR was utilised to quantify the 

expression of the characteristic endoderm gene, Sox17 (Figure 4.2). Compared to expression at 

day three, cells in the elongated protocol at day four and five had significantly increased levels of 

Sox17 expression. This suggested improved induction to the first stage of differentiation towards 

hepatocyte-like cells.  
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Figure 4.2. Expression of endoderm gene Sox17 with elongated differentiation protocol. The differentiation 

protocol for hESC aggregates encapsulated in 1% Protanal was prolonged in the definitive endoderm step 

(RPMI media & Activin A and Wnt3a) by 24 or 48 hours.  From D4 to D5, significant increase in the 

relative level of Sox17 mRNA expression was seen in differentiating cells. Controlled using beta-2 

microglobulin housekeeping gene. Error bars represent standard deviation.* represents significant 

difference calculated by t-test (p<0.05). 

4.4 Growth factor loading and Y-27632 assessment 

The growth factors for endoderm induction, activin A and Wnt3A, were also loaded into the gel 

prior to encapsulation, in order to maximise the immediate exposure of the cells to the necessary 

growth factors. A concentration equivalent to that used in the culture media was added and mixed 

with the Protanal gel. 

To further improve the encapsulation and differentiation of the spheroids, the effects of the rho-

kinase inhibitor Y-27632 on cell viability was assessed on newly encapsulated spheroids. Y-

27632 is used to alleviate the significant anoikis that is seen when re-plating pluripotent stem cells 

as single cells. It was hypothesised that the encapsulated spheroids did not require the support of 
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Y-27632, and cell viability was assessed after encapsulated in media with or without it after 2 

days.  

Cell viability was seen observed as significantly improved in the culture without Y-27632 Figure 

4.3, and so its use was abandoned from spheroid cultures, as its effects on the differentiation 

protocol was unclear.  

 

Figure 4.3: Viability of hESCs spheroids encapsulated in 1% Protanal with or without Y-27632 ROCK 

inhibitor after 48 hours. Cultures without Y-27632 showed improved cell viability over the encapsulation 

cultures with. Scale bars represent SD. * represents statistical significance equated with t-test, (p<0.05). 

4.5 Optimised differentiation results 

With the optimised differentiation protocol, a differentiation experiment with day 0, primed 

pluripotent ESCs was initiated. Of significance, this protocol differed from previous incarnation 

in three primary ways: the Protanal gels the cells were encapsulated in was seeded with growth 

factors for the first stage of the differentiation process, activin A and Wnt3A, at a concentration 

that would equate to that needed in the cell media; differentiation was initiated immediately 

following encapsulation to reduce any unwanted or aberrant cellular differentiation; and the first 

stage of the protocol was elongated by two days, so the cells were exposed to activin A and Wnt3A 

for five days as opposed to two. The overall goal of these alteration was to better control and drive 

differentiation of the ESCs to an endoderm fate. By embedding growth factors and initiating 
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differentiation immediately after encapsulation, this limited the opportunity of the naïve 

pluripotent cells to undergo spontaneous differentiation, which they are likely to do if not kept 

under strict protocol conditions. Embedding the growth factors and elongating the first 

differentiation step was also aimed to improve maturation of the cells to the definitive endoderm 

state by allowing immediate, direct contact with growth factors embedded in the gel, and by 

increasing the length of time for growth factor diffusion through the gel, and for cell fate 

decisions.  

The differentiation was assessed using immunocytochemistry, identifying characteristic markers 

for the maturation step, as described in previous experiments. Antibody controls are detailed 

below in Figure 4.4. 

 

Figure 4.4. IgG antibody controls for IF to assess specificity of antibodies. Anti-rabbit IgG (A), anti-goat 

IgG (B), nuclear (C, DRAQ5). Scale bars represent 200μm. 

At day 5 (three days later than previous experiments due to the elongation protocol) the cells were 

assessed for expression of characteristic definitive endoderm proteins, Sox17 and FoxA2 (Figure 

4.5). A large increase in the expression of Soxa17 was seen compared to previous experiments, 

as well as a slight increase in FoxA2 expression. This suggested that the optimised differentiation 

protocol had successfully driven the cells to an endoderm fate by day 5, although with a different 

phenotype than 2D cells, which would characteristically express FoxA2 at this stage.  
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Figure 4.5. Immunofluorescent staining of hESC spheroids encapsulated in 1% Protanal  with definitive 

endoderm markers at day five of differentiation. Sox17 (A) and Foxa2 (B) both show improved expression 

over the previous differentiation experiments. Nuclear shown in (C). Scale bars represent 200μm. 

The encapsulated spheroids were then assessed for hepatoblast protein expression at day ten of 

differentiation. As with previous experiments, AFP and HNF4-A were probed, but as well as 

these albumin, CK-19, GATA-4 and Ki67 were also assessed. This was due to the expectation 

(from the results of the previous experiments) that the differentiation process would be markedly 

different in the 3D encapsulated cells to the standard 2D cultures. The ICC results are displayed 

below (Figure 4.6). Similar to previous experiments, AFP expression was not seen, and a 

heterogenous expression of HNF4-A was noted (Figure 4.6-A&B). However, albumin was 

strongly expressed as early as day 10 of the protocol (Figure 4.6- D). Likewise, expression of the 

immature epithelial cytoskeletal marker cytokeritan-19 (CK-19, Figure 4.6-F) was noted in the 

aggregates, alongside low expression of GATA-4 (Figure 4.6-G), a transcription factor essential 

in endoderm development. Proliferation was still present in the aggregates, as shown by the 

positive staining with Ki-67 (Figure 4.6-I).  
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Figure 4.6. Immunofluorescent staining of hESC aggregates encapsulated in 1% Protanal with hepatoblast 

markers at day ten of differentiation. AFP (A), HNF4-A (B) with nuclear stain (C) displayed low expression 

of AFP and heterogenous expression of HNF4-A across the aggregates. Albumin (D, and nuclear E) showed 

strong expression by day ten. Immature epithelial cytoskeletal marker cytokeritan-19 (F) and GATA4 (G) 

with nuclear (H) were shown to be present by day ten, although with heterogenous expression across the 

aggregate. Ki67 staining (I) showed the presence of proliferating cells within the aggregates. Scale bars 

represent 200μm. 

Despite the improved induction to the definitive endoderm by day five of the protocol, poor 

expression of characteristic hepatoblast proteins by day 10 (AFP, HNF-4A) suggests there is still 

inappropriate or incomplete differentiation within the encapsulated cell aggregates.  



100 

 

The differentiation protocol was continued to day 18 and mature hepatocyte markers were probed, 

including albumin (Figure 4.7-A), e-cadherin (Figure 4.7-B), and CYP2D6 (Figure 4.7-C). Akin 

to the aggregates at day 10 of the protocol, albumin expression was extensive at day 18. The 

expression of albumin suggests there is a population of functional hepatocyte-like cells within the 

spheroids at this timepoint. Some expression of E-cadherin was also noted. E-cadherin is a marker 

of mature epithelial cell junctions, and its presence indicates a mature population of adherent 

hepatocyte-like cells. CYP2D6 was not seen in the ICC. Cytochrome P450 isoform expression is 

variable between maturity and phenotype of hepatocytes, so this was not entirely unexpected. 

Alongside the epithelial markers, vimentin was once again probed as a marker for mesenchymal 

transition and/or aberrant differentiation. Similar to the previous, unoptimized differentiation 

protocol, a strong expression of vimentin was noted at day 18(Figure 4.7-F). This suggests that 

despite the improved protocol, there was still a substantial population of cells who had undergone 

differentiation to a mesenchymal phenotype(Li et al. 2011).  

At this point, it was devised to tackle the differentiation problem in two methods: the porosity of 

the bio-inks used would be probed to assess if this was a problem; and we would shift form 

encapsulating naïve pluripotent stem cells to pre-differentiated hepatic progenitors. In doing so, 

we may overcome the initial hurdle of endoderm definition, and the differentiation may be more 

consistent and defined.  
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Figure 4.7. Immunofluorescent staining of hESC aggregates encapsulated in 1% Protanal with hepatocyte 

markers at day 18 of differentiation. Strong albumin (A) expression was noted, alongside e-cadherin (B) 

(with nuclear stain at C). P450 enzyme CYP2D6 expression was not shown, a marker of mature, functional 

hepatocytes (D). Vimentin expression was also noted (F), characteristic of mesenchymal cells, representing 

differentiation from a common progenitor, or potential epithelial to mesenchymal transition in the 

aggregates, or aberrant differentiation to a mesenchymal phenotype. Scale bars represent 200μm. 

4.6 Encapsulation in porous gels 

At this stage of the project, observations of poor differentiation control highlighted the possibility 

of poor permeability of the hydrogels to the growth factors required for differentiation. Cell 

viability was observed as being robust, as detailed in the qualitative observations above. However, 

when considering the requirements of sustaining cell viability against cell differentiations, it 

becomes apparent that the porosity and permeability of the hydrogels may be impairing the 
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delivery of the crucial growth factors to the cells or cell aggregates (unpublished work, Figure 

4.8).  

 

Figure 4.8. Porosity of 1% Protanal to different molecular weight fluorescent molecules. Dextrose 

molecules of varying molecular weights and lengths and tagged with a fluorescent protein were 

encapsulated when gelling 1% Protanal. Fluorescence of the alginate structures was then assessed over time 

to determine the gels porosity to the variously sized molecules. Notably, between 40,000 and 150,000 

daltons, fluorescent molecules do not seem to be able to traverse the hydrogel (150,000mW at t=1200s). 

MW: molecular weight, time in seconds. Unpublished work, used with permission of Dr Dirk Jan 

Cornelissen. 

By simply examining the mass of the components required, it can be seen how the porosity of the 

gels may be to blame.  When comparing the components of cell culture media used to sustain cell 

viability, the largest molecular component of Dulbecco’s modified Eagle’s Medium (a base for 

many cell culture media preparations) is Vitamin b12, with a mass of 1,355g/mol. This is of course 

an exceptionally large molecule in culture media, with most its components largely consisting of 

sugars and amino acids in the hundreds of g/mol. Conversely, when examining the components 

of the differentiation media, the crucial ingredients are large protein growth factors. Wnt3A, a 

growth factor essential in directing the naïve pluripotent cells to a definitive endoderm state is 

39,000g/mol. Likewise, hepatocyte growth factor, used for maturing the hepatoblasts to the 

hepatocyte-like stage, is 69,000g/mol.  
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While examining mass alone is a simplification as it does not take into account the geometry of 

the molecules, for example a very massive sugar may be very long and thin whereas a protein is 

more likely to be globular, the extensive difference in mass of an order of magnitude or more 

between these cell media components does raise concerns that the growth factors are not 

efficiently permeating the hydrogels and reaching the cells. This could in turn explain the poor 

differentiation control that had been noted in the encapsulated cultures. The improved 

differentiation noted in Figure 4.5 to Figure 4.7 may have been the result of the growth factors 

preloaded into the gel prior to encapsulation acting upon the aggregates, instead of any 

subsequently added growth factors permeating the gel from the media.  

To assess this potential problem, an experiment was designed to assess the permeability of 

Protanal, with or without known “sacrificial” gels. Sacrificial gels are so named as after they are 

introduced into a structure, they can easily be removed, thermally or chemically, leaving voids. 

This process can lead to improved porosity of the gel they are included in, which has been 

demonstrated in alginate gels previously(Gu et al. 2017). Examples of sacrificial gels include 

Pluronic F127, gelatin, chitosan, and carboxymethylcellulose, all of which can be removed 

thermally. The sacrificial gels chosen were gelatin and CMC, due to problems obtaining chitosan 

in a timely manner, and potential cell viability concerns in using F127.  

The experiment to assess the porosity of the hydrogels with or without these sacrificial gels 

utilised a fluorescent antibody protein mixed with the hydrogel or hydrogel composites. A goat 

anti-chicken IgY secondary staining antibody (Alex Fluor 488, ThermoFisher Scientific) was 

mixed with the hydrogels before crosslinking. The molecular mass of the antibody was not 

specified but immunoglobulin masses range from 50,000 to 150,000 g/mol, making it a suitable 

comparison to the growth factors required in the differentiation protocol. The gelled structures 

with encapsulated antibody were then kept in PBS at 37°C, and the PBS was subsequent taken 

from the structures at set time points and the fluorescence at wavelength of 488nm probed for in 

a plate reader. This in turn would allow observation of a change in the leaching of the fluorescent 

antibody from the gels, if a sacrificial gel was present.  

The initial experiment results are presented in Figure 4.9. Unsurprisingly, fluorescence was noted 

in each condition, 1% Protanal, 1% Protanal and 0.6% CMC, and 1% Protanal with 5% gelatin. 

As the antibody is mixed into the gels prior to crosslinking, there will unavoidably be antibody 

protein present in the exterior of the gelled structures, which can leach into the surrounding media, 

regardless of how porous the gelled structure is. Subsequently, no significant difference in 

fluorescence was noted for the first 10 minutes. However, after 30 minutes incubated at 37°C, 

Protanal with CMC showed a statistically significant increase in fluorescent when compared to 

both Protanal and Protanal with gelatin. These two gels appeared to plateau in terms of 
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fluorescence by 30 minutes, while CMC only plateaued at 60 minutes, while maintaining a 

substantial increase in fluorescence throughout the course of the experiment. This result suggested 

that the Protanal CMC hydrogel composite had improved permeability to the fluorescent antibody 

protein compared to the base Protanal gel, and the Protanal gelatin composite.  

The experiment was repeated with varied concentrations of sacrificial gelatin and incremental 

time points before 30 minutes Figure 4.10. The increased fluorescence of the Protanal and CMC 

gel was successfully repeated, suggesting a robust result and further strengthening the case that 

the Protanal CMC composite has improved permeability to the large antibody proteins. 

Additionally, in this experiment additional gelatin conditions of 5%, 10% and 15% were assessed. 

While 5% displayed similar results, of comparable or lower fluorescence to the base Protanal 

condition, and 15% gelatin also displayed low fluorescence, the 10% gelatin condition achieved 

statistically significantly higher fluorescence over the base Protanal gel only after 60 minutes 

incubating at 37°C.  

It may have been expected to see similar results for gelatin as was noted for CMC, as in theory 

both should melt at 37°C, and leach from the crosslinked structures, resulting in an increasingly 

porous and permeable gel left behind. However, in practice this was not observed, with the 

exception of 10% after 60 minutes of incubation. This could be explained by the need for a longer 

incubation time needed to appropriately melt out the sacrificial gelatin. Conversely the 5% gelatin 

gel did not show an increase in fluorescence by this time point. The cause of this may be that 

there was an insufficient volume of gelatin occupied within the Protanal structure before melting 

out, and so did not generate an increase in permeability. Likewise, not change in fluorescence was 

noted for the 15% gelatin composite gel. This may have been due to the different thermal 

conditions required to melt this sacrificial gel – it may have required a longer incubation or a 

higher temperature.  

Ultimately, Protanal with CMC 0.6% and Protanal with gelatin 10% did show an increase in 

fluorescence, suggesting an increase in permeability of the gel for the large antibody protein. This 

in turn suggested that these gel composites would be more suitable for encapsulation of cells that 

require growth factor addition, as the large growth factors would need to traverse the gels to bear 

their function upon the encapsulated cells.  
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Figure 4.9. Fluorescent antibody release from gels with or without sacrificial material. 1% Protanal was 

using as is or mixed with 5% gelatin or 0.6% carboxymethyl cellulose. A fluorescent antibody was then 

encapsulated in the gels. Fluorescent of the surrounding media was then used a measurement of how quickly 

the fluorescent antibody leeched out, and used as a measure of the gel porosity.  From 30 minutes after 

incubation at 37°C, a significant increase of fluorescence is noted in the Protanal with CMC gel over the 

other conditions. This is maintained throughout the course of the experiment. This suggests an increased 

permeability of the composite hydrogel to the fluorescent antibody protein over the base Protanal gel. Error 

bars represent standard deviation. Fluorescence given in relative fluorescent units (RFU).  
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Figure 4.10. Repeat of fluorescent antibody release from gels with or without sacrificial material with varied 

gelatin concentrations. As with the previous experiment, CMC showed an increased fluorescence in the 

supernatant, suggesting improved permeability over the other conditions. However, Protanal with 10% 

gelatin also showed a statistically significant improvement over the base Protanal gel after 60 minutes 

incubation at 37°C. This was not shared with the 5% or 15% condition. Error bars represent standard 

deviation. Fluorescence given in relative fluorescence units (RFU).  

 

4.7 Encapsulating pre-differentiated stem cell-derived 

hepatoblasts 

Differentiating naïve pluripotent cells to the hepatoblast progenitor stage is well defined in 2D. 

Furthermore, research has previously been conducted in the Hay group to generate hepatoblasts 

from ESCs, before re-plating them onto synthetic polymer membrane in a high throughput manner 

(Villarin et al. 2015). Given this ability to re-plate the cells at this stage, it was devised to conduct 

an encapsulated differentiation from the hepatoblast stage, instead of from the naïve pluripotent 

stage. This would ensure the cells were already primed to the definitive endoderm and hepatocyte 

lineage.  
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Figure 4.11. Pre-differentiated, day nine single cell hepatoblasts, 24 hours after encapsulation in 1% 

Protanal. A, B, C denote dead, live, and merged stain respectively at x40 magnification. Likewise, D, E, 

and F denote dead, live and merged stain at x100 magnification. Scale bars represent 200μm. 

 

 

Figure 4.12. Predifferentiated day nine single cell hepatoblasts, 24 hours after encapsulation in 0.5% 

Novamatrix RGD alginate. A, B, C denote dead, live, and merged stain respectively at x40 magnification. 

Likewise, D, E, and F denote dead, live and merged stain at x100 magnification. Scale bars represent 

200μm. 

Cells were differentiated in standard 2D protocol until day 9 (hepatoblast stage) before replating 

was conducted. Due to the likely deposition of ECM onto the culture surface by the maturing 

cells, removal of the cells was undertaken with a pre-published protocol (Villarin et al. 2015) 
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using TRYPLE, as opposed to the gentle dissociation reagent (STEMCELL) used for the 

pluripotent stem cells.  

Initial studies sought to broadly assess viability of pre-differentiated single cells, or pre-

differentiated spheroids, 24 hours after encapsulation. Pre-differentiated spheroids were produced 

by aggregating the cells as previously described in agarose micro-wells, before initiating the 

standard 2D differentiation protocol 24 hours later. The single cells and spheroids were 

encapsulated in 1% Protanal or 0.5% Novamatrix RGD. Novamatrix was trialled again as the 

more mature epithelial state of the cells by day nine of the protocol may necessity the RGD motifs 

present to support viability. Predifferentiated single cells showed comparable viability between 

Protanal and RGD (Figure 4.11 and Figure 4.12). Pre-differentiated spheroids showed increased 

viability after encapsulation compared to single cells, likely due to the supportive cell-cell 

contacts maintained in the aggregates (Figure 4.13). 

 

Figure 4.13. Predifferentiated hepatoblasts spheroids, 24 hours after encapsulation in 1% Protanal (A, B, 

C) or 0.5% Novamatrix RGD alginate (D, E, and F). Red (A, D) shows dead cells, green (B, E) shows live 

cells, with the merges seen in C and F. Scale bars represent 200μm. 

4.8 Encapsulated stem cell-derived hepatoblast culture 

optimisation 

Pre-differentiated hepatoblasts were then encapsulated in these sacrificial gel composites to assess 

viability. After culturing in the differentiation protocol for nine days (24 hours into the hepatoblast 

differentiation stage) the cells were passaged using TRYPLE cell dissociation reagent for 7 

minutes before gentle cell scraping and pipetting to remove them from the cell culture surface. 

The cell suspension was then resuspended in the Protanal CMC or Protanal gelatin composite 
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gels, deposited into multi-well plates and crosslinked as previously described. Viability was then 

assessed 48 hours, 96 hours, nine days, and 12 days following encapsulation in these gels. In both 

the CMC (Figure 4.14) and gelatin (Figure 4.15) composite conditions viability appeared robust 

shortly after encapsulation, 48 hours and 96 hours after encapsulation – which would align with 

day 11 and day 13 of the differentiation protocol. After this point there is a clear trend of low cell 

viability and increased cell apoptosis. Notably in the gelatin composite condition, the surviving 

cells seem to form aggregates. This is unsurprising as, like the pluripotent embryonic stem cells, 

these cells will also require cell anchorage in order to prevent anoikis. By aggregating in the gel, 

this may lead to improved cell viability.  
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Figure 4.14. Qualitative observation of cell viability of pre-differentiated (9 days of differentiation) 

hepatoblasts encapsulated in 1% Protanal 0.6%CMC gel composite. 48 hours (A, B, C), 96 hours (D, E, F), 

nine days (G, H, I), and 12 days (J, K, L) after encapsulation. While viability is robust shortly after 

encapsulation (48 – 96 hours) there is a clear trend towards decreasing viability and increasing apoptosis 

by day 9, and by day 12 there are very few viable cells. In comparison to 2D culture, day 9 after 

encapsulation would be D18 of differentiation which typically aligned with the most functionally active 

hepatocytes. Green represents live cells, red represents dead cells. C, F, I, L show merges. Scale bars 

represent 200μm. 
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Figure 4.15. Qualitative observation of cell viability of pre-differentiated hepatoblasts encapsulated in 1% 

Protanal 5% gelatin gel composite. 48 hours (A, B, C), 96 hours (D, E, F), nine days (G, H, I), and 12 days 

(J, K, L) after encapsulation. While viability is robust shortly after encapsulation (48 – 96 hours) there is a 

clear trend towards decreasing viability and increasing apoptosis by day 9, and by day 12 there are very 

few viable cells. Notably, the surviving cells in the later timepoints appear to form small aggregates. In 

comparison to 2D culture, day 9 after encapsulation would be D18 of differentiation which typically aligned 

with the most functionally active hepatocytes. Green represents live cells, red represents dead cells. C, F, 

I, L show merges. Scale bars represent 200μm. 

 

As no significant result could be drawn from the comparison between the 0.6% CMC and 10% 

gelatin gel composites, an experiment was conducted which compared a broader range of gel 

composite w/v ratios, with the base 1% Protanal also. This included a range of CMC 

concentrations including 0.25%, 0.5%, 0.6%, and 1.25% w/v CMC, and a range of gelatin 

concentration of 5%, 7.5%, and 10% gelatin, all mixed in the base condition of 1% Protanal. Cells 
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were passaged and encapsulated as previously described and cultured for five days after 

encapsulation. However, conditions were also duplicated and were given an optimised 

encapsulated media. This contained double the standard concentration of growth factors required 

for this stage, knockout serum replacement, as well Y-27632 ROCK inhibitor to suppress anoikis, 

and 10ng/ul epidermal growth factor (EGF), known to promote viability and proliferation of 

epithelial cells. After 48 hours of encapsulation in the optimised media, one of the duplicates were 

switch to standard differentiation media.  

Viability was qualitatively assessed five days after encapsulation (day 14 of the differentiation 

protocol, Figure 4.16). While no clear difference was seen between CMC conditions whether or 

not they received continual encapsulation media, the gelatin conditions seemed to show a 

noticeably improvement in cell viability when in the encapsulation media for 96 hours, rather 

than 48 hours. Likewise, overall cell viability seemed higher in the gelatin conditions, particularly 

7.5% and 5% w/v gelatin gel composite.  

CYP3A activity was also assessed five days after encapsulation in both the 48 hours (Figure 4.17) 

and 96 hours (Figure 4.18) encapsulation media conditions. When given only 48 hours of 

encapsulation media, all conditions failed to show significant CYP3A function at day 14 of the 

differentiation protocol, 5 days after encapsulation. There was also significant variation of 

function between structures/wells, with some showing some function and others showing none. 

The structures given encapsulation media for 96 hours showed an increase in CYP3A function 

over those given it for 48 hours. However, there was still significant variation between 

wells/structures, evidenced by the long error bars. While no statistically significant conclusion 

can be drawn because of this, the base 1% Protanal with no addition did seem to display the 

highest function. CYP3A activity was assessed again in the 96-hour encapsulation media 

structures at day eight after encapsulation (day 17 of the differentiation) (Figure 4.19). While 

some low-level activity was observed, large variation was still present resulting in large error 

bars, precluding the ability to generate a statistically significant conclusion.  CYP3A activity was 

not present in the 48 hours encapsulation media group.  
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Figure 4.16.Qualitative assessment of encapsulated pre-differentiated hepatoblasts at day 14 of 

differentiation (5 days after encapsulation) in various sacrificial gel composites. A, B: 0.25% CMC; C, D: 

0.6% CMC; E, F: 1.25% CMC; G, H: 10% gelatin; I, J: 7.5% gelatin; K, L: 5% gelatin; M, N: 1% Protanal. 

A, C, E, G, I, K, and M represent conditions where encapsulation media was supplied for only 48 hours 

after encapsulation, whereas B, D, F, H, J, L, N represent conditions where encapsulation media was 

provided for 96 hours. While no significant difference was seen in the CMC conditions, continuation of the 

encapsulation media in the gelatin composite gels seemed to improve overall cell viability. No difference 

was noted in the base Protanal condition. Green are live cells, red are dead cells. Scale bars represent 

200μm. 
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Figure 4.17. CYP3A function of predifferentiated hepatoblasts encapsulated in hydrogel composites, five 

days after encapsulation (day 14 of differentiation) after receiving 48 hours of encapsulation media. Very 

little if any detectable CYP3A activity was present, with a large variation of function across 

structures/wells. Error bars represent standard deviation. Mean refers to mean luminescence in relative 

luminescence units (RLU).  
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Figure 4.18. CYP3A function of encapsulated predifferentiated hepatoblasts, five days after encapsulation 

(day 14 of differentiation) after receiving 96 hours of encapsulation media. While CYP3A function was 

higher than the 48-hour duplicate, variation between wells/structures was still significant (as seen by the 

length of error bars). Despite this large variation, the base gel, 1% Protanal, did appear to show the highest 

CYP3A function. Error bars represent standard deviation.  
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Figure 4.19. CYP3A function of predifferentiated hepatoblasts encapsulated in composite hydrogels, eight 

days after encapsulation (day 17 of differentiation) after receiving 96 hours of encapsulation media. As 

with the CYP3A activity seen at day 14, there was a large variation in function between structures/wells, 

seen here by the large error bars. Error bars represent standard deviation. 

 

It was necessary to hone down the gels under assessment, as the current 8 would lead to a strain 

on resources and time. 0.6% CMC was selected as it showed favourable results in the fluorescent 

permeability experiment, 7% and 5% gelatin were selected due to favourable cell viability that 

was observed in the previous experiments, as well as the base 1% Protanal gel.  

To further improve the culture conditions to promote cell viability and function, cell density was 

increased, and encapsulation media was given after encapsulation for either 96 hours or for as the 

length of the culture. This resulted in 4 culture conditions: 40,000 cells per structure or 80,000 

cells per structure; and 96 hours in encapsulation media or constant encapsulation media. Cells 

were passaged and encapsulated as previously described, and then CYP3A activity was assessed 

four days after encapsulation (day 13 of differentiation protocol), and cell viability was assessed 

at six days after encapsulation (day 15 of differentiation protocol). 40,000 cell density and 96-

hour encapsulation media conditions did not produce viable or functional cells, so are not shown.  

The CYP3A function observed, shown in Figure 4.20, unfortunately displayed large variation 

between structures/wells within conditions despite efforts to optimise cell viability and 
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consistency in technique. This resulted in large error bars, and the inability to draw any 

statistically significant conclusion. However, there was a trend towards an improvement in 

function in 80,000 cell density structures, with CMC also improving in the endless media 

compared to the 96-hour condition.  

The cell viability of each condition was assessed using a luminescence based Promega kit to 

obtain quantitative results. This is displayed in Figure 4.21. Significant variation was noted in 

some conditions between structures/wells (such as CMC with 80,000 cells and 96 hours 

encapsulation media), however others were more consistent. Overall, 80,000 cell density 

improved cell viability in all conditions, more than twice as much (as would be expected by 

doubling the number of cells in each structure). Likewise, there was a trend towards increasing 

viability by providing constant encapsulation media in the Protanal and CMC conditions, 

although this cannot be stated concretely due to the error bars. Overall, the Protanal and CMC 

conditions with 80,000 cells appeared to support the most viable cells, with constant encapsulation 

media seeming to also trend towards improving cell viability. While gelatin composite structures 

provided more consistent results (smaller error bars), the overall viability appeared lower in these 

conditions. Moving forward, it seemed the 1% base Protanal condition, and 0.6% CMC and 1% 

Protanal composite gel would be the best candidates.  
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Figure 4.20. CYP3A function of predifferentiated hepatoblasts (D9), between day four and six after 

encapsulation (day 13-15 differentiation) in composite gels, either 1% Protanal, 1% protanal and 0.6% 

carboxymethyl cellulose, 1% Protanal and 7% gelatin, or 1% Protanal and 5% gelatin. Large error bars are 

present across most conditions as variation between structures/wells was still considerable despite efforts 

to optimise cell viability. No function was identified in the gelatin 7% gel structures in the 40,000 cells, 

endless encapsulation media condition, nor in the 2D culture with 80,000 cells with 96 hours encapsulation 

media. 40k and 80k refers to the cell numbers in each structure/well. “2D” refers to passages the cells as if 

to encapsulate, before replating onto Laminin 521 plates again at the desired ell density. Inf/96 media refers 

to constant encapsulation media provided, or encapsulation media provided only for the first 96 hours after 

encapsulation, respectively. Error bars represent standard deviation.  
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Figure 4.21. Cell viability of encapsulated pre-differentiated hepatoblasts, six days after encapsulation (day 

15 of differentiation protocol) in composite gels, either 1% Protanal, 1% protanal and 0.6% carboxymethyl 

cellulose, 1% Protanal and 7% gelatin, or 1% Protanal and 5% gelatin. Cell viability measured with 

luminescence-based ATP-measurement. Inf media and 96 hours refers to structures given encapsulation 

media constantly after encapsulation, or for only 96 hours after encapsulation, respectively. Some 

conditions produced large variation between structures/wells, as seen previously, although others were 

much more consistent. In general, 80,000 cell density structures were more viable, and some conditions 

(Protanal and CMC) trended towards increased viability constant encapsulation media supply. Error bars 

represent standard deviation.  

4.9 Conclusion 

Over the past two chapters, the efforts to develop and optimise a platform to 3D culture embryonic 

stem cells, and differentiate them into mature, hepatocyte-like cells with the eventual goal of 

bioprinting these structures to create developmentally driven hepatocytes in a tissue-like structure 

have been described.  It was made immediately clear that the sensitive nature of ESCs would 

require specific encapsulation conditions so as to avoid cell apoptosis and anoikis. This was 

initially probed with the use of different hydrogels, although no significant success was reached.  

The breakthrough was in the use of pre-aggregated spheroids of hESCs before encapsulation – by 

doing so the hESCs seemed to have the cell-cell interactions that would support their culture for 

long periods and prevent apoptosis. These aggregates remained viable for long periods in the 1% 

Protanal gel that was selected, without the need for bioactive addition, in the form of laminin or 
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gelatin. However, the problem of poor differentiation control remained constant throughout this 

part of the project. 

Noticed initially in the prototypical single cell encapsulation cultures, and replicated in the 

aggregate differentiation cultures, initiation into the definitive endoderm and hepatoblast stages 

was heterogenous at best. The comparison to 2D cultures, where differentiation has over 90% 

homogeneity, was stark. Significant effort was made to optimise the culture conditions in order 

to promote efficient and homogenous differentiation, including culture methods, pre-seeding 

growth factors within the gel, and elongating culture steps. While this had some success, the 

efficiency of differentiation was still far below the level seen in 2D cultures. Vimentin expression 

was also noted in the encapsulated differentiation cultures, suggesting either aberrant 

differentiation towards a mesenchymal lineage, or epithelial-mesenchymal transition of the cells 

due to improper signalling.  

It was at this time, due to time and resource constraints, it was suggested to focus on encapsulating 

pre-differentiated hepatoblasts, in order to ensure the initiation to an endodermal lineage in 2D. 

Viability of pre-differentiated hepatoblasts after encapsulation was robust in the first 24-48 hours, 

but would rapidly decline in the 3D encapsulate culture. It was suggested I did not try to form 

aggregates of the pre-differentiated hepatoblasts before encapsulation, or to attempt 

differentiation of hESCs aggregates in the micro-wells prior to encapsulation either.  

Around the same time, discussions with colleagues at Strathclyde University about their work on 

the permeability of hydrogels lead to the belief that the alginate gels being used may not allow, 

or rapidly decrease, the ability of growth factors to permeate through the gel and reach the cells 

to initiate and control differentiation. While viability of the cells was not impeded by 

encapsulation, this could be explained by the mass difference in the molecules required for 

viability versus those required for differentiation: to sustain viability, sugars, amino acids, and 

other essential components of cell media have a mass range in the hundreds of g/mol; to initiate 

differentiation, cells must be exposed to specific concentrations of growth factor proteins, which 

are in the tens of thousands of g/mol.  

To test this hypothesis, as well as present a potential solution, experiments were ran with alginate 

gels with sacrificial gels. These sacrificial materials, when mixed with alginate, would melt out 

after crosslinking and leave behind a more porous, permeable gel structure. This hypothesis 

seemed to be confirmed with the addition of CMC and gelatin increasing the permeability of a 

fluorescent antibody.  

These sacrificial gels were then combined with the research with pre-differentiated single cell 

hepatoblasts. Cell viability after 48 hours remained problematic for the encapsulated hepatoblasts, 
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and optimisation of the encapsulation media seemed to improve this, with the addition of more 

growth factors, epidermal growth factor, knockout serum replacement, and ROCK inhibitor. A 

range of composite gel formation were trialled, with varying times in the encapsulation media, 

and cell densities. Statistical conclusions were difficult to draw from the results due to the large 

variation in function and viability seen between technical and biological repeats. This variation is 

largely due to problems in consistent deposition and creation of structures (deposition of highly 

viscous materials with a pipette), as well as highly variable cell phenotypes at this stage, and 

between experiments.  

Overall, higher cell densities, use of base Protanal, or CMC and Protanal gels, and constant use 

of encapsulation media seemed to improve the viability and function of the encapsulated 

hepatoblasts, but they retained their poor viability after 48-96 hours.  

In this chapter, I endeavoured to optimise the differentiation protocol to improve the homogeneity 

and reproducibility of 3D encapsulated stem cell-derived hepatocytes. Initially, the formation of 

ESC spheroids were optimised by using highly reproducible multi-well aggregation technology. 

The differentiation protocol itself was then altered to improve the induction of the encapsulated 

aggregates to an endoderm state. When this was observed to be insufficient to bring the 3D model 

up to pair with the 2D model, the porosity of the gels were probed. This highlighted the issue that 

the large growth factors, essential for differentiation of stem cells, were likely not appropriately 

permeating through the gel structures and reaching the cells, subsequently causing improper or 

aberrant differentiation. Pre-differentiated hepatoblasts were then employed in the encapsulation 

cultures. This was done as the pre-differentiated cells were already well-defined hepatic 

progenitors, and this would overcome one or two differentiation induction steps towards 

hepatocytes. Utilising these cells meant first culturing and differentiating hepatoblasts in 2D 

before replating the cells and encapsulating them, a novel feat. Further optimisation was required 

for this technique, and in combination with the porosity experiments, an optimal bio-ink and 

culture method was developed for these cells, utilising increased growth factor concentrations, 

adding EGF to the media to support cell viability and proliferation, and encapsulating the cells in 

either 1% Protanal, or 1% Protanal with carboxymethylcellulose.  
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5. Chapter 5. - HepaRG bioprinting for drug testing 
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5.1 Introduction 

Following on from the optimisation of stem cell-derived hepatocyte encapsulation, the research 

aimed to translate the methodology developed to other cell lines. HepaRG was chosen as well-

characterised liver cell-line, was “ready out of the box” for immediate research, and had a 

phenotype more akin to human hepatocytes than HepG2 (Ferreira et al. 2014). HepaRG is a 

bipotent cell line that, when differentiated using DMSO, while mature into both hepatic and 

biliary-like cells, making it a unique and interesting research model for toxicity. HepaRG shows 

a clear improvement in recapitulating hepatocyte phenotype over HepG2s, and have been shown 

in preclinical studies as a useful tool as a stand-in for primary hepatocytes(Kanebratt and 

Andersson 2008). HepaRG has also been used previously as a model for hepatotoxicity, which 

was used as a rudimentary benchmark for analysis later (Bell et al. 2017; Yokoyama et al. 2018). 

Culture of HepaRG is also much more cost effective than culture of human pluripotent stem cells, 

making it more amenable for scale up, high throughput development. HepaRGs had also 

previously been cultured in 3D aggregates as a model for a genotoxicity screen, citing the 

improved in vivo architecture, and cell-cell interactions of an aggregate model(Mandon et al. 

2019).  

5.2 2D characterisation 

After selecting HepaRG as a suitable cell source for our bioprinted tissue model, it was necessary 

to complete some rudimentary characterisation of the cells in 2D culture as a point of reference 

for 3D and encapsulated culture.  

Standard protocols recommend the inclusion of anywhere between 0.5 to 2% DMSO to HepaRG 

culture media in order to facilitate maturation of the progenitor cell line to a mature hepatocyte 

phenotype. In this work 1% DMSO was used. Significantly increased CYP3A activity was noted 

when HepaRG cells were cultured with DMSO compared to non-DMSO controls after seven days 

(Figure 5.1). To examine the effects of DMSO on the bipotent nature of the HepaRG cells in 2D 

culture, ICC was used to probe hepatic and biliary lineages. Albumin was used as a marker of 

hepatic phenotype (Figure 5.2), and CK19 was chosen as a marker of biliary lineage. A small 

increase of albumin expression and a decrease of CK19 expression was noted after seven days in 

culture, although this analysis was hampered by relatively poor staining by the albumin antibody.  

Given the increased functional capacity evident in the DMSO cultures, it was deemed appropriate 

to culture HepaRG with the DMSO media going forward.  
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Figure 5.1. CYP3A activity comparison between 2D HepaRG cultured with or without DMSO after seven 

days. An almost tenfold increase in CYP3A activity was noted in DMSO culture. Error bars represent 

standard deviation. RLU: relatively light units. * represents statistical significance calculated with a t-test, 

(p<0.05) 

 

Figure 5.2. Albumin expression in 2D HepaRG with or without DMSO. A, B, and C correspond to nuclear, 

albumin and merged stains in DMSO culture respectively, whereas D, E, and F refer to the non-DMSO 

control equivalents. A small increase in albumin expression was identified in the DMSO culture. Scale bar 

200μm. 
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Figure 5.3. CK19 expression in 2D HepaRG with or without DMSO. A, B, and C correspond to nuclear, 

CK19 and merged stains in DMSO culture respectively, whereas D, E, and F refer to the non-DMSO control 

equivalent. A small increase in the intensity of the CK19 stain was noted in the DMSO cultures. Scale bar 

200μm. 

5.3 Aggregate formation 

While HepaRG cells are significantly more robust than pluripotent stem cells or their 

differentiated progeny, there was still a concern that encapsulating HepaRG in a single cell state 

would elicit anoikis or reduced function, given that hepatocytes are adherent dependant epithelial 

cells. It was necessary to assess the viability and function of HepaRG aggregates in comparison 

to single cells when encapsulated in hydrogel. Previous research has highlighted the stability and 

function of aggregated HepaRGs in 3D culture (Ramaiahgari et al. 2017). 

HepaRG aggregates were formed in a similar manner to the ESC spheroids as described 

previously – silicon stamps were used to produce agarose micro-wells in culture wells. These 

micro-wells were then seeded with a single cell solution of HepaRG which settled in the agarose 

micro-wells, aggregated and proliferated into spheroids, and could then be flushed out for use.  

Some optimisation was required for the aggregation process. 50 and 100 cells per micro-well were 

trialled and a 100-cell count produced the most consistent spheroids. Unlike ESC spheroid 

formation, 24 hours was insufficient for consistent aggregate formation. Three to four days were 

required for aggregates to form. Passage number of the HepaRG line also influenced aggregate 

formation. Cells kept in maintenance media were inconsistently forming aggregates after 15 

passages following thawing.  

Once HepaRG aggregates were reliably produced, an encapsulation and bioprinting experiment 

was conducted to assess their viability in comparison to single cell HepaRG encapsulates.  
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Figure 5.4: HepaRG aggregates formed using agarose micro-well technology. Average size of spheroids 

were 150um, and composed of approximately 100 cells upon formation. Scale bar represents 200um. 

5.4 Gelatin bioprinting 

Parallel to research into HepaRG aggregation optimisation and culture, the ability to build stable, 

large structures using the chosen bio-ink, Protanal, was analysed. By utilising a bath suspension 

printing method inspired by FRESH, the physical properties of the bio-ink selection would not be 

too important for consideration, and the focus could remain on the biological. The bath suspension 

printed method, inspired by the FRESH method (Hinton et al. 2015), was used in collaboration 

with my colleague Dr Ian Mackenzie. Bath suspension bioprinting allows the deposition of 

bioinks that may ordinarily lack the viscosity or stability to form free standing structure. By 

depositing into the bath, crosslinking the structure, and finally removing the bath material, a 3D 

structure can be generated using non viscous, or otherwise normally unusable materials as bioinks.  

The FRESH method utilised a slurry bath of gelatin.  Due to problems with reproducibility and 

consistency in slurry generation, my colleague developed a liquid gel bath composed of gelatin 

and calcium chloride as an alginate crosslinker. Comprehensive studies were conducted to assess 

the most suitable concentration of gelatin required to allow unhampered movement of the 

depositing needle, and support of the deposited hydrogel. These studies, conducted by my 

colleague, are soon to be submitted for peer review. 0.6% w/v gelatin was found to be the ideal 

concentration for these needs. While higher concentration gelatin baths would be more supportive 
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of deposited material, they would infer resistance to the needle, affecting the print quality. 0.06% 

w/v of calcium chloride is also present in the liquid gel bath in order to initiate crosslinking of the 

structure immediately upon deposition, to improve structural integrity.  

24 hours prior to the bioprinting experiment, the 0.6% gelatin, 0.06% calcium chloride in 10mM 

HEPES buffered dH2O was prepared in a sterile environment and poured into six well plates. 

Around 6-8mls were added to each well to provide sufficient depth for bioprinting within the 

bath. It was then necessary to cool the plates in 4C for at least 24 hours overnight, as this elicited 

the gelation to the liquid-gel like state. Temperature control was crucial when bioprinting into the 

gelatin suspension baths – too cold the gelation would be too rigid causing impaired needle 

movement or “cutting” of the gelled bath, too warm and the material would provide too little 

support for the printed material. Between 10-15C was found suitable for the gelatin bath for 

printing. 

The bioink used was a pre-crosslinked gel solution of 1% Protanal. Pre-crosslinking alginate to a 

small extent increases its viscosity, allowing improved structural integrity during bioprinting 

(Tabriz et al. 2015). In this case, 2% Protanal was mixed with the cell solutions in media, with 

0.2% w/v calcium chloride, for a final concentration of 1% Protanal, 0.1% calcium chloride 

bioink. Whilst mixing it was essential that cells were homogenously dispersed, and that bubbles 

were eliminated or prevented from forming as much as possible. To do so, centrifugation of the 

bioink allowed removal of most bubbles formed, while careful mixing was conducted using 

mixing adapters between syringes. 

The Inkredible bioprinter (CELLINK) was used for the gelatin suspension bath bioprints. The 

Inkredible utilises a pneumatic air driven syringe with accompanying air compressor.  3ml syringe 

barrels were required for deposition.  A 21-gauge syringe needle was used, to compromise 

between print fidelity and to protect the cells against shear stress during printing.  

Both single cells and aggregates (approximately 200 μm) were encapsulated into the above bioink 

and deposited into the gelatin baths using the INKredible bioprinter. A simple stacked ring 

structure was produced. To crosslink and release the structure from the bath, HepaRG media with 

50mM barium chloride was incubated to 37°C and added to the top of the well. The wells were 

then incubated at 37°C for 10-15 minutes before the reduced viscosity allowed aspiration of the 

bath material and release of the printed structure. Viability of the cells were then assessed 

immediately after printing, and after two and seven days of culture. Robust cell viability was seen 

in every condition, as well as throughout the culturing process until day 7 (Figure 5.5).  

The culture was continued to gauge longevity of the cells in this culture system, and difference 

were noted between the single cell and aggregates over time. The encapsulated single cells 

viability had drastically reduced by day 28 Figure 5.6, and continued to decline over the next 

week, despite the hydrogel structure remaining intact for this time. Conversely, the aggregate 
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cultures were maintained at almost 100% viability for 43 days after encapsulation, as seen in 

Figure 5.7. This result suggested that for long term culture, encapsulation of aggregates would be 

preferable. The reason for this improved viability is unclear, but is likely due to the cell-cell 

support that is retained in the aggregate cultures, and is limited or absent in the single cell 

encapsulation. Another bioprint was conducted to encapsulate HepaRG aggregates, while 

producing more complex structures and to assess CYP activity in the presence of absence of 

DMSO over time. The structure chosen was joined hexagons, fashioned after the rudimentary 

lobules of the liver (Figure 5.8). Aggregates were well dispersed throughout the structures, and 

CYP activity was assessed two, seven, and 12 days after encapsulation. While it was not possible 

to retrieve the protein from the aggregates and normalise the CYP activity, it was evident from 

the CYP assay that there was no significant differences in CYP activity between DMSO and non 

DMSO cultures, and that activity increased over the culture period from day two to 12 (Figure 

5.9).  
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Figure 5.5. HepaRG cells encapsulated in 1% Protanal, bioprinted into gelatin support bath. A, C, and E 

denote single cells encapsulated and cultured at D0, D2, and D7 respectively. B, D and F denote cell 

aggregates encapsulated and cultured at D0, D2, and D7 respectively. It was seen that robust cell viability 

was maintained throughout the culture period following bioprinting and crosslinking the support bath. Scale 

Bars: 200μm. Green: Live cells, Red: Dead cells. 
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Figure 5.6. Single cell HepaRG encapsulated culture at day 27 following encapsulation in 1% Protanal. 

Showing significant cell death as evidenced by the mass of cell debris in the brightfield (C and D) and 

paucity of live staining (green) seen above (A and D). Scale bars show 200μm. 
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Figure 5.7. Aggregates of HepaRG 48 days after encapsulation in 1% Protanal showing high viability. A 

and B show the live/dead stain, and C and D show the brightfield images. Each aggregate identified in the 

brightfield still showed near 100% viability after 48 days in culture.  

 

Figure 5.8. Bioprinted HepaRG aggregates in hexagonal lobule structures. HepaRG aggregates were 

formed using the micro-well protocol and encapsulated in 1% Protanal after 24 hours. The cell-laden gel 

was then bioprinted into a gelatin support bath. The hexagonal bioprinted structure can be seen in A, 

highlighted in red. B displays the encapsulated aggregates in brightfield. Scale bar represents 200μm. 
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Figure 5.9. CYP3A activity of HepaRG aggregates encapsulated in 1% Protanal with and without DMSO 

in culture over a 12 days. Error bars represent SD.  

5.5 Permeable gel 

With the successful collaborative bioprint concluding that even gels with very low viscosity could 

be bioprinted, it was prudent to determine the ideal bioink for the planned high throughput 

toxicology bioprint. Drawing from the research into permeable gels with pre-differentiated stem 

cells, alginate composites were trialled with encapsulated HepaRGs to determine the most 

suitable.  

1% Protanal was used as the base, as it was found previously to be cell friendly, and easily 

printable. Gelatin (5% w/v), chitosan (2.5% w/v), and carboxymethyl cellulose (CMC, 2.5% w/v) 

were added to the Protanal to produce a hydrogel composite that would create porous structures 

by the additional material melting and leaching from the alginate, as described in the previous 

chapter. Unfortunately, chitosan gave consistent problems with contamination and so its use was 

not followed up. 

Initially, 1% Protanal with 5% (w/v) gelatin was used as a composite hydrogel to encapsulate 

aggregates of HepaRG, and the CYP3A function of HepaRG was assessed over 14 days. CYP3A 

function was assessed in unencapsulated aggregates, and in aggregates encapsulated in 1% 

Protanal, in 4% Protanal, or in 1% Protanal 5% gelatin hydrogel (Figure 5.10). Encapsulation in 

4% Protanal had the expected result of significantly reduced CYP3A function, which also aligns 

with viability results identified later. 4% Protanal is significantly more viscous and likely much 

less porous, providing a vastly unfavourable environment for cell culture, resulting in increased 

cell death and likewise reduced function. Encapsulation in 1% Protanal alone showed a 
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statistically significant trend towards increased function at day 7, although this decreased by day 

14. Encapsulation in 1% Protanal 5% gelatin also showed a statistically significant improvement 

of CYP3A function over unencapsulated aggregates at day 7, although not over 1% Protanal. The 

function of the aggregates in the hydrogel composite decreased from day 7 to day 14. This initial 

assessment of HepaRG aggregates in varied permeability highlighted that function of CYP3A can 

be maintained in encapsulated cells when compared to unencapsulated cells, and in fact seemed 

to give a slight beneficiary effect. 4% Protanal, as expected, was not favourable to cell function, 

likely due to its properties in its liquid and gel form. It was also noted that cell function did not 

increase after 7 days, and in fact seemed to decrease in the encapsulated aggregates. This 

suggested the optimum timeframe to use the cells as a liver model is shorter than 14 days, likely 

around 7 days.  

 

Figure 5.10. CYP3A function in HepaRG aggregates, either unencapsulated, or encapsulated in 1% 

Protanal, 4% Protanal, or 1% Protanal 5% gelatin hydrogel at day 7 and day 14. Encapsulation in 4% 

Protanal showed substantial reduction in CYP3A activity, which aligns with vastly reduced viability 

evidenced in later experiments. 1% Protanal and 5% gelatin gels showed a statistically significant increase 

over unencapsulated aggregates (p<0.05). Function was seen to reduce in all conditions from day 7 to day 

14 of culture. Error bars represent SD. * represents statistical significance calculated with t-test, p<0.05. 

Single cells were assessed in the various gels as well as aggregates over 7 days. While DMSO 

was added as standard to the aggregate culture, as this showed to increase CYp3A function 

previously, there was a concern that encapsulated single cells may undergo apoptosis in the 
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presence of DMSO when encapsulated, due to less supportive cell-cell connections as the 

HepaRG cells mature. For this reason, encapsulated single cells cultures were duplicated with and 

without DMSO.  Viability was assessed at day four and day seven post encapsulation in 1% 

Protanal, 4% Protanal, or 1% Protanal 5% gelatin. As seen in Figure 5.11 and Figure 5.12, there 

appeared be a slight detriment to cell viability with the addition of DMSO to the encapsulated 

culture after seven days in 1% Protanal, although viability does seem to drop in both conditions 

after day four. However, in 4% Protanal, single cells showed large cell apoptosis by day four, and 

very little remaining viable cells by day seven, in both DMSO and non-DMSO culture Figure 

5.13 and Figure 5.14. As discussed previously, this is likely due the unfavourable conditions the 

cells would experience in such a viscous liquid, and subsequent nonporous gel. As with 1% 

Protanal alone, in 1% Protanal 5% gelatin cultures, addition of DMSO seemed to show a slight 

reduction in cell viability (Figure 5.15 and Figure 5.16). Common to all encapsulation cultures 

was the decrease in cell viability seen from day four to day seven, suggesting the culture was 

unsuitable for long term viability of single cell HepaRGs, regardless of the chosen hydrogel.  

 

 

Figure 5.11. Qualitative study of cell viability of single cell HepaRG encapsulated in 1% Protanal with 

DMSO, at day 4 after encapsulation (A; green live cells, B; red dead cells, C; merged image) and day 7 (D; 

green live cells, E; red dead cells, F; merged image). Scale bars represent 200μm in A,B,C, and 100μm in 

D, E, F. 
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Figure 5.12. Qualitative study of cell viability of single cell HepaRG encapsulated in 1% Protanal without 

DMSO, at day 4 after encapsulation (A; green live cells, B; red dead cells, C; merged image) and day 7 (D; 

green live cells, E; red dead cells, F; merged image). Scale bars represent 200μm in A,B,C, and 100μm in 

D, E, F. 

 

Figure 5.13. Qualitative study of cell viability of single cell HepaRG encapsulated in 4% Protanal with 

DMSO, at day 4 after encapsulation (A; green live cells, B; red dead cells, C; merged image) and day 7 (D; 

green live cells, E; red dead cells, F; merged image). Scale bars represent 200μm in A,B,C, and 100μm in 

D, E, F. 
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Figure 5.14. Qualitative study of cell viability of single cell HepaRG encapsulated in 4% Protanal without 

DMSO, at day 4 after encapsulation (A; green live cells, B; red dead cells, C; merged image) and day 7 (D; 

green live cells, E; red dead cells, F; merged image). Scale bars represent 200μm in A,B,C, and 100μm in 

D, E, F. 

 

Figure 5.15. Qualitative study of cell viability of single cell HepaRG encapsulated in 1% Protanal 5% 

Gelatin with DMSO, at day 4 after encapsulation (A; green live cells, B; red dead cells, C; merged image) 

and day 7 (D; green live cells, E; red dead cells, F; merged image). Scale bars represent 200μm in A,B,C, 

and 100μm in D, E, F. 
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Figure 5.16. Qualitative study of cell viability of single cell HepaRG encapsulated in 1% Protanal 5% 

Gelatin without DMSO, at day 4 after encapsulation (A; green live cells, B; red dead cells, C; merged 

image) and day 7 (D; green live cells, E; red dead cells, F; merged image). Scale bars represent 200μm in 

A,B,C, and 100μm in D, E, F. 

5.5.1 Gelatin and CMC as sacrificial materials 

From the results of the aggregate and single cell encapsulate culture data, it was decided to move 

on solely with aggregate cultures, as the reduced viability seen so rapidly in single cell cultures 

would not lend itself to the drug toxicity screen planned. 

1% Protanal, 4% Protanal, 1% Protanal 5% Gelatin, and 1% Protanal 2.5% CMC aggregate 

cultures were screened to determine the most suitable bioink for the drug toxicity bioprint. These 

ranges of CMC concentration were inspired by the previous work with porous gels with stem cell-

derived hepatocytes, as well as increasing the upper concentration until the viscosity made the 

mixing and use of the bio-ink impractical. As seen in Figure 5.17, viability was comparable 

between the 1% Protanal conditions, with 4% Protanal predictably showing very high levels of 

cell death by day 7. The lowest cell death seemed to be present in the CMC composite gel at day 

7. The cultures were continued to day 14, as seen in Figure 5.18. Viability had clearly decreased 

across all hydrogel conditions by day 14.  
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Figure 5.17. Qualitative analysis of cell viability of encapsulated HepaRG aggregates. 1% Protanal (A; 

green live cells, B; red dead cells, C; merged image), 1% Protanal 5% Gelatin (D; green live cells, E; red 

dead cells, F; merged image), 4% Protanal (G; green live cells, H; red dead cells, I; merged image), 1% 

Protanal 2.5% CMC (J; green live cells, K; red dead cells, L; merged image). Day 7 of culture. Scale bars 

represent 200μm. 
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Figure 5.18. Qualitative analysis of cell viability of encapsulated HepaRG aggregates. 1% Protanal (A; 

green live cells, B; red dead cells, C; merged image), 1% Protanal 5% Gelatin (D; green live cells, E; red 

dead cells, F; merged image), 4% Protanal (G; green live cells, H; red dead cells, I; merged image), 1% 

Protanal 2.5% CMC (J; green live cells, K; red dead cells, L; merged image). Day 14 of culture. Scale bars 

represent 200μm. 

To provide further evidence for bioink selection, function was assessed in the four gel cultures at 

day 3, 7, and 14 after encapsulation (Figure 5.19). At day 3, there was no observable differences 

between the gels, with the exception of 4% Protanal which predictably showed very low function. 

However at day seven, the 1% Protanal 2.5% CMC hydrogel composite showed a spike in CYP 

function, unlike the other conditions which showed a reduction in function. This suggested a 

superior culture format in the CMC gel at day 7 compared to the other comparators. A biological 

repeat was conducted to corroborate this observed effect. CYP3A function at day three is shown 

in Figure 5.20 and at day seven in Figure 5.21. At day three, CYP function significantly increased 

(p<0.05) in the CMC gel over 1% Protanal, but not the and 1% Protanal 5% Gelatin gel. The 

activity of the CMC gel (RLU/mg/ml) was unique in that its CYP3A function increased from day 

three to day seven. The increase in function in the CMC hydrogel composite compared to both 

other gels (Protanal and gelatin composite) was statistically significant (p<0.05). An n number of 

8 was used for each gel condition, but substantial variation was noted in CYP function between 
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the wells used for repeats. This is possibly due to the difficulties and systematic errors that can 

occur when pipetting and dispensing viscous materials. It may also be indicative of a heterogenous 

dispersion of aggregates within the gels. Fortunately, due to the nature of the bioprinting 

deposition, these concerns were only valid for the optimisation and screening experiments that 

required the use of pipettes, and did not impact the drug screen.   

 

Figure 5.19. CYP3A function of HepaRG aggregates, either unencapsulated or encapsulated in hydrogels. 

No significant differences between conditions was seen between gels at day 3 (besides 4% Protanal), 

however a spike in CYP3A activity was noted in the 1% Protanal 2.5% CMC culture at day 7, higher than 

the other conditions, all of which reduces in function after day 3. Error bars represent SD. * represents 

statistical significance calculated with t-test, (p<0.05). 
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Figure 5.20. Biological repeat of CYP3A function of HepaRG aggregates encapsulated in hydrogels at day 

three. 1% Protanal; 1% Protanal with 5% Gelatin; 1% Protanal with 2.5% carboxymethyl cellulose; 4% 

Protanal. As seen previously, the 1% Protanal and 2.5% carboxymethyl cellulose boasted the largest 

CYP3A function at day 3 after encapsulation. Error bars represent SD. * represents statistical significance 

calculated with t-test seen between 1% and CMC, p<0.05. 
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Figure 5.21. Biological repeat of CYP3A function of HepaRG aggregates encapsulated in hydrogels at day 

seven. 1% Protanal; 1% Protanal with 5% Gelatin; 1% Protanal with 2.5% carboxymethyl cellulose; 4% 

Protanal. As seen previously, the 1% Protanal and 2.5% carboxymethyl cellulose boasted a significant 

increase in CYP3A function over the other gels at day 7 after encapsulation. Error bars represent SD. * 

represents statistical significance, seen between 1% and CMC, and gelatin and CMC (p<0.05). 

As the apparent spike in CYP activity was repeatable in the CMC composite gel, this was chosen 

as the final bioink to be used for the printing of HepaRG aggregates for the drug toxicity screen. 

The reason for this spike in CYP activity is not clear. It could be the case that CMC causes 

significantly better porosity within the structure, allowing improved cell proliferation, or 

molecular transfer which could improve cell differentiation and subsequently function. This 

reflects the result found in the stem cell-derived hepatoblast encapsulation experiments, where 

Protanal and Protanal with CMC showed the highest viability and function when encapsulating 

those cells. 

5.6 Bioprint set up and optimisation 

The design for the bioprinted drug toxicity screen was based off of 96 well plate. While, ideally, 

high throughput drug screening would be conducted in 384 or 1536 well plate format, given the 

prototypical format and design, 96 well plate was chosen as a starting point. The 3D bioprint 

would be directed into the 96 well plate by a 3D model, designed in SolidWorks software. The 

dimensions of a Corning 96 well plate, including diameter of well, height of well, and distance 

from center of well to well, were identified online and checked with digital callipers in the 

laboratory. A cylinder was drafted in SolidWorks and replicated 60 times in a pattern to occupy 
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the 60 inner wells of a 96 well plate, utilising the dimensions gathered above (Figure 5.22). This 

3D model was saved as an STL file and processed using Slic3r software. Slic3r is an open source 

3D printing software which can convert STL files into G-code. The model is sliced into layers by 

Slic3r. G-code is a programming language used by computer numerical control (CNC) 

manufacturing as a way to automate machine tools. In the case of G-code, it gives instructions to 

the printer for which directions to move, how far to move, and the speed to move the extrusion 

nozzle. Likewise, it gives directions to drive extrusion through the syringe. Subsequently, the G-

code can control the deposition of the bio-ink in 3D space. An example of g-code of instructions 

for one disc is given in Figure 5.23. Notably, Slic3r software produces g-code which would 

attempt to print on a flat plane, layer by layer. As the 96 well plate has walls separating each well, 

if the g-code was used as-is it would cause collisions with the well walls, resulting in potential 

nozzle damage or print disruption. To overcome this, the g-code was manually edited by including 

Z-dimension movement between each printed disc: after a disc was printed, a line of g-code was 

added to elicit Z axis movement so the extrusion nozzle cleared the walls of the wells, before the 

X and Y axis were moved to position the nozzle to the next well to be printed; Z-axis was then 

instructed to lower to the print bed height (the bottom of the well in this case), and bioprinting 

could continue for the next disc. This was repeated for each of the 60 discs. This final g-code was 

used for bioprinting the structures into the 96 well plates in a high throughput manner.  

 

Figure 5.22. 3D model designed in SolidWorks of 60 discs that match dimensions of inner 60 wells of a 

Corning 96 well plate. Outer wells of the plate were excluded due to limitations in the X and Y axis of the 

printer, as well to limit evaporation of the outer wells. 
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Figure 5.23. Example g-code from 60 disc model. X and Y coordinates refer to their respective cartesian 

coordinates in the print bed, E refers to extrusion. This example does not demonstrate Z movements, as this 

is g-code for a single disc for a single well. 

5.7 Toxicity assay setup 

To assess the predictability and use of the 3D printed liver model, a hepatotoxicity screen was set 

up using five drugs. The drugs were selected based on prior publication of their relative 

hepatotoxicity. The drugs selected were: acetaminophen/paracetamol (toxic, Figure 5.24)(Lupo 

et al. 1987); amiodarone (severely toxic, Figure 5.25)(Buggey et al. 2015); acetylsalicylic 

acid/aspirin (slightly toxic, Figure 5.26)(Patrono 2019); azathioprine (potentially toxic to the bile 

duct, Figure 5.27)(Livertox 2012); and prednisolone (non-toxic, Figure 5.28). Drugs stocks were 

made up in DMSO and diluted down to working concentrations of 0.1μM, 1μM, 10μM, and 

100μM, with equal concentrations of DMSO.  
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Figure 5.24: Chemical structure of acetaminophen (paracetomal) of moderate hepatotoxicity. 

 

 

Figure 5.25: Chemical structure of amiodarone of severe hepatotoxicity. 

 

 

Figure 5.26: Chemical structure of acetylsalicylic acid (aspirin) of no hepatotoxicity. 
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Figure 5.27: Chemical structure of azathioprine of unclear hepatotoxicity. 

 

Figure 5.28: Chemical structure of prednisolone of no hepatotoxicity. 

The toxicity assay was initiated by generating HepaRG aggregates as described above (100 cells 

used per aggregate formed, average diameter of 150um), before encapsulating them in the 1% 

Protanal, 2.5% CMC gel which was defined in previous experiments at a density of 100,000 

aggregates/ml of bioink. As the structures were simple, pre-crosslinking, as with the gelatin bath 

bioprints, was not necessary. The bioink was fed into a 5ml syringe barrel and placed into the 

extrusion housing of the bioprinter. The 60-disc g-code was then initiated by the bioprinter. 

Extremely consistent deposition was achieved between wells (shown in Figure 5.29), with a full 

plate taking less than 5 minutes to complete. Structures were crosslinked with 50mM barium 

chloride and washed, before cell culture media was added using a multi-channel pipette. Printed 

cells remained highly viable, and were consistently distanced in the printed droplet (Figure 5.30). 

3 days after printing, cell culture media was carefully removed and replaced. A further 2 days 

later, cell culture media was carefully aspirated, and replaced with cell media with the desired 

drug concentration. 6 structures/wells were used for each drug concentration. This drug media 
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was replaced after 24 hours. A further 24 hours later, cell viability was assessed using the Promega 

CellTiter-Glo kit. 

 

Figure 5.29. Example of bioprinted structures onto lid of 96 well plate. 
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Figure 5.30: Bioprinted HepaRG aggregates in droplet formation. Consistent size of HepaRG aggregates 

was achieved, as well as well dispersed aggregates. A: Brightfield image of aggregates in Protanal and 

CMC bio-ink. B: Green fluorescently stained live cells. C: Red fluorescently stained dead cells. D: Merge 

of channels B and C. Scale bar represents 200um. 

5.8 Drug screen results 

Hepatotoxicity results of acetaminophen are displayed below in Figure 5.31. Hepatotoxicity was 

assessed with a luminescent cell viability (CellGlo, Promega) assay, 7 days after encapsulation 

and bioprinting, and 48 hours after dosing with the compounds. While a downward trend of 

viability is present, as expected, an IC50 value of over 100μM was recorded. Given the trend of 

the viability graph, it could be hypothesised that an increased experimental concentration range 

would yield a similar IC50 for acetaminophen. By deducing from the graph equation, an estimate 

of the IC50 may be ~400μM. 
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Figure 5.31. Cell viability graph for bioprinted HepaRG structures with acetaminophen. The IC50 was not 

deducible from this range of concentrations but could be estimated at ~400μM by extrapolation. Error bars 

represent standard deviation.  

The hepatotoxicity of acetylseric acid (aspirin) was assessed and results are displayed below in 

Figure 5.32. While expected to be slightly hepatotoxic due to known hepatotoxicity in aspirin  

clinically (Tolman 1998), no effects on cell viability were seen in this culture. This reproduces 

results published previously in cultured HepaRG cells with aspirin (Gerets et al. 2012).  
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Figure 5.32. Cell viability graph for bioprinted HepaRG structures with acetylseric acid (aspirin). No IC50 

was identified as no hepatotoxic effect was noted. This is in line with previously published research on 

aspirin’s effect on cultured HepaRGs. Error bars represent standard deviation.  

Amiodarone was selected as a highly hepatotoxic compound. The results of its effect on HepaRG 

cell viability are detailed below in Figure 5.33. As expected, significant cell death was observed 

at higher concentrations in the drug screen, and an IC50 of 19.19μM was calculated. This result 

is approximately two-fold higher than the hepatotoxicity expected in primary human hepatocytes 

(10.5μM) (Gerets et al. 2012). 
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Figure 5.33. Cell viability graph for bioprinted HepaRG structures with amiodarone. Amiodarone was 

demonstrably highly hepatotoxic, with almost no cell viability seen at 100μM concentration. An IC50 of 

19.19μM was calculated. Error bars represent standard deviation.  

Azathioprine has an unclear hepatotoxic effect, with a likely biliary or cholestatic effect 

(Björnsson et al. 2017). As HepaRG cells are bipotent in nature, capable of displaying both 

hepatocyte and biliary phenotype in culture, it was hypothesised that a cytotoxic effect may be 

observable in this culture. The cytotoxic effects are demonstrated in Figure 5.34, with a calculated 

IC50 of 19.658μM. 
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Figure 5.34. Cell viability graph for bioprinted HepaRG structures with azathioprine. As with amiodarone, 

azathioprine was highly hepatotoxic, with an IC50 calculated at 19.658μM. Error bars represent standard 

deviation.  

Finally, prednisolone was selected a positive control: a chemical that was hypothesised to have 

no impact on hepatocyte viability, as it is used routinely in cell culture to mimic hydrocortisone 

action on liver function. As expected, no effect on cell viability was observed within the 

experimental drug concentrations (Figure 5.35). 
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Figure 5.35. Cell viability graph for bioprinted HepaRG structures with prednisolone. As expected, no 

cytotoxic effect was observed within the experimental drug concentration range. Error bars represent 

standard deviation.  

The cell viability observed is summarised in the overlaid graph below (Figure 5.36). The 

hypothesises cytotoxic effects of acetaminophen, amiodarone, and azathioprine were observed, 

with IC50 values calculated for amiodarone and azathioprine. An IC50 for acetaminophen, while 

trending towards decreased cell viability, could not be calculated as the experimental drug 

concentrations were too low. Increasing this to 1mM would likely have captured the IC50 for 

acetaminophen. Likewise, the cytotoxic effects of acetylseric acid (aspirin) which was not 

observed in these experiments, may have become apparent at higher concentrations. As expected, 

prednisolone did not have an effect on cell viability of the bioprinted HepaRGs.  

As noted on the combined graph (Figure 5.36), the cell viability for acetaminophen at lower 

concentrations was significantly higher than all other conditions. This is likely the result of an 

error in mixing rather than a biological effect. If the aggregates were insufficiently dispersed in 

the bioink, more would have been deposited in certain wells than others, perhaps explaining this 

artefact. Likewise, insignificant trends up and down in viability are seen across the concentrations 

for acetylseric acid and prednisolone. These are likely not related to an increase or decrease in 

viability and are not significant. A possible explanation could again be poor mixing, or a 

biological effect of the drugs. As the viability assay measures ATP levels, any effect the drugs 

have on generating or depleting ATP would be visualised in this assay, and may not necessarily 

be related to viability. 
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Figure 5.36. Summarised cell viability effects of various drugs on bioprinted HepaRG. Error bars represent 

standard deviation.  

5.9 Conclusion 

In this chapter we have highlighted the progression of research from pluripotent derived 

hepatocytes to the HepaRG cell line. It was necessary to initially characterise the HepaRG cell 

line, due to its intrinsic differences to the stem cell-derives hepatocytes, as well as optimising the 

HepaRG aggregation.  

These aggregates were bioprinted in a prototypical manner using my colleague’s gelatin liquid-

gel supportive bath. This allowed the deposition of aggregate-laden alginate within a supportive 

bath to create ring and honeycomb structures, before crosslinking and release. The cells remained 

viable for over 40 days after printing using this method and confirmed that the aggregates could 

be printed successfully in alginate-based gels, and could maintain viability for a long time.  

After this was achieved, research was continued into identifying a permeable hydrogel, composed 

of Protanal and a sacrificial gel, work that was initiated using the stem-cell derived hepatocytes. 

Similar to preliminary results identified in those cells, Protanal with CMC as a sacrificial gel was 

identified as producing the most functional hepatocytes, and so was selected as the base for the 

bioink for printing.  

The bioprint was planned to facilitate a medium to high throughput drug toxicity assay. The print 

was planned for use in a standard, Corning 96 well plate. Therefore, a model in SolidWorks was 
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drafted, using the dimensions of this cell culture plate, which was composed of 60 identical discs. 

This model of 60 discs was output to Slic3r software, which converted it into g-code which could 

be interpreted by the customer built bioprinter. It was necessary to manually edit the g-code to 

compensate for the Z-axis movement that would be required to navigate the cell culture plate 

walls between printing each disc. The g-code was interpreted by the custom built 3D printer, 

which utilised electronic stepper motors to drive the carriage in X and Y coordinates, a third 

stepper motor drove a leadscrew to move the bioprinting stage in the Z axis, while a fourth was 

connected to the syringe plunger, which pushed the bioink out of the extrusion syringe in a 

controllable manner.  

The bioprint was highly consistent in deposition and took less than 5 minutes to complete a plate 

of structures. The cytotoxicity of five drug compounds, acetaminophen, acetylseric acid, 

amiodarone, azathioprine, and prednisolone, were assayed on the bioprinted HepaRG structures. 

These molecules have been previously characterised as being either hepatotoxic or non-

hepatotoxic. The results of this drug screen was of mixed success, with two compounds 

confirming their clear hepatotoxicity (amiodarone and azathioprine), while acetaminophen and 

acetylseric acid were likely not at a high enough concentration to determine an IC50. As expected, 

prednisolone did not demonstrate hepatotoxicity.  

Overall the process of optimising HepaRG aggregation, selection of the ideal, permeable 

hydrogel, and the multi-well capable bioprint was very successful. The process was highly 

reproducible, fast, showed strong potential for predicting hepatotoxicity of compounds. Further 

work should be conducted on characterising the porosity of the Protanal and CMC composite gel, 

screening a larger array of compounds (and concentrations) to estimate the models sensitivity and 

specificity to hepatotoxicity, and to determine mechanistic details of the hepatotoxicity to try and 

identify the underlying mechanisms, be they hepatic or biliary in nature. Additionally, the 

methodology employed here would likely be translatable to other cell types, including stem cells, 

given the robust optimisation that was conducted when encapsulating both the HepaRG cell line, 

as well as human pluripotent stem cells. 
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6. Chapter 6 - Summary and future work 

6.1 Summary of novel work 

The initial goal of this project was to develop a method to allow generation of a novel, 3D culture 

platform for hepatocytes. After the initial literature review, it was clear that the prior art of in 

vitro models was lacking key components of the endogenous liver, including 3D architecture, 

supporting cells, bio-active materials, and biophysical characteristics. The key findings of this 

thesis are summarized below.  

Previous research had explored the encapsulation of human embryonic stem cells, but there was 

no research conducted thus far on the in situ differentiation of encapsulated hESCs to the hepatic 

fate. Initial encapsulation with the single cell hESCs highlighted significant viability problems 

that were rectified with the use of aggregated spheroids  (Figure 6.1). The poor viability in the 

single cell cultures was likely a result of low cell density. A cell density of 1x10^6 was used in the 

gel structures, akin to 2D culture. However, given the increased surface area of the 3D structures, 

a much higher cell density was likely required to prevent anoikis. Subsequent experiments should 

begin with cell densities 5 or 10 times higher than was tested here. The aggregated spheroids was 

another solution which overcame the problems of adherence dependence and anoikis but creating 

pockets of high cell density in the structures. 

 

Figure 6.1. Poor viability of encapsulated single cell embryonic stem cells observed in A, while pre-

aggregated ESCs showed much higher viability in B. Green are live cells, red are dead cells, blue are nuclear 

stains. 
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The novel work of differentiating hESCs to a hepatocyte-like state while encapsulated initially 

followed the standard Hay protocol for 2D differentiation. Cells were also cultured for 7 days 

within the gel structures before differentiation was started. It was clear that consistent and 

homogenous differentiation was not achieved within the cells, with poor expression of 

characteristic markers in the early endoderm stages (Figure 6.2). This suggested that even the 

initial differentiation steps were not successful at efficiently priming the cells to the correct 

germ lineage.  

To overcome this, a further literature review highlighted a protocol for iPSC differentiation that 

utilised an elongated differentiation protocol. This involved prolonging the first, endodermal 

priming stage of the protocol by one or two days. When employed, the expression of Sox17 was 

shown to significantly increase over the course of these two days. However, this did not 

translate to controlled differentiation at the hepatoblast and mature hepatocyte stages. As well as 

this, cells began differentiation immediately after encapsulation instead of 7 days, as it was 

feared spontaneous differentiation may occur in that time frame. The initial encapsulation 

protocol also used gels that were preloaded with growth factors to improve exposure to the 

necessary signals for differentiation. 
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Figure 6.2. Differentiated encapsulated spheroid of ESCs at day three of differentiation, lacking expression 

of characteristic definitive endoderm proteins Sox17 and Foxa2.  

Despite improving the endoderm markers of Sox17 and Foxa2, progenitor hepatoblast and 

mature hepatocyte markers were not expressed homogenously. This suggested that further 

modifications would be required to the differentiation protocol in 3D. To overcome this, pre-

differentiated cells were utilised. 2D cultured ESCs were matured into hepatoblast progenitors, 

before being encapsulated. While these cells were initially viable, their viability and function 

would rapidly drop off over the course of 4 days (Figure 6.3).  

Parallel to the work with pre-differentiated hepatoblasts, it became apparent that the 

permeability of the hydrogel being formed may be limiting the mass transfer of growth factors 

essential for the controlled differentiation of the stem cells. Unpublished work by my colleague 

showed that molecules larger than 40,000 daltons had impaired permeability in 1% Protanal. 

Given that the required growth factors were of an order of magnitude larger than this (~400,000 

daltons), ways to increase the permeability of the hydrogel were trialled. Various gel composites 

were formed with sacrificial materials to assess their varied permeability, and gel composites of 

alginate with gelatin, or with carboxymethyl cellulose were observed to be more permeable to 

larger biomolecules.  
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Figure 6.3. Reduced viability in pre-differentiated hepatoblasts encapsulated in alginate hydrogel at from 

day of encapsulation (A), to 24 (B), 48 (C), and 96 (D) hours after encapsulation. 

The final work with pre-differentiated stem cell-derived hepatoblasts was to assess their 

viability and function in these gel composites. This required a systematic optimisation screen 

that assessed viability and function in: the different gel composites; varying hepatoblast 

densities; inclusion of a modified encapsulation media. The encapsulation media, as well as the 

standard hepatocyte-like definition media, contained epidermal growth factor to support cell 

viability and proliferation, as well as double the standard concentration of HGF and OSM, and 

Rho-kinase inhibitor to prevent anoikis after replating and encapsulating the hepatoblasts.  After 

culture optimisation, the base alginate gel, and the alginate CMC gels were found to be superior 

in higher cell densities with inclusion of the modified encapsulation  media.  

Further research utilised HepaRG as the cell source of choice and was rapidly characterised and 

optimised for aggregation and culture. Initial bioprinting tests were conducted using a liquid-gel 

support bath with a simple base alginate hydrogel. Complex hexagonal structures were 

produced, with HepaRG aggregates maintaining viability for over 40 days (Figure 6.4).  
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Figure 6.4. Bioprinted hexagonal structure, laden with HepaRG aggregates (A). HepaRG aggregates 

encapsulated in the walls of the printed hexagon (B).  

 

The work on the permeable gels was transferred to the HepaRG research. A similar array of 

composite hydrogels were assessed to find whichever supported the highest HepaRG function, 

and at which timepoint post-encapsulation. Protanal and CMC composite gel was identified as 

promoting the most viable and functional hepatocytes at day 7 (Figure 6.5). 

 

Figure 6.5. Alginate and CMC composite gel was identified as providing the culture environment for the 

most functional HepaRGs (blue circle).  

Following bio-ink selection, the bioprint was planned for a 96 well plate in order to conduct a 

hepatotoxicity drug screen. The necessary print model was designed and manually edited to run 

on a custom-built, screw-driven, extrusion bioprinter. A bioprint model was devised of 60 discs 
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that would be deposited into the inner 60 wells of a 96 well plate, leaving the outer wells for 

evaporation protection. The model was designed using the standard dimensions available from 

the well plate manufacturer, and the G-code manually edited to allow the lifting and lowering of 

the needle between wells.  

Rapid production of the drug screen plates was possible, with a full 96 well plate being prepared 

in less than 5 minutes. The printed structures were then screened against an assay of molecules 

of varying hepatotoxicity. While the limitations of the experiment meant some IC50s could not 

be estimated, and a broader range of compounds was not possible, the encapsulated cells did 

identify the general accepted hepatotoxic compounds, and the nonhepatotoxic compounds 

(Figure 6.6). 
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Figure 6.6. Summarised results of the drug screen on the bioprinted HepaRG structures. Hepatotoxicity was 

identified clearly for azathioprine and amiodarone, with a trend towards hepatotoxicity for acetaminophen, 

although the experimental concentrations meant IC50s could not be calculated. 

6.2 Recommendations for future work 

While many facets of stem cell culture, biomaterial considerations, technical problem solving, 

and bioprinting were covered in this project and thesis, its broad nature means that some research 

areas could not be continued to the depth they could or should be. In this section I highlight some 

areas which were not fully investigated, and I believe would benefit the field by following up on.  
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6.2.1 Stem cell-derived hepatocyte encapsulation 

Stem cell biology is an incredibly complex field of research, and while significant strides were 

made in improving the culture conditions of encapsulated pluripotent stem cells, the results were 

still a far cry from reproducible hepatocyte-like cells. As was highlighted in research published 

in 2019, single cell encapsulation of stem cells is likely to fail, owing to poor cell-cell interactions 

and aberrant differentiation or epithelial-mesenchyme transition (Goulart et al. 2019). Therefor it 

seems pertinent to focus on culture and differentiation of pluripotent spheroids. This is not without 

its problems, as while viability is known to improve, the generation of spheroids creates further 

variables that can cause unforeseen consequences or heterogeneity in stem cell differentiation. 

Primarily, a gradient is generated from the cells on the periphery of spheroids to the cells in the 

interior. This gradient is relevant for many things, such as oxygen levels, exposure concentration 

of growth factors, or even biophysical forces such as shear stress. Rashidi et al (Rashidi et al. 

2018) differentiated ESC and iPSC spheroids to hepatocyte spheroids, but found that there was a 

heterogenous population of cells in the interior of the spheroids. It may be that this is inevitable 

with current culture technology. Unlike 2D culture, not all cells will be exposed exactly the same 

way in 3D culture, so invariable there will be a resultant heterogenous population of cells. 

Significant research is required to understand the best means of controlling 3D differentiation of 

stem cells in general, if they are to be integrated into bioprinting frameworks. This may involve 

timing of differentiation signals, differing concentrations of growth factors, biophysical 

manipulation, or co-culture with other supportive cells. 

6.2.2 Bio-ink characterisation 

Unfortunately, due to resource constraints, it was not possible to characterise the various gels that 

were trialled completely. Ideally, cryo-SEM would be applied in order to assess the gel porosity, 

as this was observed to be a definitive factor in the mass transfer of large biomolecules like growth 

factors. Likewise, assessment of the rheology of the gels, and elasticity of the final printed 

structures would be useful to best mimic endogenous liver tissue.  

Use of other gels would also be interesting to research. While addition of bioactive materials did 

not seem to elicit beneficial effects, this may have been due to limitations of the experimental 

design – as the materials added were not covalently bound, it is possible they were washed out 

during media changes. Utilising appropriately bio-active gels may improve the viability and 

induction to the desired differentiated phenotype. For example, a hydrogel with laminin-based 

motifs may improve encapsulated stem cell viability, as laminins are already widely used to 

culture these cells in 2D.  
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6.2.3 HepaRG encapsulation 

HepaRG encapsulation was trialled and both single cell and aggregates showed viability and 

function, although aggregates more so. As HepaRG is a bipotent progenitor, it would have been 

interesting to more thoroughly identify the population of hepatocyte-like and cholangiocyte-like 

cells in the encapsulated structures. It is not clear if the cholangiocyte population increases or 

decreases in size or organises into 3D structures. Likewise, any hepatotoxic effects seen on 3D 

HepaRG models require understanding of this to determine if the effects are truly hepatotoxic, or 

cholangiotoxic, and require a biliary input. This is of particular interest with azathioprine, which 

is believed to be cholestatic.  

6.2.4 Bioprinting for high throughput assay development 

The mid throughput screen that was printed for this project could certainly be scaled up to more 

high throughput levels by adjusting the 3D model and bioprinter platform used. However, in 

further experiments, it would be good to assess the reproducibility of the bioprint. While 

qualitative assessment determined a high level of consistency between wells, when dealing with 

smaller and smaller structures per well, small variations can lead to aberrant results due to this 

error. This was the reason a mechanical screw driven extrusion bioprinter was utilised and not the 

initial air pressure printer. Slight deviations in air pressure across the print would cause varied 

deposition across the well and would confound results. Consistency between wells can be 

assessed using various biochemical tools or microscopy.  

To truly assess the power of the bioprinted HepaRG model, several improvements could be made 

to future bioprint experiments. Firstly, a broader range of compound concentrations would help 

illuminate IC50s, such as that for acetaminophen. The relatively narrow range meant very precise 

IC50 calculation for two of the drugs, but likely missed the positive identification of 

acetaminophen. Secondly, a larger array of compounds would help to calculate the sensitivity and 

specificity of the model. This was not possible with the limited number of compounds available 

for this screen, but previous work has utilised a large range of compounds from non-toxic to 

severely hepatotoxic to compare the sensitivity and specificity of HepaRGs, HepG2s, and primary 

human hepatocytes. This would be the ideal experiments to replicate with the bioprinted model 

to determine its power for detecting hepatotoxicity. 

6.2.5 Bioprinting for in vivo applications 

A logical ultimate goal for bioprinted tissue-like structures would be in vivo research for eventual 

implementation into clinical research. In this case, liver-like tissues may provide a supportive tool 

for bridging liver-transplant patients, waiting for a transplant.  

Clearly, significant work needs to be conducted before reaching an in vivo research stage, but 

certain considerations are needed once there. The alginate used should be assessed for any 
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immune response. Likewise, the crosslinker used needs to be carefully considered, as any 

chemical used to crosslink the structures may leach out and cause a cytotoxic effect or immune 

reaction. This includes ionic crosslinkers such as calcium, as well as photo-initiators.   

Besides the material considerations, the cells used for generating the structure must be thoroughly 

characterised and assessed for any detrimental effects. In the case of pluripotent or cell-lines, there 

is the risk of cancer development due to uncontrolled proliferation within the host.  

6.3 References 

 

Goulart E, de Caires-Junior LC, Telles-Silva KA, Araujo BHS, Rocco SA, Sforca M, de Sousa IL, 
Kobayashi GS, Musso CM, Assoni AF, Oliveira D, Caldini E, Raia S, Lelkes PI, Zatz M (2019) 
3D bioprinting of liver spheroids derived from human induced pluripotent stem cells 
sustain liver function and viability in vitro. Biofabrication 12:015010 . 
https://doi.org/10.1088/1758-5090/ab4a30 

Rashidi H, Luu N-T, Alwahsh SM, Ginai M, Alhaque S, Dong H, Tomaz RA, Vernay B, Vigneswara 
V, Hallett JM, Chandrashekran A, Dhawan A, Vallier L, Bradley M, Callanan A, Forbes SJ, 
Newsome PN, Hay DC (2018) 3D human liver tissue from pluripotent stem cells displays 
stable phenotype in vitro and supports compromised liver function in vivo. Arch Toxicol 
92:3117–3129 . https://doi.org/10.1007/s00204-018-2280-2 

 


