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General introduction 
End-stage liver disease and liver transplantation 
The incidence of liver diseases, such as cirrhosis, viral hepatitis or primary liver cancer, is 
increasing in Europe [1, 2]. The increase in incidence has been partially attributed to high 
alcohol consumption and changes in dietary habits, which lead to an increase in 
obesity [2,3]. Liver diseases can lead to impaired liver function and ultimately lead to end-
stage liver failure. Currently, the only curative treatment for patients suffering end-stage 
liver disease is liver transplantation. However, shortage of donor organs of adequate 
quality is a central theme in the field of organ transplantation. This shortage is the major 
cause for waiting list mortality [4]. Patients awaiting a donor liver are removed from the 
waiting list because deterioration of their condition does not longer permit 
transplantation. Simultaneously, the quality of donor organs has been decreasing over 
recent years due to increased age and obesity of donors [3, 5]. Efforts made to overcome 
the discrepancy between the increasing demand and supply include the use of marginal 
quality donor organs, improvements in organ procurement and preservation techniques 
and exploring possibilities of ex vivo organ repair strategies. Functional tissue engineered 
liver constructs could be an alternative approach to bridge the gap between demand and 
supply [6, 7]. These tissue engineered constructs can be employed in multiple ways, 
ranging from ex vivo artificial liver systems for toxicology research and extracorporeal 
devices to auxiliary or whole organ transplantation in patients [6]. 

Liver tissue engineering and the role of the extracellular matrix 
In essence, the field of tissue engineering aims to recreate functional tissue in vitro by 
combining multiple cell types with bioactive scaffolds that provide adequate biophysical 
and biochemical signals to the cells [7, 8]. Each of these components are of key importance 
for establishing active and functional tissue constructs. The cells alone, for example, are 
not capable of maintaining structural integrity. They require physical support from a 
scaffold material. This scaffold needs to perform similar roles as the extracellular matrix 
(ECM) of the liver. 

The ECM provides cells with physical support and plays an important role during 
embryonic development, maintaining homeostasis and tissue regeneration. It houses 
different bioactive components and can bind or interact with various growth factors [9, 10]. 
The native liver ECM consists of a wide array of proteins, such as collagens, laminins and 
proteoglycans [11, 12]. Even though, many of these components can be found in most 
tissues, their deposition and exact composition is highly tissue-specific and is specialized 
for the cells the ECM supports. The ECM of blood vessels and bile ducts is a highly 
specialized sheet-like type of ECM, known as a basement membrane [13]. This type of ECM 
forms a separation between cells inside blood vessels (endothelial cells) or biliary tree 
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(cholangiocytes) and surrounding tissue. A similar basement membrane-like structure can 
be found in perisinusoidal spaces. However, these liver sinusoidal endothelial cells are 
separated from the space of Disse by a sheet-like ECM structure, which is lacking two 
major components (laminin and nidogen) of normal basement membranes [13, 14]. 

The ECM provides cells with important growth factors, which can bind to specific ECM 
components [11, 15]. Matrix-bound vascular endothelial growth factors can, for example, 
guide cells during formation of new blood vessels [16]. Immobilized hepatocyte growth 
factors influence hepatocyte metabolism and can prevent dedifferentiation [17]. The 
behavior of cells can also be regulated through changes in biophysical cues (e.g. stiffening 
of the matrix) [18-20]. Together, biochemical and biophysical cues play an important role in 
maintaining organ homeostasis, but can also guide repair after damage [9, 14]. Moreover, 
the ECM is constantly remodeled by cells, which produce ECM components and growth 
factors [13].  

Obtaining tissue-specific extracellular matrix 
Ultimately, the native liver ECM would be the ideal bioactive scaffold for tissue 
engineering applications. Recreating such complex and intricate structures with similar 
spatiotemporal features is highly challenging. Current additive manufacturing production 
methods, such as stereo lithography or deposition modelling, either lack the required 
precision to recreate these intricate structures or lack the ability of creating these 
structures on clinically relevant size scale [21]. Moreover, synthetic polymers are not yet 
capable of mimicking the complexity of the liver ECM [7, 22]. Alternatively, organ-specific 
scaffolds can be generated through whole organ decellularization. During this process all 
cells are removed from the organ, but the architecture, including spatiotemporal cues and 
physical characteristics of the ECM are retained [23, 24]. Decellularization protocols have 
been described for a wide range of tissues and organs [23-25]; such as dermis [26, 27], heart 
valves [28, 29], hearts [30] and kidneys [31]. Whole organ decellularization of the liver can be 
performed using perfusion-based strategies with detergents [24, 32-34].  

Sourcing cells for repopulation of decellularized matrix 
The ECM has to be repopulated with viable, healthy and functional hepatobiliary cells, 
such as hepatocytes and cholangiocytes [6]. The hepatocytes are the metabolic 
powerhouses which perform a large portion of the diverse functions of the liver. Their 
functions include the metabolization of endogenous or exogenous compounds, 
transformation of carbohydrates and production and storage. The hepatocytes also 
secrete bile, which is drained from the liver via the biliary tree. The bile ducts are lined 
with cholangiocytes. These epithelial cells form a vital barrier between the cytotoxic bile 
and the surrounding tissues. Deficits in the biliary epithelium can lead to inadequate 
drainage of bile into the intestine and can cause (diffuse) leakage of bile into the 
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surrounding tissue. This can lead to severe complications, such as buildup of cytotoxic bile 
inside cells (Cholestasis) causing impaired liver functionality and mortality [35-39]. Examples 
of others cells required for recreating functional hepatobiliary tissue in vitro include (liver 
sinusoidal) endothelial cells, hepatic stellate cells and Kuppfer cells [6, 40].  

Much attention has been given to restoration of the hepatocyte compartment [41, 42] or 
the vasculature network [43]. However, so far less attention has been paid to repopulation 
of the biliary tree. The direct use of primary cholangiocytes would require sacrificing 
healthy livers, which could otherwise could have been used for transplantation 
purposes [22, 44]. Therefore, it is unlikely that the vast amounts of cells required to fully 
repopulate an entire liver, can be obtained from healthy livers without any form of in vitro 
expansion [40]. Unfortunately, primary hepatocytes and cholangiocytes quickly lose their 
phenotype and functionality when cultured on traditional culture plastics [40, 45]. The use 
of other cell sources needs to be explored. Pluripotent stem cells are an interesting 
source, as large numbers can be obtained from relative small starting populations [22]. The 
fact that patient-derived cells can potentially be used is especially appealing, since this 
prevents the need for lifelong immune-compromising medication after transplantation. 
This does, however, require extensive reprogramming of cells (in case of induced 
pluripotent stem cells) and complicated cell differentiation protocols of all stem cells [40, 

44]. Moreover, there is a risk of uncontrolled differentiation or aberrant mutations, which 
can lead to teratoma formation.  

Cholangiocyte organoids 
Alternatively, cells can be sourced from hepatobiliary organoid cultures. Organoids are 3D 
structures that self-organize in such a way that they are capable of recapitulating certain 
aspects of the native tissue from which they originated. These organoids can be initiated 
from (pluripotent) stem cells, progenitor or differentiated cells [46]. In 2015, Huch et al. 
described for the first time the culture of human cholangiocyte organoids, which can be 
initiated from small liver biopsies with relative ease [47]. They showed that on average 30% 
of the EPCAM positive cells within the liver were capable of giving rise to these organoids. 
Although these liver-biopsy derived organoids were first named liver organoids, they 
mostly have a cholangiocyte-like phenotype and express cholangiocyte markers (e.g. 
EPCAM and Cytokeratin 7 and 19). Simultaneously, they express the epithelial progenitor 
marker LGR-5 [48]. This marker is under normal conditions not expressed in liver tissue, but 
can be upregulated in response to damage when cells need to proliferate [47, 49, 50]. Since 
the establishment of these liver-derived organoids, other organoids were described from 
other hepatobiliary sources.  

The nomenclature of the organoids became increasingly complex and unclear. Therefore, 
experts in the field collectively decided in 2021 to alter name of liver-derived organoids 
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into intrahepatic cholangiocyte organoids (ICO) to better reflect its origin [46]. 
Cholangiocyte organoids derived from gall bladder tissue [51], extrahepatic bile duct (EBD) 
tissue [52, 53] and from cholangiocytes present in bile samples [54, 55] were subsequently 
called gallbladder cholangiocyte organoids (GCO), extrahepatic cholangiocyte 
organoids (ECO) and bile-derived cholangiocyte organoids (BCO) respectively. These 
different organoids are all highly similar in terms of retaining cholangiocyte-specific 
characteristics but subtle differences between the different organoids have been 
reported [48, 52]. 

The cholangiocyte organoids have high and stable proliferation capacity. ICO, for example, 
can yield on average a 40-fold increase in cell number over a 14-day period under dynamic 
conditions [56]. This means that millions of cells can be generated in a short time span 
from relatively small (5mm3) biopsies. Cholangiocyte organoids are capable of repairing 
deficits of intrahepatic bile ducts inside the liver in pre-clinical models [57] and are, 
therefore, promising for tissue engineering applications, such as repopulation of 
extrahepatic bile ducts or the intrahepatic biliary tree.  

In addition, the ICO can upregulate expression of hepatocyte markers when cultured in 
hepatocyte differentiation medium [47, 58]. Expression of these markers does not yet reach 
similar levels as mature hepatocytes under current differentiation protocols. Liver ECM 
components could further improve the differentiation towards hepatocytes, since tissue-
specific biochemical and biophysical components aid in differentiation of cells [59-63]. 
Improved differentiation protocols could make the ICO also a source of 
(trans)differentiated hepatocyte-like cells for recellularization purposes. The ICO are, 
therefore, a highly promising source of bipotent cells for the repopulation of 
decellularized liver matrix in an effort to create functional livers in a dish.  

Culture substrates for hepatobiliary organoids 
The aforementioned organoids are typically cultured in commercially available basement 
membrane extracts derived from mouse tumor (BME). These extracts are commonly used 
for complex in vitro experiments, such as angiogenic sprouting and/or tumor invasion 
assays, because they provide the cells with a 3D bioactive environment [64-66]. BME also 
allows the organoid-initiating cells to self-organize into the spherical structures. 

Although, BME is used as the golden standard for aforementioned in vitro assays, it is 
limiting the clinical applicability of the organoids. BME is derived from tumor tissue and 
potentially holds mutagenic factors. These could contaminate the cultures and might even 
stimulate tumor growth in patients. BME is also poorly defined and large variations exist 
between production batches. More importantly for the culture of the organoids, BME is 
not liver tissue-specific and impairs differentiation of cells. There is therefore, a clear need 
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for alternative and clinically applicable tissue-specific culture substrates for cholangiocyte 
organoids. ECM extracts derived from healthy decellularized livers are a promising tissue-
specific alternative to the tumor derived BME [25]. The resulting hydrogels are composed 
of bioactive ECM components directly derived from decellularized livers. Furthermore, 
liver ECM components aid in maintaining hepatocyte phenotype and functionality in 
vitro [67]. These components also stimulate differentiation of pluripotent stem cells 
towards hepatocytes [63] and might therefore provide a more optimal differentiation 
environment for the organoids. Moreover, extracts from healthy decellularized livers are 
of clinical interest and have the potential of being produced according to good 
manufacturing practice (GMP) compliant guidelines [68, 69]. Liver ECM extracts as a 
replacement culture substrate for cholangiocyte organoids could, therefore, unlock the 
full clinical potential of cholangiocyte organoids.  

Outline of the thesis 
The general aim of this thesis is to explore the possibilities of using decellularized human 
liver tissue and cholangiocyte organoids for engineering of functional bile duct and liver 
tissue. This aim has been subdivided in three separate parts where the use of tissue-
specific ECM is the central theme. The first part focusses on establishing and optimizing 
decellularization protocols for human livers. The aim of the second part is to characterize 
organoids initiated from different biliary origins compartments (intrahepatic bile duct 
tissue, extrahepatic bile duct tissue and bile fluid) to determine if cholangiocyte organoids 
from different origins have similar repopulation efficiency on decellularized EBD tissue. In 
the third part, mouse tumor-derived BME is replaced with tissue-specific and clinically 
relevant alternative hydrogels as culture substrates for cholangiocyte organoids.  

Part 1: The liver matrix reloaded 
Decellularization and recellularization of liver tissue 

The topics of liver tissue engineering, decellularization and liver organoids are described 
and discussed in more detail in chapter 2. Subsequently, a perfusion-based whole-organ 
decellularization protocol for human liver is established in chapter 3. Here a flow-rate 
controlled perfusion setup is tested and results are reported in detail. In addition to ECM 
characterization the first proof-of-principle of scaffold repopulation with human 
endothelial cells are shown. In chapter 4 optimization of the decellularization protocol is 
further described in which pressure-controlled perfusion was used. This significantly 
decreased the time required for decellularization. The effect of different detergent 
solutions was tested on porcine livers before the optimal protocol was applied to human 
livers. Chapter 5 explores the effect of decellularized liver ECM on the proliferation and 
differentiation towards hepatocyte-like cells of ICO, when grown on top of small sections 
of liver ECM.  
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Part 2: The biliary matrix reloaded 
Creating functional bile duct in vitro 

The second part of this thesis covers the engineering of the extrahepatic bile duct, which 
drains bile from the liver to the small intestine. In chapter 6 organoids initiated from bile 
are characterized and compared with cholangiocyte organoids initiated from intrahepatic- 
and extrahepatic bile duct tissue. In chapter 7 a decellularization protocol for human 
extrahepatic bile duct is established. Cholangiocytes from three different biliary sources 
are tested for their recellularization capacity.  

Part 3: The matrix extracts reloaded 
Hydrogels as organoid culture substrates from solubilized liver extracellular matrix 

Part three addresses the creation of tissue-specific alternatives for basement membrane 
extracts using solubilized decellularized liver matrix. The clinical potential of cholangiocyte 
organoids and alternative tissue-specific culture substrates are discussed in more detail in 
chapter 8. The following chapter (chapter 9) explores the possibility of using porcine and 
human liver ECM extracts to create tissue specific hydrogels as replacement culture 
substrates for mouse tumor-derived BME.  
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List of abbreviations 

BCO Bile-derived cholangiocyte organoids 
BME Basement membrane extracts 
EBD Extrahepatic bile duct 
ECM Extracellular matrix 
ECO Extrahepatic cholangiocyte organoids 
GCO Gallbladder-derived cholangiocyte organoids 
GMP Good manufacturing practice 
ICO Intrahepatic cholangiocyte organoids 
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Abstract 
Due to the complex function and structure of the liver, resourceful solutions for treating 
end-stage liver disease are required. Currently, liver transplantation is the only durable 
therapeutic option. However, due to a worldwide donor shortage, researchers have been 
looking in other fields for alternative sources of transplantable liver tissue. Recent 
advances in our understanding of liver physiology, stem cell and matrix biology have 
accelerated tissue engineering research. 

Most notable is the discovery of a culture system to grow liver-like organoids from human 
hepatic stem cells. The extensive expansion capacity of these stem cells has contributed 
greatly to the availability of hepatocyte-like cells for tissue engineering. In addition, new 
techniques are explored to obtain biological liver scaffolds from full size donor organs. 
This review summarizes these state-of-art techniques which may lay the groundwork 
towards re-creating transplantable tissue from autologous or allogenic stem cells in the 
coming decade. 

Keywords 
Liver transplantation, Liver tissue engineering, Liver organoids, Organoid engineering, 
Extracellular matrix, Decellularization, Recellularization 
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Introduction 
Liver transplantation and potential alternatives 
Liver transplantation is the only curative treatment for patients with end-stage liver 
disease. However, the worldwide demand for donor organs is much higher than the 
supply. Alternative strategies are needed to increase the number of available donor 
organs, provide new curative treatment or bridge the gap between liver failure and 
transplantation.  

Strategies to improve existing donor grafts 
During the last decade, there has been a shift from static cold storage of donor livers 
toward dynamic liver preservation techniques involving machine perfusion [1]. In 2010, the 
first transplantations were performed using hypothermic machine-perfused livers, which 
later was augmented to the use of extended criteria donor and donation after circulatory 
death (DCD) [1]. In parallel to hypothermic (4 to 10°C) machine perfusion, 
normothermic (37°C) machine perfusion has been tried [2]. Machine perfusion allows 
surgeons to monitor graft quality and helps to improve the preservation of donor livers. 

Current alternatives for liver transplantation 
Machine preservation does increase the number of available donor organs, however, this 
is still not enough to cover the shortage. Other potential approaches include hepatocyte 
or stem cell transplantation. Primary hepatocytes are the preferred cells to inject into the 
liver, as these cells perform the majority of the liver functions. However, it may be 
challenging to obtain sufficient numbers of hepatocytes from healthy donors, as it is 
estimated that a human liver (body weight: 70kg) contains approximately 300 billion 
cells [3, 4] and available tissue is preferably used for organ transplantation. Different 
hepatocyte transplantation studies showed clinical improvement when 10% of the liver 
mass was injected into the liver in both rat models and humans [5, 6]. Even with these 
percentages, billions of hepatocytes are required. To make matters worse, these cells are 
difficult to maintain and expand in vitro. Primary hepatocytes are contact-dependent cells, 
which rely on cell-to-cell and cell-to-matrix interactions to survive and maintain their 
phenotype [5]. When hepatocytes are cultured on relative hard plastics in vitro, they 
quickly dedifferentiate and lose their functionality [7]. 

Potential alternatives include pluripotent and adult stem cells with potency to 
differentiate into functional hepatocytes. Induced pluripotent stem cells, which can 
potentially be differentiated into cells with hepatocyte-like morphology and function, are 
promising. However, these so-called iHEPs do not fully mimic all characteristics of 
hepatocytes yet, stressing the need for better alternatives and more insight in hepatocyte 
differentiation [8, 9]. Mesenchymal stromal cells (MSC) are another source of adult stem 
cells to be used in alternative transplantation approaches and are known to prevent or 
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reduce ischemia/reperfusion injury in donor livers [10]. MSC show plasticity and 
multidirectional differentiation potential and can to some extent be differentiated to 
hepatocyte-like cells [11]. To date, none of the alternative cell sources can be 
differentiated into fully functional hepatocytes, stressing the need for better-defined and 
strictly controlled differentiation environments for these cells [12]. Although, this approach 
shows potential, engraftment rates are low and injection of cells is not yet a durable 
solution [13]. A different approach involves extracorporeal liver support devices. These 
devices are designed to support the failing liver by dialysis of albumin and detoxification of 
plasma [14].However, these devices are only capable of bridging the gap between liver 
failure and transplantation for a relatively short period of time [13] Although, progress is 
being made by the aforementioned strategies, they do yet have to make a significant dent 
in the large need for donor livers. Constructing transplantable liver grafts might be a 
promising future direction. 

Future direction: liver tissue engineering 
Tissue engineering could offer different solutions for reducing the waiting list by creating 
functional in vitro bioengineered liver constructs as an alternative source of transplantable 
tissue, which could be readily available [12, 15]. Furthermore, these construct can be 
created with autologous (stem) cells, which is beneficial, as this would give less 
complications with regard to rejection and immune suppression [12]. This process is 
schematically depicted in figure 1, which shows the traditional tissue engineering 
paradigm. Fully functional tissue constructs can be created by combining (organ-specific) 
cells with materials that mimic the tissues’ extracellular matrix (ECM) (liver scaffold) and 
signaling molecules, such as tissue-specific growth factors. This can be cultured in vitro 
and together they can form a functional tissue construct [16, 17].  

Biomaterials 
Scaffolds play an important role in tissue engineering. These scaffolds mimic the tissue’s 
native environment and support the cells inside the construct. They are made from 
biomaterials that are fully biocompatible, which means that the materials have no adverse 
effect once implanted in a patient [18]. However, this does not mean that these materials 
cannot interact with cells or the human body. In fact, the scaffold needs to support cells in 
a two or three-dimensional environment, by providing anchoring points and by allowing 
cells to proliferate and/or migrate, which requires bioactivity [19, 20]. It can be highly 
advantageous if the materials can be modified by the cells themselves or by the 
environment. Biodegradable materials are degraded over time, making place by the cells’ 
own (ECM) [21]. This allows cells to create a new functional tissue themselves. Examples of 
such materials used in the clinic, are bone screws or degradable sutures [21]. Ideally, the 
scaffold mimics the ECM of the tissue, which are dynamic (micro)environments [22]. This 
environment is determined by different characteristics, such as biophysical and 
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Figure 1: Schematic depiction of the liver tissue engineering paradigm, where different types of 
patient cells are obtained and expanded in vitro. These cells are then combined with tissue specific 
cell signaling molecules and the liver scaffold. Together the components form small pieces of 
functional tissue which can be scaled-up to a transplantable graft.  

biochemical properties [23]. A good example of such a property is the water content of the 
native ECM, as the matrix is capable of absorbing and maintaining amounts of water. 
Similar characteristics are found in hydrogels, which have hydrophilic cross linked polymer 
networks that can maintain similar amounts of water. This makes them interesting for 
different applications in the biomedical field, including for soft tissue engineering 
purposes [24, 25].  
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Hydrogels can be created from synthetic or biologically derived polymers [20, 26]. The 
synthetic polymers are generally well-defined and have more predictable properties. 
Biophysical properties, such as the stiffness, can be modified with relative ease [27]. 
However, synthetic polymeric networks often lack the complexity of the natural ECM, they 
often show insufficient bioactivity and are not always biodegradable [26, 27]. In contrast, 
biologically derived polymers, such as animal-derived collagens, are more complex and 
often exert bioactivity [26]. Another biophysical property, which can influence cellular 
behavior, is scaffold stiffness. Cells are capable of ‘sensing’ the stiffness of their 
microenvironment and can respond subsequently [28]. MSC, for example, can differentiate 
towards different cell lineages purely based on the stiffness or elasticity of the 
substrate [29, 30]. Scaffold stiffness can also influence the growth rate of other stem cell 
populations [27]. 

Growth factors 
Besides the architectural environment and stiffness, cells are also influenced by 
biochemical factors, such as growth factors and cytokines, which are produced and 
released by specific cells and can trigger specific responses in certain subsets of cells. 
These cell signaling molecules can influence cell survival, proliferation and/or 
differentiation [31]. Processes, such as wound healing and angiogenesis, are orchestrated 
by the precise release and delivery of certain signaling molecules [32, 33].  
 
However, these signaling molecules are also important for tissue engineering purposes, as 
they can be used to either differentiate cells, stimulate cells to ‘recreate’ a tissue [34], 
and/or to mimic the native tissue environment [35]. Some growth factors, such as certain 
isoforms of vascular endothelial growth factor, endothelial growth factor and hepatocyte 
growth factor, interact with certain components of the ECM and thereby, a more tissue 
specific environment can be created [36, 37].  
 
Cells for liver tissue engineering 
Cells are paramount in creating functional tissue constructs in vitro, as the cells perform all 
different required tasks. The native liver is a complex organ in which the liver specific cells 
perform a myriad of tasks. These include metabolic processes, regulation of blood 
composition, processing of nutrients and production of cholesterol and albumin.  
 
Complexity of the organ is reflected in the diversity of cell types present, adding up to 
approximately 300 billion cells in the liver of an adult human [3, 4]. The majority of these 
cells is found in the parenchymal compartment, consisting of hepatocytes which account 
for about two third of the liver in cell number and comprise up to 70-85% of the liver 
volume [38, 39]. The remainder is made up by non-parenchymal cells. Cholangiocytes 
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contribute to the integrity of bile ducts, which are important for drainage of bile from the 
liver to the duodenum. Endothelial cells form the inner lining of the blood vessels and 
sinusoids, composing a barrier between the parenchyma and blood. Other non-
parenchymal cell types, such as Kupffer cells and stellate cells, are important for liver 
immunity and its response to damage [13, 38]. In order to create a functional tissue 
construct to replace the (damaged) liver, all cell types have to be obtained, expanded and 
seeded in the right ratios within the scaffold material [13, 40]. There is no absolute number 
when it comes to required amounts of cells in order to create a functional and 
transplantable graft.  

Because of the aforementioned limitations, it is nearly impossible to obtain these large 
numbers of healthy and functional hepatocytes from one single source. Different culture 
platforms, such as sandwich cultures, are being developed to overcome the limited 
expansion of hepatocytes in vitro [5, 41]. These might increase the primary hepatocyte 
yield, but these approaches are laborious and are still not able to supply sufficient 
numbers of functional cells.  

Therefore, other potential cell sources should be considered. Hepatic cell lines, (adult) 
stem cells and/or progenitor cells, are interesting alternatives that could replace primary 
hepatocytes [40, 42]. In theory, liver-specific stem cells or progenitor cells, which can be 
expanded in vitro and have the potential to differentiate into functional hepatocytes and 
cholangiocytes, are potentially better candidates. Although fewer cells are required to 
repopulate the graft, extensive proliferation and differentiation is still needed before they 
become functional hepatocytes.  

Recently, a new 3D culture method has been established for the long-term expansion of 
liver-derived epithelial stem cells. These stem cells self-organize into so-called liver 
organoids, which could be an interesting new source of cells for liver engineering 
purposes [43, 44]. 

Liver organoids as a tissue engineering cell source 
The first organoid culture system was developed almost a decade ago, when a 3D long-
term culture was established from murine small-intestinal stem cells which closely 
resembled crypt-villus units [45]. These intestinal stem cells are marked by expression of 
the leucine-rich repeat-containing G-protein coupled receptor 5 (Lgr5). The Lgr5-positive 
cells were shown to be multipotent stem cells able to form all cell types of the intestinal 
epithelium by lineage tracing [46]. In vitro, these adult stem cells were cultured in a specific 
mouse-derived hydrogel, Matrigel™. This hydrogel acts as a basement membrane 
substitute, allowing cells to organize into 3D crypt-villus units containing both self-
renewing stem cells and differentiated cells of all intestinal epithelial lineages [45].  
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Adaptations to this culture method has allowed organoid culture from many stem cell 
sources, including neonatal and adult tissues and pluripotent stem cells of human or other 
mammalian species, which were concisely reviewed recently [47]. As this field of research 
grows rapidly, a clear-cut definition of the term organoids is essential. Huch and Koo 
defined an organoid accurately as “a 3D structure derived from either pluripotent stem 
cells, neonatal tissue stem cells, or adult stem cells/adult progenitors, in which cells 
spontaneously self-organize into properly differentiated functional cell types and 
progenitors, and which resemble their in vivo counterpart and recapitulate at least some 
function of the organ.” [48]. This diverse culture system is remarkably suitable for many 
purposes. The focus of this paper is their use in tissue engineering, but they have already 
been shown useful in a multitude of other ways. Because of their stem cell origin, they are 
a fitting model to study developmental biology [49, 50]. Additionally, organoids can be used 
for toxicity screening [51]. Furthermore, organoids were used as a model system for many 
diseases, ranging from infectious diseases to monogenic and more complex diseases, 
including several types of cancer [49, 52-56]. These disease models can be used to study 
disease mechanisms and discover new diagnostic, therapeutic and prognostic approaches.  
 

Liver organoids 
Evidence from mice suggests that Lgr5-positive cells are not normally present in the adult 
liver, but Lgr5-positive cells rapidly appear close to bile ducts upon liver injury or 
disease [43]. In vivo lineage tracing of these Lgr5-positive cells showed that they are most 
likely bi-potent, being able to form both hepatocytes and cholangiocytes after damage 
occurs [43]. In organoid culture conditions, these cells readily proliferated and formed cyst-
like organoids which could be maintained for many months to a few years. Organoid 
cultures were also initiated from human adult liver tissue [44, 57]. Organoids in the 
adjusted human organoid culture system highly expressed Lgr5 and were maintained for 
several months with relative ease. These organoids were shown to be derived from 
epithelial cell adhesion molecule (EpCAM)-positive cells with a high efficiency. Almost a 
third of the cells positive for this cholangiocyte marker initiated an organoid, while 
hepatocytes were not able to commence organoid growth. Apparently, these EpCAM-
positive cells convert to a more stem-like state when cultured in organoid conditions, 
inducing Lgr5-positivity and expressing a mix of stem cell, hepatocyte and biliary 
markers [44]. For several reasons, human liver organoids may very well be suited for tissue 
engineering and stem cell therapy approaches (figure 2). First of all, they have an 
extensive proliferative capacity, having the potential to give rise to approximately one 
million cells from one single stem cell within two months [44]. Secondly, they have proven 
great genetic stability. Karyotype analysis demonstrated that normal chromosome 
numbers were present after multiple months in culture. A more detailed view of the 
genome of single organoid-initiating cells by clonal culture and whole genome sequencing 
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Figure 2: A. Graphical representation of the acquisition of adult liver organoids. A liver biopsy from a 
patient in need of liver transplantation is used to start a patient-specific liver organoid culture. 
Genetic aberrations could be corrected using novel genome editing techniques. The extensive 
proliferative capacity of the organoids makes it feasible to acquire high cell numbers necessary for 
therapeutic use. These organoids can either be differentiated towards hepatocyte or cholangiocyte 
fate, or can be used directly as a source of bipotent stem cells. B. Bright field and H&E stained human 
liver organoids. Scale bar: 100µm. 

revealed that the organoid genome is remarkably stable over time with hardly any 
mutations acquired during  three months of culture [44]. This is in contrast to other 
hepatocyte-like culture systems, such as induced pluripotent stem cells, which are prone 
to acquire genetic variations in vitro [58]. Thirdly, organoids are bi-potent. They have the 
potential to differentiate towards hepatocytes and cholangiocytes [44]. In vitro 
differentiation requires a change of medium composition, after which the cells 
differentiate towards either the hepatocyte or cholangiocyte fate. Upon hepatocyte 
differentiation, besides acquiring hepatocyte morphology and upregulation of classic 
hepatocyte markers, organoids gain some hepatocyte function as well. They were shown 
to take up glycogen and LDL and produce albumin and bile acid salts, although to a lesser 
extent than primary hepatocytes [44]. Organoid differentiation towards cholangiocytes is 
less established. Still, differentiation towards a cholangiocyte-like cell with corresponding 
phenotype and function has been shown for induced pluripotent stem cells. During 



  

32 | Chapter 2 
 

differentiation, these cells are switched to organoid culture conditions to facilitate the 
final maturation towards cholangiocyte-like cells, suggesting that organoid-forming cells 
are quite capable of differentiating towards cholangiocyte fate [59]. 

Finally, adult tissue-derived organoids retain more commitment to their tissue of origin. 
This in contrast to embryonic-type and induced pluripotent stem cells which are 
omnipotent and not committed to a particular tissue or organ type. These non-committed 
stem cells have a high risk of aberrate differentiation towards tumor cells leading to 
teratoma formation [60]. In contrast, Lgr5-positive stem cells derived from adult tissues 
seem less able to transdifferentiate to other tissue types, since small intestine-derived 
organoids could only be transformed to gastric organoids by genetic manipulation [61]. 
Murine pancreatic organoids could be driven towards a hepatocyte fate in vivo [62]. 
However, hepatic transdifferentiation of pancreatic cells is a well-known phenomenon 
and can be explained by their closely linked embryonal development [63]. Therefore, adult 
stem cells seem to have no risk of teratoma formation. 
 

Patient-derived organoids for personalized applications 
A great benefit of using liver organoids for liver regeneration and tissue engineering 
purposes, is that they allow the use of a patients’ own cells, since organoids can be 
cultured from small liver biopsies [44]. The stable in vitro proliferation of the cells implies 
that they can be expanded towards the large number of cells that are required to create 
functional liver construct. Furthermore, use of autologous stem cells for organ 
transplantation is beneficial as it reduces and possibly abolishes the need for life-long use 
of immunosuppressive drugs, which are expensive and can have serious side effects, such 
as an increased risk of infections and cancer development [64]. 
 
Although organoid culture is possible from diseased livers, as has been shown for A1AT 
deficiency and Alagille syndrome [44], they are unsuited for regenerative medicine 
purposes since they harbor the same genetic aberrations as the liver tissue that they were 
grown from. To correct the genetic mutation, new genome editing techniques have been 
established in organoid cultures. Transduction with viral vectors has been successfully 
performed in multiple organoid types, including murine intestinal organoids and human 
and canine liver organoids [57, 65-67]. Another noteworthy genome editing technique in 
organoids is the CRISPR/Cas9 genome editing system [68, 69]. Cystic fibrosis (CF) patients 
have a mutation in the cystic fibrosis transmembrane conductor receptor (CFTR) gene. 
CRISPR/Cas9, directed to correct the CFTR locus by homologous recombination, was 
applied to small and large intestinal organoids derived from CF patients. The corrected 
allele was expressed and fully functional, thus displaying the utility of CRISPR/Cas9 as a 
gene correction method for patient-derived organoids [68]. 
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The main concern using these techniques in cell therapy or tissue engineering approaches 
is induction of off-target effects. However, since these techniques are performed ex vivo, 
analysis of the occurrence of these off-target effects is possible before application of the 
corrected organoids in patients. Although the current available techniques do not have 
the specificity and sensitivity to identify all off-target sites, novel techniques of predicting 
and analyzing these sites are under constant development [70]. 
 

Liver organoids for cell-based therapies 
As mentioned in the introduction, stem cells as well as mature hepatocytes have the 
potential to be applied for direct cellular therapies in patients with acute or chronic liver 
diseases. Infusion of liver organoid-derived cells is still in its infancy, with only a few 
attempts reported. The first was based on the infusion of differentiated murine liver 
organoids in a FAH-/- mouse model for tyrosinemia type I liver disease.  
 
As route of administration, organoids were injected in the spleen resulting in hepatic 
engraftment via the splenic and portal veins. In one third of the mice, modest engraftment 
was displayed resulting in clusters of organoid-derived cells populating about 1% of the 
total liver parenchyma at most. Although the engraftment efficiency is low, the animals in 
which cells successfully engrafted had a significant survival benefit over the non-
transplanted mice [43]. Next, differentiated human liver organoid-derived cells were intra-
splenically injected into an immune-deficient CCl4/Retrorsine liver injury mouse model. In 
one to two weeks, these organoid-derived cells produced detectable levels of human 
albumin and α-1-antitrypsin, which remained stable in most animals for at least 60 
days [44].  
 
In rats, undifferentiated organoid-derived cells were intra-splenically injected in a FAH-/- 
rat model. Engraftment was found in almost half the rats and efficiency was generally low. 
A small subset of cells differentiated towards a hepatocyte fate in vivo, while others 
formed bile ducts or seemed to retain their bi-potency [71]. Although liver organoid-
derived cells were moderately functional in these models, engraftment efficiency was low, 
regardless of differentiation status beforehand. Engraftment might be improved by 
providing these cells with a scaffold to support their homing, proliferation and 
differentiation by recreating their optimal ‘niche’ [23].  
 

Three-dimensional organoid culture environment 
Even though adult stem cell organoids show promise in tissue engineering, their culture 
system using Matrigel™ as a basement membrane-substitute renders them currently 
inapplicable in a clinical setting, since Matrigel™ is not FDA approved. Organoids are 
cultured in biologically derived hydrogels such as Matrigel™ or comparable collagenous 
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basement membrane-like hydrogels because these gels allow the cells to self-organize 
into spherical structures [57]. Matrigel™ is derived from the tumor basement membrane 
matrix produced by Englebreth-Holm-Swarm (EHS) mouse sarcoma cells and contains a 
complex mixture of different extracellular matrix components, such as laminin, collagen 
type IV and enactin [72]. However, Matrigel™ has several other drawbacks. First of all, it is 
not well defined, batch-to-batch differences are known to exist and it is known to be able 
to prevent differentiation and maintain ‘stemness’ of certain types of stem cells [72, 73]. In 
addition, Matrigel™ is not tissue specific [72]. This might be important, as it is often 
speculated that a tissue-specific environment is required to either maintain primary 
hepatocyte phenotype or to differentiate stem cells towards hepatocytes [7]. Thus, 
Matrigel™ might hamper the differentiation of organoids towards the hepatic lineages in 
Matrigel™.  

Therefore, a new, tissue-specific scaffold is required, which allows for the proliferation 
and differentiation of liver organoids. However, not much is known about the origin of the 
LGR5+ cells in the liver and the optimal micro-environment for these cells to grow in. The 
components that need to be present in order to create the optimal ‘niche’ for these cells 
to expand and differentiate as they would do in vivo, are still unknown [27, 74]. 

Decellularization of liver tissue 
Most likely, this optimal ‘niche’ is present within the ECM of the native liver, which could 
be used as a scaffold material for the expansion and differentiation of cells. A major 
advantage of using the liver ECM as a scaffold for tissue engineering purposes is that all 
structural and functional components of the ECM, which make the micro-environments 
tissue specific, are present within the scaffold [75]. The liver ECM can be obtained in a 
process which is called decellularization [76]. During this process, all cellular components 
including immunogenic proteins such as the Major Histocompatibility Complexes (MHC) 
are removed from the ECM, without damaging the matrix itself [76, 77].  

The resulting decellularized liver matrix retains most tissue specific components, is 
biocompatible and completely biodegradable. Furthermore, because the matrix maintains 
its integrity, all architectural features, such as the outlines of the vasculature network and 
the biliary tree remain present [78]. It is important to note that these structures have their 
own tissue-specific environment [79]. Because of all this, the liver ECM is an interesting 
scaffold for liver tissue engineering. 

Decellularization can be achieved using various methods. It has been done for murine [80], 
porcine [81] and human liver material [78] and different protocols have been described for 
efficient removing cells from the matrix [42, 75, 82]. Often a combination between chemical 
and enzymatic decellularization methods is being used [76]. The chemical methods involve 
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detergents, such as triton-x-100 and sodium dodecyl sulphate (SDS) (figure 3). These 
detergents lyse the cell membrane and remove it from the ECM [42]. Enzymatic methods 
involve endonucleases, such as DNase I, which cut residual DNA into small fragments [76]. 
Tissues are considered decellularized when no DNA fragment larger than 200 base pairs 
remain within the matrix [76].  

Graft engineering and recellularization strategies 
After efficient decellularization, the liver scaffold has to be repopulated with functional 
cells. Different strategies or approaches can be taken, depending on the final goal. Small 
pieces of liver can, for example,  be recellularized for in vitro purposes [78]. However, the 
decellularized matrix can also be used to create a 2D coating or a 3D hydrogel [75]. The 
latter might be interesting for liver organoid proliferation and potential differentiation in 
vitro, as the liver derived hydrogel might provide a more tissue specific environment than 
Matrigel™ or collagen type I hydrogel do [75]. 

The liver scaffold can also be recellularized as a whole or a partial organ scaffold (figure 3). 
The latter could be used for auxiliary partial liver transplantation. A major advantage of 
utilizing the whole organ scaffold is that the architectural lay-out and ECM’s of other 
tissue types, such as the biliary tree and the vasculature network are present. These vessel 
structures are essential for the proper functioning of the liver tissue [40, 83, 84]. Thus, these 
structures do not have to the engineered or added to the scaffold. Furthermore, these lay-
outs can be utilized to recellularize the empty liver scaffold. Recellularizing the 
decellularized liver scaffold is a complex process, in which cells have to enter via the 
vasculature system or via the bile ducts, without doing too much damage to the scaffold  
[42]. This has been done to some extent for murine and porcine scaffold [75, 78], but 
upscaling this to large human whole-organ scaffolds remains challenging [80]. In order to 
create functional tissues from these recellularized scaffold, the cells have to migrate 
towards to a specific location [42]. Hepatocytes, for example, need to pass the basement 
membrane of the vascular tree to enter the parenchyma of the liver. However, once 
injected there is nothing preventing them from remaining inside the vasculature network.  

This can potentially cause problems, such as clogging of the blood vessels with 
hepatocytes. Perhaps it is also possible to inject hepatocytes and/or cholangiocytes into 
the empty ECM via the bile duct network. However, ensuring that the cells end up in the 
right location remains a large challenge. Furthermore, the vascular system needs to be 
fully repopulated with a layer of endothelium, which separates the internal environment 
from direct exposure to blood. If this barrier is not continuous, due to incomplete 
recellularization, severe inflammatory reactions could occur after implantation [80, 85]. 
Similarly, the biliary tree has to be repopulated with cholangiocytes in order to ensure 
complete functionality of the bile ducts and the proper secretion of bile by the liver [80].  
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Figure 3: A: Schematic depiction of the decellularization and recellularization process. Cells are 
removed from the native liver with help of detergents (Triton-x-100, SDS). The decellularized liver 
matrix is obtained once all cellular components are removed. In order to repopulate the scaffold, 
liver organoids and endothelial cells are injected into the empty matrix and incubated in a bioreactor. 
Together, cells, signaling molecules (not depicted) and scaffold form a transplantable graft. B: 
Microscopic before and after images from a decellularized liver. Scale bar: 100µm. 
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All in all, different types of cells in certain ratios are required in order to create a fully 
functioning and potentially life supporting liver graft. Some cell types, such as the 
hepatocytes, are required in large quantities, which are nearly impossible to obtain and 
expand in vitro. By using human liver organoids this problem can be circumvented. The 
cells from the organoids can either be differentiated towards hepatocytes or 
cholangiocytes in vitro before they are injected into the liver graft. However, they can be 
injected as undifferentiated organoids or a as a mixture of both differentiated and 
undifferentiated cells with a certain ratio.  

Summary 
In order to build a tissue engineered liver, many pieces of the puzzle have to fall into 
place. Once the organ is successfully decellularized, the right cells are required in 
enormous amounts of constant quality and reflecting the functional needs of the liver. 
Most, currently available, cell types are deficit in one or more aspects needed.  Large 
numbers of cells are required that are already differentiated in vitro, or will be triggered to 
differentiate by the matrix environment towards functional hepatocytes and other cell 
types that are present in metabolically active liver tissue. The source of these cells and/or 
what combinations to use is subject of many research projects. Liver-derived organoids 
seem to tick most boxes needed, although the differentiation towards hepatocytes and 
cholangiocytes needs to be optimized. The key to efficient differentiation might be found 
inside the ECM. The influence of matrix components, which can be obtained using 
decellularization of donor liver organs, might enhance proliferation and differentiation 
towards the much needed hepatocytes for tissue engineering purposes. Recellularizing the 
empty liver scaffolds could yield constructs that can either fully replace failing liver or 
support a diseased liver, allowing it to heal. Thereby, the need for donor material could be 
reduced. 
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List of abbreviations 

CF Cystic fibrosis 
CFTR cystic fibrosis transmembrane conductor receptor 
DCD Donation after circulatory death 
EHS Englebreth-Holm-Swarm  
EpCAM epithelial cell adhesion molecule  
ECM Extracellular matrix 
Lgr5 leucine-rich repeat-containing G-protein coupled receptor 5  
MHC Major Histocompatibility Complexes  
MSC Mesenchymal stromal cell 
SDS Sodium dodecyl sulfate 
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Abstract 
Liver transplantation is the only effective treatment for end-stage liver disease, but 
absolute donor shortage remains a limiting factor. Recent advances in tissue engineering 
focus on generation of native extracellular matrix (ECM) by decellularized complete livers 
in animal models. Though proof of concept has been reported for human livers, the 
current study aims to perform whole liver decellularization in a clinically relevant series 
using controlled machine perfusion.  

Here we describe a mild non-destructive decellularization protocol, effective in 11 
discarded human whole liver grafts to generate constructs that reliably maintain hepatic 
architecture and ECM components using machine perfusion, while completely removing 
cellular DNA and RNA. The decellularization process preserved the ultrastructural 
extracellular matrix components confirmed by histology, electron microscopy and 
proteomic analysis. Anatomical characteristics of the native microvascular network and 
biliary drainage of the liver were confirmed by contrast CT scanning. Decellularized 
vascular matrix remained suitable for normal suturing and no major histocompatibility 
complex (MHC) molecules were detected, suggesting absence of allo-reactivity when used 
for transplantation. After extensive washing, decellularized scaffolds were non-toxic for 
cells after reseeding human mesenchymal stromal or umbilical vein endothelial 
endothelium cells. Indeed, evidence of effective recellularization of the vascular lining was 
obtained. 

In conclusion, we established an effective method to generate clinically applicable liver 
scaffolds from human discarded whole liver grafts, and show proof of concept that re-
seeding of normal human cells in the scaffold is feasible. This supports new opportunities 
for bio-engineering of transplantable grafts in the future. 

Keywords:  
Whole liver engineering, Transplantable scaffold, Proteomics, Extracellular matrix proteins  

 

  



Decellularization of whole human liver grafts | 47 
 

Introduction 
The burden of liver disease was reviewed to raise awareness of the seriousness of the liver 
disease epidemic [1]: approximately 29 million Europeans alone suffer from chronic liver 
condition, responsible for around 47,000 deaths per year. The only therapy for liver 
cirrhosis is liver transplantation, but the shortage of organ donors imposes a severe limit 
to the number of patients who benefit from this therapy. With increasing shortage of 
donor organs and decrease of their quality, the development of novel procedures and 
alternatives for organ transplantation becomes essential. Thus, organ engineering, which 
involves the repopulation of a-cellular matrices, was explored with the use of polymeric 
scaffolds [2] or 3-D printing of liver tissue [3] to make scaffolds that can be seeded with 
hepatocytes [4] or other cell types.  

Although these are powerful tools worth exploring, it remains difficult to design and 
create artificial, yet functional liver tissue with functional vascular and biliary trees for 
clinical use. Alternatively, removal of cells from an existing organ, leaving a complex 
mixture of structural and functional proteins that constitute the extracellular matrix 
(ECM), may provide a natural habitat for re-seeding with an appropriate population of 
cells [5-7], and connected to the blood stream and biliary system. The role of the ECM in 
guiding liver repair and regeneration was recently established [8], underlining the 
importance of naturally structured biomatrices, instead of using uncontrolled artificial 
compounds. 

Ideally, ECM is cell-free, but remains the interlocking mesh of fibrous proteins (collagen, 
elastin, fibronectin and laminin) and glycosaminoglycans [9, 10]. Evidence from rodent 
models shows the feasibility of decellularization of whole liver organs that provides an 
excellent scaffold for reseeding liver (stem) cells for graft-engineering [11-13]. Also 
porcine [14, 15] and sheep liver [16] have been successfully decellularized to obtain ECM for 
transplantation. However, so far there is very limited experience with decellularization of 
whole livers from humans. Recently, Mazza et al. showed efficient decellularization of a 
whole liver (n=1) and partial livers (n=2) to generate small cubes of human liver 
scaffold [5]. Different decellularization methods have been described among which are 
physical force (freeze/thaw, sonication, mechanical agitation), enzymatic agents (trypsin, 
endo- and exonucleases) and/or chemical agents (ionic, non-ionic and zwitterionic 
detergents) [6]. Usually, combinations of these methods are used. In larger organs, such as 
human or porcine liver, perfusion through the intrinsic vascular beds is the favorable route 
to be able to reach all cells [16, 17]. So far, most experimental decellularization protocols 
include the use of sodium dodecyl sulfate (SDS) to generate full freedom of cells and 
translucency, but this also progressively destroys the extracellular matrix (ECM) and 
hampers clinical translation [16].  
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Here, we report a universal effective protocol for establishing decellularized human whole 
liver scaffolds (DHLS) using machine perfusion and show proof-of-concept of 
recellularization with human umbilical vein endothelial cells (HUVEC) in vitro. 

Experimental Procedures 
Donor characteristics and liver preparation 
Adult human livers (n=11, age range: 52-71 years), declined for transplantation by 
transplant centers across the Euro-Transplant area, were included in this study. Ten livers 
were from donation after circulatory death (DCD), one from donation after brain-
death (DBD). All were discarded because of age beyond Dutch protocol criteria, severe 
steatosis, extended cold ischemia period, or too long first warm ischemia time. The study 
was approved by the medical ethical committee of the Erasmus MC University Hospital. 
Informed consent for use of declined livers for research purposes by the next of kin of the 
donors was documented in the donor data application of EuroTransplant. All liver 
procurement procedures were performed by regional organ procurement teams using a 
standard technique of in situ cooling and flushed with 6-10L of cold preservation 
fluid (Belzer University of Wisconsin (UW) solution; Bridge to Life Ltd, London, UK), 
containing 300 IU/kg of heparin (Leo Pharma, Ballerup, Denmark). The livers were stored 
and transported on melting ice. Upon arrival the portal vein and the hepatic artery were 
cannulated and the liver was additionally flushed with 1L of cold heparinized saline (0.9% 
NaCl containing 5,000 IU of heparin), to remove remaining blood and thrombi. The cystic 
duct was ligated to prevent bile to flow into the common bile duct.  

Liver decellularization 
Whole human livers were decellularized by dual machine perfusion via the portal vein and 
hepatic artery (figure. 1A-B). For this, a perfusion set up was custom-made to enable 
decellularization via the portal vein and the hepatic artery using controlled flow rates of 
perfusion fluids consisting of 4% Triton X-100 (Brunschwig Chemie, Amsterdam, 
Netherlands) with 1% ammonium hydroxide (Sigma, St Louis, MO). The initial flow rate 
of 60 ml/min was increased to 350 ml/min at day 3 and onwards, and was refreshed 
every 4 hours, until the liver became pale and semi-transparent (duration from 4 to 6 
days). Subsequently, the remainder of cellular debris was washed out by perfusion 
with 0.9% NaCl (1 L, 30ml/min). DNAse-I solution (1L, 2mg/L, Roche, Mannheim, Germany) 
was recirculated for 8 hours at 37˚C to remove all DNA fragments sticking to the matrix, 
followed by 0.9% NaCl (1 L, 30ml/min). Biopsies were taken from left and right core and 
periphery of the liver before and after the procedure. The decellularized human liver 
scaffolds (DHLS) were stored at -20˚C until further use.  
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Histological analysis 
Biopsies were formalin-fixed (4%) for 24h, paraffin-embedded and sectioned (5 µm) for 
histological examination. To analyze the general morphology and the efficiency of 
decellularization, sections were stained with haematoxylin-eosin (H&E) and analyzed using 
a bright field microscope. Additional sections were processed and stained with Picrosirius 
Red (collagen type I and III) and Weigert’s Resorcin Fuchsin (collagen & elastin)[18-20] to 
analyze the most abundant matrix proteins. Sudan Black B staining was performed on 
paraffin-embedded sections according to standard procedure, to demonstrate the 
presence of the ageing-related pigment lipofuscin. 

DNA – RNA detection  
Biopsies from DHLS for RNA and DNA isolation were weighted and kept in RNA-later 
(500 µl, Qiagen) and stored at -80˚C until further analysis. After thawing, the biopsies were 
homogenized in 700 µl Qiazol (Qiagen, Venlo, Netherlands) using the 
TissueRuptor (Qiagen). The RNA fraction was extracted using the Macherey-Nagel 
NucleoSpin kit. The DNA fraction (interphase after chloroform extraction) was isolated 
using a standard back-extraction buffer (BEB) protocol. DNA and RNA content were 
measured using standard protocol on a NanoDrop spectrophotometer (Thermo Scientific, 
Breda Netherlands). In addition, paraffin sections were stained with 4’,6-diamidino-2-
phenylindool (DAPI) and DNA content was analyzed by fluorescence microcopy.  

Scanning Electron Microscopy 
Representative biopsies of two decellularized human livers were analyzed in a field 
emission electron microscope (JSM-7500F, Jeol, Peabody, MA). The liver pieces were 
frozen in liquid nitrogen and broken to mount the fold zone on the specimen holder. The 
fold zone was covered with 15nm Au nanoparticles during 50 sec in a dual target sputter 
coating machine (Quorum Q300TD, QuorumTech, East Sussex, UK) to make it electrically 
conductive. 

Protein analysis 
Glycosaminoglycan (GAG) assay 
GAGs are measured as described previously [21]. In short, direct-frozen DHLS biopsies were 
mechanically fractionated using sonification, and subsequently digested using a papain 
solution (10mg/ml in H2O, at 65˚C, pH 6.5, Sigma). Subsequently, the sample was mixed 
with PBS-EDTA, substrate was added (1,9 Dimethylmethylene-Blue; DMB, PolySciences, 
Eppelheim, Germany) and the extinction was measured in a spectrophotometer at 
590/530 nm wavelength. The GAG content was calculated using a standard curve of 
chondroitin sulfate C (0.5 mg/ml, Sigma) in PBS. 
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High resolution liquid chromatography-mass spectrometry (LC-MS) 
Protein samples were isolated from frozen biopsies taken from human decellularized 
livers (n=3) and normal liver (n=1) and processed for high resolution liquid 
chromatography-mass spectrometry (Orbitrap LC-MS) analysis. In short, 6 µm thick frozen 
sections were collected (in triplicate) using a cryostat microtome (Leica, Eindhoven, 
Netherlands). The use of optimum cutting temperature (O.C.T.) formulation was avoided 
to prevent contamination of the samples by this polymer. Frozen tissue sections were 
denaturized using 100 µl 0.1% RapiGestTM SF surfactant (Waters Inc., UK) in 50mM 
ammonium bicarbonate followed by sonification for 2 min (amplitude  70% , 37°C). 
Protein sulfur-bridges were reduced using dithiothreitol (5 mM, 30 min), in an Eppendorf 
thermomixer (56°C, 450 rpm). Alkylation was performed by addition of iodoacetamide (15 
mM) and incubated in a thermomixer (30 min at 37°C,450 rpm). Proteins were digested 
using trypsin gold mass spectrometry standard (PROMEGA, Madison, WI, USA) to a ratio 
of 1:100 – 1:20 w/w. Samples were incubated overnight (37°C, shaking, pH 8). Digestion 
was stopped using trifluoroacetic acid (TFA, 0.5 %,pH < 2, 37°C, 45 min). The samples were 
separated by a nano-LC system followed by mass spectrometry [22]. Samples were 
analyzed by an Orbitrap FusionTM TribridTM mass spectrometer (Thermo Fischer Scientific, 
San Jose, CA, USA). Tandem mass spectrometry (MS/MS) spectra were extracted from raw 
data files and converted into Mascot generic format (MGF) files using extract msn 
(Xcalibur version 2.0.7., Thermo Fischer Scientific). MS/MS spectra were sequenced via a 
Mascot MS/MS database search (version 2.3.2., Matrix Science Inc., London, UK) against 
the UniProt Swiss-Prot database (version 2014-09), taxonomy Homo Sapiens (20,196 
sequences). The search parameters used a maximum of 4 missed cleavages, tryptic 
cleavage, methionine oxidation (15.995 u) as a variable, also proline and lysine 
hydroxylation (15.995 u) were variable. Peptide mass tolerance was set at 10 ppm with a 
fragment mass tolerance of 0.5 Da. For peptide identification a minimum ion score of 25 
was required. These results were imported and further analyzed by Scaffold 
(version, 4.3.4, Proteome Software Inc., Portland, OR, USA), GenePattern 
(v3.9.1, Jan 2015)[23], and String (v9.1)[24]. 

Vascular integrity 
To evaluate the integrity of the vascular network, Türk’s solution (Merck) was injected into 
the portal vein and hepatic artery of a decellularized liver. In another scaffold, 50 ml 
iodine-containing positive X-ray contrast fluid (Iomeron® 300, 1:5 diluted, Bracco Imaging 
Deutschland GmbH ) was injected into the portal vein and imaged immediately using a 
micro-computer tomography scan (SkyScan 1076 micro-CT; Bruker, Belgium). Scanning 
was done during 2.5 minutes. To demonstrate the integrity of the biliary tree, contrast 
fluid (diluted 1:20) was injected into the common bile duct and a CT image was made 
immediately using a clinical Somatom Force CT scanner (Siemens Healthcare).  
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Re-endothelization with human umbilical vein endothelial cells 
(HUVEC) 
HUVEC were kindly provided by Dr. Uitte de Willige (Erasmus MC) and expanded on 
gelatin-coated (1%) culture flasks (T25cm2, Greiner) in medium 199 (M190; Invitrogen), 
supplemented with endothelial cell growth factor (ECGF 100x, Sigma), 1% pen/strep, and 
20% FBS. Cells are passaged 1:3 when 90% confluent. No passage numbers higher than 
passage 7 were used. HUVECs were incubated for 1-5 days with sections cut from DHLS 
(ø 8 mm, 250 µm thick) in a 48-well plate (Greiner Cellstar multiwell culture plate) in 
HUVEC culture medium. Each section received 104 HUVEC. Every day (day 1, 2, 3, 4, and 5), 
sections were harvested, fixed in 4% paraformaldehyde and embedded in paraffin. 
Immunohistochemistry was performed to detect endothelial cells using the endothelial 
markers: vimentin (Clone 9, Ventana) and Factor 8/von Willebrand Factor (polyclonal, 
Dako, dilution 1:8000). The sections were pretreated with cell conditioning solution-1 
(CC1; Ventana Medical Systems Inc., Tucson, US), 32 min at 97˚C. 

Results 
Effective whole-liver decellularization of human liver grafts 
During the decellularization process the human livers gradually lost their red-brown color 
to become pale beige (figure 1C-D). Interestingly, the characteristic transparency as seen 
in rodent livers was not obtained, although all human livers that were processed in this 
study were homogeneously perfused and fully decellularized. Overall, the 3-D structure 
remained intact and did not collapse, deflate or tear. Histological analysis of H&E stained 
sections revealed the total absence of cells (figure 1E-F). A residual mesh of matrix 
structures remained present after the treatment. In accordance with this, the RNA content 
in the DHLS was decreased by up to 95% after decellularization (figure 2A). On 
average 454ng±401.6 ng RNA/mg wet weight (average ± SD) was isolated in normal liver 
biopsies, whereas in the DHLS 24.6±7.0 ng/mg wet weight (average ± SD) remained. Also 
DNA content of the liver was dramatically reduced to 2% (from 291.4±231.8 ng/mg wet 
liver weight (average ± SD) before decellularization to 5.8 ± 3.8 ng/mg wet liver weight 
(average ± SD) in the DHLS) after the decellularization process followed by DNAse 
digestive treatment (figure 2A). DAPI-stained sections, made from biopsies taken after the 
decellularization process were analyzed by fluorescence microscopy. No nuclei were 
found, confirming the removal of DNA and RNA in the DHLS (figure 1G-H). The pale beige 
color of the DHLS was most probably due to remaining lipofuscin, which was detected in 
pre- and post decellularized human livers using Sudan Black B staining (figure 3). 
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Figure 1: Perfusion-driven decellularization of whole human livers. Schematic representation of 
the machine perfusion set up (A). The liver is cannulated at the portal vein and hepatic artery. 
Therefore fluid can be pumped at a regular speed (~160 ml/min) into both vascular compartments 
(B).  
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Figure 1 continued: A representative liver of the eleven human livers that were decellularized is 
shown. Macroscopically, before (C) and after decellularization (D), the livers become pale and semi-
transparent during the procedure. Paraffin-sections of liver biopsies taken before (E) and after (F) 
decellularization were stained with haematoxylin & eosin (H&E) revealed that no cells were left in the 
liver scaffold and only matrix fibers are still present (n=11). This was confirmed by staining sections 
with 4’,6-diamidino-2-phenylindool (DAPI) and analysis using a fluorescent microscope (G and H) . 
DAPI binds to DNA and the absence of any staining of decellularized tissue demonstrates the 
efficiency of the procedure. 
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Decellularized liver matrix integrity and glycosaminoglycan (GAG) 
content 
Left and right peripheral and core liver biopsies, taken before and after decellularization, 
were processed for histological analysis of matrix proteins collagen type I and type III and 
elastin by Weigert’s resorcin fuchsin staining (WRF) and Picro Sirius Red (PSR) staining. 
figure 2B-G shows representative (DHLS) images. The most abundant types of collagen in 
the liver, collagen type I and III including elastin, remained present at their natural location 
and were not affected by the decellularization process. To investigate the scaffold and its 
molecular surface in detail, field emission scanning EM was performed (figure 2H & I). The 
parenchymal space of the scaffold showed an open parenchymal structure with no cells 
left. Sulfated glycosaminoglycan (GAG) content was measured using a direct 
spectrophotometric micro-assay. As shown in figure 2J, comparing the GAG content 
before to samples taken after the process, no significant differences were found (p=0.18).  

Protein content of decellularized human liver scaffolds 
Proteomic analysis of the DHLS was compared to normal liver (t=0), using liquid 
chromatography-mass spectrometry (LC-MS). As shown in Table 1., proteins most 
abundantly present were collagen type III and I, integrin, filamin, fibronectin and other 
extracellular matrix-related proteins, as expected. Furthermore, some hepatocyte 
abundant and/or liver-specific protein fragments (not matrix-related) were found 
associated with the extracellular matrix. These included proteins related to fatty acid 
metabolism, complement and a few mitochondrial proteins (ATP synthase-related). 
Although HLA-related proteins were detected in the normal, non-treated liver samples, 
none of these immunogenic proteins were detected in the decellularized samples. 
Hierarchical clustering (GenePattern v3.9.1 [23] is graphically represented in a 
dendrogram (figure 4A) that clearly illustrates the clustering of the samples taken before 
decellularization, and the samples analyzed for three different decellularized livers. The 
analysis is done on the total set of proteins detected (1761 proteins), however, only the 
top 25 most abundantly present proteins are shown in the heat map for clarity purposes. 
The interaction of the top 25 proteins expressed in decellularized liver was visualized using 
String analysis (v9.1) [24] (figure 4B), and clusters the matrix proteins, mostly collagens. A 
few non matrix-related, but liver-specific protein fragments are present and clustered. 
Table 1. summarizes the top25 most abundantly present proteins in the decellularized 
livers. All together, these data show that matrix integrity and composition is well 
preserved during the decellularization process. 
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Figure 2: Decellularized livers preserve matrix proteins and their natural localization. DNA content 
decreased significantly (* P<0.005) when treated with Triton X-100 and further decreased after 
washing with a DNase solution to 2% of DNA (** P<0.0001, n=4). RNA was washed as efficiently to 
5% left after the decellularization process (*** P<0.002, N=4). GAG content did not differ significantly 
(p=0.18, n=9) from normal liver contents after decellularization, and were not damaged or removed 
by the decellularization method used. DNA, RNA, and GAG content is expressed as µg per g wet liver 
weight (A-J). Histological analysis was done with fresh and decellularized human liver sections using 
Weigert’s Resorcin-Fuchsin staining for collagen (blue) and elastin (pink) (B-E) , Picro Sirius Red 
staining for collagen (red; bright-field microscopy (C-F) and type I and type III collagen including 
reticular fibers (yellow and green resp.; using polarized light microscopy (D-G)) . Figure H-I shows 
representative SEM images of a decellularized extra-cellular matrix. No residual cells are found and 
matrix fibers are clearly present. 

Decellularized human liver scaffolds are sterile and sustain cells in 
culture 
To test the sterility of human decellularized liver, 200 µm thick sections of DHLS (n=15) 
were incubated in culture medium at 37˚C for over 2 months. Medium was refreshed 
twice weekly and did not contain any antibiotics. No bacterial, fungal or yeast growth was 
found (data not shown) which shows that the decellularized human livers can be used in 
sterile cultures for recellularization. In addition, all proteins detected by mass 
spectrometry were matched to the whole bacterial database (Uniprot Swissprot) and no 
bacterial proteins were detected (data not shown).  
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Figure 3: Lipofuscin-related pigment in the decellularized livers. Lipofuscin was detected in livers 
before decellularization as brown pigment in H&E stained slides (A-B) and unstained slides (C-D) as 
indicated by arrowheads. After decellularization the brown pigment still was present (H&E staining 
E-F). Sudan Black B (SBB) staining (G-H) indicates that the brown pigment is residual accumulation of 
lipofuscin in liposomes that is associated with age.  
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Figure 4: Differential expression of proteins present in the DHLS. Mass spectrometry analysis was 
performed on cryosections (6 µm) that were cut from a non-treated liver and three decellularized 
livers. Three sections (two in the case of liver #3) were collected from different areas in each liver, 
and analyzed. Hierarchical cluster analysis clearly demonstrated the different protein expression 
between the samples taken before decellularization versus after (liver #1, #2, and #3). The three 
sections that were taken from each liver clustered together, but were different between the three 
decellularized livers demonstrating the differences between the livers after the treatment. The 
differential expression of the proteins (only the top 25 proteins are shown here) are visualized in the 
dendrogram (A), red color being abundantly expressed proteins, blue low to not present. String 
analysis of the top 25 most abundant proteins (listed in table 1) in the decellularized samples, 
visualizes the interaction of these proteins to each other (B).  

Biliary and vascular network is preserved in human liver scaffolds  
CT analysis of the biliary tree (figure 5.), visualized the complete biliary tract providing 
evidence that this system is leak free, although denuded of biliary epithelial cells. Because 
of absence of tissue counter pressure, the bile ducts appear more bulgy than on normal 
cholangiography. LC-MS data also confirmed the presence of basement heparin 
glycoproteins in the decellularized samples, indicating that the basal membrane remains 
intact after decellularization. As also shown in other studies [12, 13, 17], the vascular 
network stays intact after the decellularization procedure. The blood vessels are 
transparent (figure 6A) and have sufficient strength to be sutured in a transplantation 
setting (figure 6B). Although the endothelial cells covering the vascular system in the liver 
are removed as a result of the treatment, the vascular network structure preserved its  
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Table 1: Top 25 most abundant proteins present in decellularized human livers as determined with 
MassSpectometry. Three decellularized livers were analyzed in triplo. 

 
integrity, as demonstrated by injecting blue dye into the portal vein and hepatic 
artery (figure 6C). The vascular branches were visualized throughout the liver, and no 
leakage of the dye outside the blood vessels occurred. In addition, an intact vascular 
system was found when injecting iodine-containing contrast into the portal vein followed 
by micro-CT analysis (figure 6D). The presence of basement membrane proteins, mostly 
heparin sulfate proteoglycans, after decellularization was confirmed by proteomics (data 
not shown). 

Re-endothelization with HUVEC 
Sections of human decellularized liver seeded with HUVEC were stained with antibodies 
against vimentin, and von Willebrand Factor/F8, which are markers for endothelial cells. 
Vimentin and vWF/F8 staining were found in the lumina of blood vessels from day 1 
onwards to day 5 of incubation (figure 7, day 5 data is shown), indicating that the 
endothelial cells found their natural habitat and adhered there. As indicated, negative 
control sections(decellularized) did not stain (figure 7C-D), and positive control sections 
(normal liver) were all positive (figure 7A-B). 

Rank Accession ID Protein 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 

P02461 
P02452 
P31327 
P08123 
P12111 
Q09666 
P35579 
Q13813 
Q15149 
P05997 
P08572 
P05091 
P00352 
P30837 
P35580 
P15924 
P12110 
P49327 
P02458 
Q01082 
P00325 
P02462 
Q13576 
P11498 
P12109 

Collagen alpha-1 (III) (COL3A1) 
Collagen alpha-1 (I) (COL1A1) 
Carbamoyl-phosphate synthase, mitochondrial (CPS1) 
Collagen alpha-2 (I) (COL1A2) 
Collagen alpha-3 (VI) (COL6A3) 
Neuroblast differentiation-associated protein (AHNAK) 
Myosin-9 (MYH9 
Spectrin alpha chain, non-erythrocytic (SPTAN1) 
Plectin (PLEC) 
Collagen alpha-2 (V) (COL5A2) 
Collagen alpha-2 (IV) (COL4A2) 
Aldehyde dehydrogenase, mitochondrial (ALDH2) 
Retinal dehydrogenase 1 (ALDH1A1) 
Aldehyde dehydrogenase X, mitochondrial (ALDH1B1 
Myosin-10 (MYH10) 
Desmoplakin (DSP) 
Collagen alpha-2 (VI) (COL6A2) 
Fatty acid synthase (FASN) 
Collagen alpha-1 (II) (COL2A1) 
Spectrin beta chain, non-erythrocytic (SPTBN1) 
Alcohol dehydrogenase 1B (ADH1B) 
Collagen alpha-1 (IV) (Col4A1) 
Ras GTPase-activating-like protein (IQGAP2) 
Pyruvate carboxylase, mitochondrial (PC) 
Collagen alpha-1(VI) chain (COL6A1) 
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Figure 5: Biliary integrity. CT-scan in which the biliary tract is visualized using contrast fluid. The bile 
ducts remain unleaky and are not affected by the decellularization procedure. The arrows indicate 
the cannules that were used for decellularization. Figure B shows a detail of the biliary branches. 

Discussion  
Here we report successful decellularization of human livers to obtain transplantable whole 
organ scaffolds. We show proof-of-concept that these scaffolds can serve as feasible 
resources for future tissue engineering purposes. Using a controlled perfusion system, a 
complete three-dimensional a-cellular human liver scaffold was generated on a clinically 
relevant scale and free of allo-antigens. The use of whole organ decellularization for the 

generation of vascularized liver scaffolds was pioneered by the Wake Forrest School of 
Medicine [12] and Harvard Medical School [7]. They, and others, demonstrated the 
feasibility to generate a-cellular liver matrices of different species origin in which 
components such as collagens, elastins and glycosaminoglycans are preserved [7,12, 15, 25-

32].  

In this report, we present the feasibility of systematically upscaling the decellularization 
process to discarded human livers. Eleven human livers were efficiently decellularized by 
non-iogenic detergents via machine perfusion. A careful choice of the decellularization 
methodology is of great importance as methods described for decellularization may be 
well suitable for other organs than the liver, but may damage the composition of the 
matrix proteins [11, 33-35]. Interestingly, in our study, the decellularized human livers did 
not become as transparent as described in rodents. Even prolongation of the 
decellularization process using only the mild 4% TritonX100 perfusion method, did not 
result in a translucent liver. This is in line with previous studies, describing that SDS is 
typically more effective for removing cell residues from tissue compared to other 
detergents but is also more disruptive to ECM [36-38]. To prevent this, SDS was successfully 
left out of the perfusion solution with 100% removal of the cells without damage to the 
matrix proteins and GAGs in particular. Recently, Mazza et al., decellularized the left lobe 
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Figure 6: Vascular network integrity. The blood vessels of decellularized livers are transparent but 
sturdy (A-B). The vascular system is not leaky as demonstrated by injecting blue dye (C) in a 
decellularized liver or CT-contrast fluid (Iomeron 300 1:5 diluted) (D).  

of a human liver (segment 1, 2,3, and 4) (n=2) and one whole liver using a perfusion 
protocol with Triton X100 in combination with 0.01%, 0.1%, and 1% SDS [39]. And, 
although they confirmed the presence of the liver architecture by the presence of 
collagen types I and IV, fibronectin and other matrix proteins, there was no in depth 
analysis of other important matrix components as GAGs that are usually severely damaged 
when using SDS in the decellularization procedure. The remaining pale beige color of the 
livers described in our study, was also noticed before in decellularization of kidneys from 
higher species [40]. It might possibly be due to accumulation of lipofuscin that accumulates 
with increasing age [41-43], and which is obviously absent in the young lab animals used for 
decellularization. Lipofuscin appears as yellow-brown granules, alternatively called ‘dense 
bodies’ that mainly contain oxidatively modified protein and lipid degradation residues, 
including triglycerides, free fatty acids, cholesterol and phospholipids, but also  
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Figure 7: Re-endothelialization of human decellularized matrix with HUVEC. Representative immuno-
histological staining (one representative of three experiments done) of decellularized liver sections 
incubated for 5 days with HUVEC. Control endothelial cells in normal liver stained positive for 
vWF/Factor8 and vimentin (A-B). Decellularized liver samples were all negative when stained with 
these antibodies (C-D) and decellularized liver that was incubated for 5 days with HUVEC cells  
stained positive for vWF/Factor 8 (E-G) and vimentin (F-H) (20x magnifications, details of the sections 
(100x) are shown in G-H). The pictures are representative sections analyzed at day 5 of incubation. 
All sections have been counterstained with haematoxylin for nucleus staining. In all sections, 
collected at day 1 to day 5, vimentin- and vWF-positive cells could be detected (data not shown).  

carbohydrates and metals [44]. Lipofuscin granules  can be detected in cell types that 
exhibit low rates of mitosis, or at least retain the potential for division, such as 
hepatocytes [41] and are not degraded or eliminated otherwise [45]. The accumulation of 
lipofuscin pigment in lysosomes is found in many tissues, including liver and correlates 
with age [42]. The livers used in this study were all relatively old as opposed to the young 
laboratory animals used in other studies. Lipofuscin was detected in the livers before and 
after decellularization and is most probably responsible for the non-transparent 
appearance. Perfusion with SDS would most probably remove the lipofuscin, but as these 
“wear and tear” pigments are harmless and do not have any pathological implication, the 
milder but effective decellularization method using TritonX100 excels over the use of SDS 
that is known to damage the ECM [11, 33-35]. 

In this study, the human livers were cannulated via the portal vein and hepatic artery to 
enable perfusion of the whole organ. The choice for this route of entry and the use of 
Triton X-100 and ammonium hydroxide to wash out the cells was based on previous 
studies that compared several techniques for decellularization of rodent, sheep and pig 
organs [15, 16, 46, 47]. The intricate vascular network, including portal vein and hepatic 
artery inflow and hepatic venous outflow, remain intact, even in the absence of vascular 
endothelium, which is in accordance with animal studies [12, 13, 17, 48]. However, the 
integrity of the biliary tree was not thoroughly investigated before. Adequate biliary 
drainage is crucial and may form the ‘Achilles heel’ of bio-engineered livers. Only 
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Yagi et al., showed that the larger bile ducts of the biliary tree seemed to have a natural 
structure [17]. However, the small peripheral bile ducts were affected, which might be 
explained by the use of more aggressive detergent (SDS) rather than using 
Triton X 100 [11,33]. In our study, the same integrity of the intrahepatic bile duct with 
adequate branching was shown. Histology and LC-MS proved conservation of the 
structure and composition of each specific ECM protein. In addition, LC-MS revealed the 
absence of MHC proteins in the scaffold, confirming the complete removal of cellular 
antigens and the suitability for use as allografts. Indeed, mixed lymphocyte reactions 
performed with rat matrix  suggest that decellularized scaffolds have no allo-antigens that 
can induce lymphocyte proliferation or rejection [28]. 

Repopulation of a complex organ such as the liver poses numerous challenges. Using the 
extracellular matrix of the native liver obviously helps to create the most optimal niche for 
cells to repopulate but the types of cells to be infused to create fully functional liver tissue, 
remains to be elucidated. In addition to the liver-specific matrix proteins, the still present 
vascular and biliary system may also provide entry routes for the different cell types 
needed. Obviously, efficient recellularization is a complex process in which hepatocytes or 
other parenchymal cells need to pass the remnant basement membrane of the 
decellularized blood vessels or bile ducts to enter the parenchyma after vascular or biliary 
administration, respectively. In addition, cell numbers that are required for efficient 
recellularization are highly dependent on cell type and volume of the scaffold, as reviewed 
by Meng et al. [49]. Re-endothelialization is a pivotal step to prevent thrombosis as a result 
of the massive collagen contact surface that blood will encounter upon reperfusion [48], 
and which cannot be prevented by coating with heparin [50]. We demonstrated, like others 
did in animal models [7, 12], that matrix sections can be re-seeded with endothelial cells 
and that these cells end up at the location of the decellularized blood vessels and pave the 
basal membrane. In our studies, HUVECs were used as a source of endothelial cells, as in 
most studies in rodents and pigs [12, 13, 40, 51], but other sources such as endothelial 
progenitor cells [52] are also used and show similar results. The next hurdle to be taken 
towards clinical application is to choose a cell source for liver parenchyma repopulation. 
An adult liver contains approximately 150-350 billion cells of which the largest 
part (70- 85%) is made up by hepatocytes. However, adult primary hepatocytes of high 
quality are scarce and therefore limits tissue-engineering applications. Ideally, autologous 
cells, isolated from the patients themselves are used as these cells will have a low risk to 
trigger an immune response. However, cell numbers will be the limiting factor. 
Alternatively, (autologous) pluripotent stem cells which self-renew and are able to 
differentiate into all cell types needed could be seeded. As embryonic stem cells are not 
available mainly due to ethical concerns, inducible pluripotent stem cells (iPS cells) [53] are 
promising cell types to use in re-seeding a liver scaffold [54]. Although these cells can be 
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grown in large numbers and give rise to parenchymal and supportive cells, their use is not 
ideal due to their epigenetic modifications of DNA and the production of teratomas when 
transplanted in an undifferentiated state [55]. This may be overcome by using inducible 
human hepatocytes (iHep) from pluripotent stem cells, generating large amounts of 
functional liver cells to reload the matrix [56]. However, the concern about the plasticity of 
these cells to form bile ducts is a main obstacle in clinically transplantable liver matrix 
engineering. In addition to repair the endothelium of the vascular system, bile ducts also 
need to be repaved with biliary epithelium. A potential source of biliary epithelial cells 
may come from the recently discovered bi-potential liver organoids, originating from Lgr5+ 
adult stem cells isolated from human liver, that are able to differentiate into both 
hepatocytes and cholangiocytes depending on culture medium composition [57]. Bi-
potential liver organoids could also be driven towards cholangiocyte differentiation and 
may be applied to repopulate the intrahepatic and extrahepatic bile ducts in order to gain 
functional bile ducts. These liver-derived organoids would be the most promising cell type 
to use, with or without infusion of additional accessory cells as MSC [58]. The requirement 
of different cell types in various quantities might also be circumvented by using liver-
derived organoids to repopulate the hepatocyte and cholangiocyte population. Instead of 
infusion of differentiated hepatocytes or cholangiocytes, organoids could be administered 
as undifferentiated stem cells which subsequently differentiate in situ according to the 
need and based on signals present in the decellularized scaffold [58].In summary, human 
cadaveric livers can be successfully decellularized using machine perfusion and non-ionic 
detergents and can be repopulated with endothelial cells. The next steps towards clinical 
application involve finding a cell source or combinations of cell types to reseed the matrix, 
including the vascular and biliary system, with to gain functional liver tissue.  
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List of abbreviations 
 

BEB Back extraction buffer 
CT scan Computer tomography scan 
DAPI 4’, 6-diamidino-2-phenylindool 
DBD Donation after brain death 
DCD Donation after cardiac death 
DHLS Decellularized human liver scaffold 
ECGF Endothelial cell growth factor 
ECM Extracellular matrix 
FBS Fetal bovine serum 
GAG Glycosamino glycans 
HE Hematoxylin-Eosin staining 
HUVEC Human Umbilical Vein Endothelial Cells 
iPS cells Inducible pluripotent stem cells 
LC-MS Liquid chromatography – mass spectrometry 
MGF Mascot generic format 
PSR Picro Sirius Red staining 
SDS  Sodium dodecyl sulphate 
TFA Trifluoroacetic acid 
WRF Weichert’s resorcin fuchsin staining 
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Abstract 
Human whole-liver perfusion-decellularization is an emerging technique for producing bio-
scaffolds for tissue engineering purposes. The native liver extracellular matrix (ECM) 
provides a superior microenvironment for hepatic cells in terms of adhesion, survival and 
function. However, current decellularization protocols show a high degree of variation in 
duration. More robust and effective protocols are required, before human decellularized 
liver ECM can be considered for tissue engineering applications. The aim of this study is to 
apply pressure-controlled perfusion and test the efficacy of two different detergents in 
porcine and human livers.  
 

To test this, porcine livers were decellularized using two different protocols; a triton-x-
100 (Tx100)-only protocol (N=3) and a protocol in which Tx100 was combined with 
SDS (N=3) while maintaining constant pressure of 120mm Hg. Human livers (N=3) with 
different characteristics (age, weight and fat content) discarded for transplantation were 
decellularized using an adapted version of the Tx-100-only protocol. Decellularization 
efficacy was determined by histology and analysis of DNA and RNA content. Furthermore, 
the preservation of ECM components was assessed.  
 

After completing the perfusion cycles with detergents the porcine livers from both 
protocols were completely white and transparent in color. After additional washing steps 
with water and DNase, the livers were completely decellularized, as no DNA or cell 
remnants could be detected. The Tx100-only protocol retained 1.5 times more collagen 
and 2.5 times more sGAG than the livers decellularized with Tx100 + SDS. The Tx100-only 
protocol was subsequently adapted for decellularizing whole-organ human livers. The 
human livers decellularized with pressure-controlled perfusion became off-white in color 
and semi-transparent within 20 hours. Livers decellularized without pressure-controlled 
perfusion took 64-96 hours to completely decellularize, but did not become white or 
transparent. The addition of pressure-controlled flow did remove all cells and double 
stranded DNA, but did not damage the ultra-structure of the ECM as was analyzed by 
histology and scanning electron microscopy. In addition, collagens and sGAG were 
maintained with the decellularized ECM.  
 

In conclusion, we established effective, robust and fast decellularization protocols for both 
porcine and human livers. With this protocol the duration of decellularization for whole-
organ human livers has been shortened considerably. The increased pressure and flow did 
not damage the ECM, as major ECM components remained intact.  
 

Keywords 
Liver tissue engineering, Regenerative medicine, Whole organ decellularization, 
Extracellular matrix, Biomaterials, Liver transplantation 
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Introduction 
Liver decellularization procedures are attractive techniques for producing bio-active 
support scaffolds for liver tissue engineering purposes [1-3]. Currently, the only effective 
treatment for end-stage liver failure is liver transplantation [4]. However, an ever 
increasing gap exists between the high demand and the low availability of good quality 
donor livers, causing waitlist mortality [5, 6]. The multidisciplinary field of liver tissue 
engineering aims to bridge this gap. Functional and transplantable liver constructs are 
created by combining supportive scaffold structures with functional cells and certain 
biochemical cues [3, 7-9]. 

The scaffold, functional cells and biochemical cues are each of key importance for the 
functioning of the liver construct [3]. Researchers have put much effort in culturing 
primary hepatocytes in vitro. However, in vitro cultures lack the spatiotemporal control of 
physical and biochemical cues of the in vivo hepatic microenvironment. Therefore, these 
cells quickly dedifferentiate and loose functionality [10, 11]. Similarly, the lack of these 
tissue specific cues is preventing the full differentiation of stem cells towards functional 
hepatocytes in vitro [12, 13]. Therefore, a bio-mimicking support structure is required, 
which is capable of providing the hepatic cells with physical (e.g. stiffness and 
composition) and biochemical support (e.g. specific deposition of growth factors) [3, 14-16]. 

In essence, the supportive scaffold has to replace the extracellular matrix (ECM) of the 
liver, which is composed of a complex mixture of extracellular matrix proteins (such as 
collagens, fibronectin and elastin), polysaccharides and proteoglycans (such as various 
glycosaminoglycans (GAGs)) [1, 14, 17, 18]. Alterations in the composition and/or stiffness of 
the ECM can impair liver functionality and are associated to various disease states, such as 
liver fibrosis or cirrhosis [14, 17, 19]. Therefore, re-creating such a highly complex 
microenvironment which is capable of supporting cell proliferation and functionality is a 
challenging task. Instead of putting a lot of effort and resources in ‘re-inventing the liver 
ECM wheel’, the use of native liver ECM as a basis for liver tissue engineering could be 
explored [16]. Poor quality donor livers, which are otherwise discarded for liver 
transplantation, are a useful source of liver ECM. Whole organ liver decellularization is a 
technique to remove all cellular material from the liver ECM, while retaining the liver 
architecture and all ECM components [16, 20]. These structures are vital for the proper 
functioning of a tissue engineered liver construct [3]. 

Many studies showed the feasibility of liver decellularization of small animal livers, such as 
rodent livers [1, 17, 21-23]. However, efficient decellularization procedures for large-size 
livers, which potentially could be used in a clinical setting, are reported less 
frequently [15,24-27]. For human whole-organ liver decellularization, Mazza et al. 
showed (n=1) feasibility of whole-organ human liver decellularization using perfusion with 
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Triton-x-100 (Tx100) and sodium dodecyl sulfate (SDS) for 6 weeks [28]. We previously 
have shown procedures to decellularize whole human livers (n=11) using only the milder 
detergent Tx100 to avoid damaging or removing ECM components [20]. The livers were 
completely decellularized (as confirmed by histology and DNA analysis). However, the 
time required per liver varied. The decellularization protocol used set flow rates, not 
taking in account the characteristics of the liver (e.g. size of the organ, age or level of 
steatosis). Larger sized livers might require higher flow rates for proper perfusion through 
the entire organ.  

Recently, it has been shown that oscillating pressure conditions improved perfusion-based 
decellularization of both small animal (rat) [23] and large animal (porcine) livers [25]. 
Similarly, the addition of pressure controlled perfusion, where a constant pressure 
of 120mm Hg is maintained, could make the decellularization of human livers quicker and 
more standardized, as flow through the organ might be improved, regardless of size of the 
liver.  

In addition to improve perfusion through the liver, the use of detergents can also be 
further optimized. Many whole-organ liver decellularization protocols use a combination 
of Tx100 and SDS [1, 15, 21-25]. SDS is a harsh detergent, with a higher efficiency in 
removing the nucleus, when compared to Tx100. SDS is also known for inflicting damage 
to or removal of essential ECM components, such as GAGs [1, 29]. Although we showed 
feasibility of Tx100-only whole organ liver decellularization in our series (N=11) [20], we 
have not made a direct comparison between the two detergent protocols to assess this 
difference in efficacy of human whole-liver decellularization. 

To improve whole-organ liver decellularization, we hypothesized that combining pressure 
controlled flow conditions using machine perfusion techniques and mild Tx100 as a 
detergent would yield a highly standardized human liver decellularization protocol for 
production of clinical grade bio-scaffolds, which retain more ECM components than with 
Tx100 plus SDS protocols. The first step in this study was to create a new decellularization 
setup with oscillating pressure conditions and compare the dual detergent 
protocol (Tx100 and SDS) to a Tx100-only protocol. After establishment of an optimal 
protocol in porcine livers, the optimal protocol was translated into a robust and 
reproducible protocol for whole human livers. 

Material and methods 
Porcine liver decellularization 
Porcine livers (N=6) were obtained from pigs ranging from 30 to 40 kg that were used for 
acute terminal medical research experiments (DEC 105-14-05) The use of the liver after 
termination was waived by the animal welfare committee of the Erasmus University 
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Medical Center to comply with the 3R rule (replacement, reduction, refinement) in the use 
of lab animals. Animals were completely heparinized (300 IU/ kg body weight) before they 
were euthanized. After retrieval of the liver it was cannulated via the hepatic artery and 
the portal vein. Subsequently, livers were flushed with 2L of cold 0.9% NaCl solution prior 
to storage at -20°C. Livers were subdivided into two groups. One group (n=3) was 
decellularized using Tx100-only, the other group was decellularized using a combination of 
Tx100 and SDS (n=3). Porcine livers were thawed overnight and small wedge-biopsies 
were taken from the peripheral edge of the organ to be analyzed as non-decellularized 
samples. One piece of biopsy tissue was fixated in 4% paraformaldehyde (PFA) overnight 
to be further processed for paraffin-embedding. Two other biopsies were snap-frozen and 
stored at -80°C for further DNA, GAG or collagen content analysis. Biopsies were collected 
and processed at each biopsy/evaluation point.  

The liver was placed in the decellularization setup, which is schematically represented in 
figure 1A. The cannulas were connected to peristaltic pump tubing (Hepatic 
artery: L/S #18 PharMed® BPT Tubing (Masterflex, Cole-Parmer), Portal vein: L/S #36 
PharMed® BPT Tubing (Masterflex, Cole-Parmer)). The tubing was connected to a L/S® 
Precision pump peristaltic pump (Masterflex, Cole-Parmer) with two Easy-Load™ 
peristaltic pump heads (Masterflex, Cole-Parmer). The difference in diameter of both 
types of tubing created a difference in flow (1:1.26 according to manufacturer). The pump 
heads have 4 rollers each, which create a pulsatile flow with pressure differences. 
Pressure was measured using DTXplus Invasive blood pressure (IBP) transducers (BD). 
Perfusion was pressure-controlled with the upper limit for the hepatic artery pressure set 
at 120mm Hg. RPM of the pump drive was adjusted accordingly. 

The porcine livers were decellularized according to two different protocols: a Tx100-only 
protocol and a Tx100+SDS protocol. Both protocols are schematically represented in 
figure 1B. The first step in both protocols was continuous perfusion with 20L dH2O. This 
was followed by continuous perfusion with 10L of 4% Tx100 + 1% NH3 (Tx100 solution). 
Subsequently, the livers from the Tx100-only group were perfused for 120 minutes with 
Tx100 solution. After 120 minutes the perfusate was replaced with fresh Tx100 solution 
and perfused for another 120 minutes. This was followed by three more cycles of 120 
minutes (total number of cycles was 5). Group 2 was perfused for 120 minutes with 10L 
Tx100 solution. After the 120 minute cycle, the Tx100 solution was replaced with a 1%SDS 
solution and the liver was perfused for another 120 minutes. This was followed by 120 
minutes perfusion with Tx100 and 120 minutes perfusion with SDS.  

The livers were inverted every hour and stored overnight in 4L dH2O at 4°C in between 
cycles if necessary. After completion of reperfusion cycles, livers from both groups were 
continuously perfused with 50L dH2O to remove residual detergents. Subsequently, the 
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livers were stored in sealed containers filled with 10L dH2O for up to 10 to 14 days to 
passively remove any trace detergent. The water was refreshed every 1 to 2 days. In the 
last step, DNase solution (5mg/L DNase type I (Sigma) in 0.9% NaCl + 100mM CaCl2 + 
100mM MgCl2) was perfused through the liver for 120 minutes at 37°C. Small biopsies 
were taken for detailed analysis.  

Human liver decellularization 
Human research livers were obtained after rejection for clinical liver transplant by all 
transplant centers in the Eurotransplant zone. Next of kin gave informed consent for 
research to Transplant Coordinators of the Dutch Transplant Foundation (NTS) present at 
the organ retrieval procedure. The use of research livers was approved by the Erasmus MC 
medical ethics committee (MEC-2012-090). Human livers with research consent (N=3) 
were retrieved by organ retrieval teams during retrieval of other organs for 
transplantation. No organ retrieval was initiated for research purposes only. After organ 
retrieval according to the ET manual, chapter 5, livers were stored in UW on melting ice 
and shipped to the Erasmus MC. After cannulation of hepatic artery and portal vein, 
organs were stored at -20°C until the decellularization procedure was started.  

After the liver was thawed, it was placed in the decellularization setup (figure 1A). The 
procedure was similar to the procedure for porcine livers. Pressure on the hepatic artery 
was set at 120mm Hg. Residual blood was removed from the organ by continuously 
perfusing with dH2O until the perfusate changed from clear red to a turbid brown/orange 
solution (on average 50L dH2O was required). This was followed with 120 minutes of 
continuous perfusion with Tx100-only solution. Subsequently, the liver was perfused with 
a 10L Tx100 solution for 10 times 120 minutes. The livers were inverted every hour.In 
between cycles the liver could be stored at 4°C in a sealed container filled with dH2O 
overnight if necessary. Subsequently, the liver was perfused with 100L dH2O to remove 
residual detergents. The livers were stored in sealed containers filled with 10L dH2O for up 
to 10 to 14 days. The water was refreshed every 1 to 2 days. DNase solution (10mg/L 
DNase type I (Sigma) in 0.9% NaCl + 100mM CaCl2 + 100mM MgCl2) was perfused through 
the liver for 8 hours at 37°C. Biopsies were taken afterwards.    

Analysis 
Histology 
PFA-fixated biopsies were embedded in paraffin according to standard procedures and 
sectioned at 4µm. Sections were stained with Hematoxylin-Eosin (HE), DAPI (Vectashield, 
Vectorlabs) or picrosirius red (PSR, Sigma) for overview, DNA remnants and collagens, 
respectively. In addition, Sudan B black staining was performed on paraffin sections to 
determine the presence of lipofuscin in the human livers. To detect fat residues in the 
decellularized livers, cryosections prepared from snap-frozen biopsies were stained with 
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Oil red O.HE, Sudan B black, PSR and Oil red O stained slides were imaged with a Zeiss 
Axiokop 20 microscope and captured with a Nikon DS-U1 camera. DAPI stained slides were 
analyzed using EVOS microscope (Thermofisher).  

Scanning electron microscopy 
PFA-fixated biopsies of human livers were dehydrated in a series of ethanol solutions 
(3x50%, 1x60%, 1x70%, 1x80% and 3x100%) for 15 minutes per step. This was followed by 
a dilution series with hexamethyldisilazane (Sigma) (1:2 HMDS: 100% ethanol, 2:1 HMDS: 
100% ethanol and 3 times 100% HMDS). The samples were submerged in 1MHMDS and 
left uncovered inside a fume hood to air-dry overnight. HMDS treated samples were made 
electrically conductive with a 15µm gold nanoparticle coating using a Quorum Q300T D 
sputtering device (Quorumtech). Samples were imaged using a JSM-7500F field emission 
electron microscope (JEOL). 

DNA-RNA content 
Prior to DNA or RNA isolation the wet weight of the biopsies was measured. DNA was 
isolated using a QIAamp DNA Mini Kit (QIAGEN) kit. DNA yield was measured using a 
NanoDrop spectrophotometer (Thermo Fisher Scientific). For the human livers, the DNA 
quality and length of base pairs was measured using a 2100 BioAnalyzer (Agilent 
technologies) using a DNA-1000 kit (Agilent Technologies). 

RNA from human livers was isolated using a miRNeasy Mini Kit (Qiagen). RNA yield was 
measured using a NanoDrop spectrophotometer (Thermo Fisher Scientific). For the human 
livers, the quality of RNA and the length of RNA base pairs were measured using a 2100 
BioAnalyzer using a RNA 6000 Nano kit. The RNA concentration of the before 
samples (T=0) was diluted five times with dH2O before loading them on a chip.  

GAG and collagen content 
The sGAG content of snap frozen biopsies from both porcine and human livers was 
determined using the Blyscan™ Glycosaminoglycan Assay (Biocolor, UK) kit. The wet 
weight of biopsy samples was determined before they were digested at 65°C with 
Papain (10mg/ml, Sigma) for 8 hours. SGAG was measured in the tissue digest according 
to the manufacturer’s protocol. Absorbance was measured at 680nm using a Model 680 
XR Microplate Reader (Bio-Rad). The total collagen content of snap frozen biopsies of both 
porcine and human livers was determined using a total collagen kit (Quickzyme 
biosciences). The wet weight of biopsy samples was determined before they were 
digested and measured according to manufacturer’s protocol. Absorbance was measured 
at 570nm using an Omega POLARstar Microplate reader (BMG labtech).  

 



  

76 | Chapter 4 
 

 

  

Figure 1: A schematic overview of the decellularization setup and protocols used for porcine and 
human livers. A: the decellularization setup.  The liver is placed in the decellularization tank and 
connected to the pump tubing via the hepatic artery and the portal vein. The pump tubing is 
connected to a pressure transducer, which relays pressure information to the dual headed pump 
drive. Three-way valves are used to create a closed loop for reperfusion or an open loop for 
continuous loop. A 50L mixing tank is used to prepare detergents and/or fluids. The 50L mixing tank 
can be exchanged. Waste is discarded via a manually operated valve. B: schematic representation of 
both porcine liver decellularization protocols. C: schematic representation of the human liver 
decellularization protocol. Total time required to complete decellularization was on average 14 hours 
in group Tx100-only, 12 hours in Tx100-SDS and 32 hours in human whole livers (not including the 
10-14 days storage period at 4°C to passively remove traces of detergent. 
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Immunohistochemistry of human livers 
Collagen type I, III and IV were chosen because of their abundance in the liver ECM, their 
role in biological processes [19] and the potential role they could play in downstream liver 
tissue engineering purposes [3]. Immunohistochemistry (IHC) was performed on paraffin 
embedded sections of human livers from the experimental protocol. After 
deparaffinization, antigen retrieval was performed in a citrate buffer (pH=6.0) at sub-
boiling temperatures for 20 minutes. Collagen type I (1:100, Novus Biological ), Collagen 
type III (1:100, Novus Biological) and Collagen type IV (1:100, Novus Biological) primary 
antibodies were added and incubated overnight at 4°C. No primary antibody was added to 
negative control slides. Rabbit-anti-mouse or mouse-anti-rabbit secondary 
antibody (Envision Flex HRP, Agilent) were incubated for 60 minutes at RT prior to 
incubation with DAB substrate. Hematoxylin was used as a background staining. Slides 
were imaged with a bright field microscope.  

Recellularization experiments 
HEPG2 cells 
HEPG2 cells were cultured in DMEM (Gibco) supplemented with 10% fetal calve serum 
(Sigma) and 1% (100U/ml) penicillin/streptomycin (PS) (Gibco). The HEPG2 were 
genetically labelled by transduction of a GFP-expression vector using a 3rd generation 
lentiviral vector according to standard procedure [30]. Gene expression efficiency 
was ~100%. 

Two-dimensional recellularization experiments 
Cylindrical plugs were punched from frozen human decellularized livers using a disposable 
dermal biopsy punch (Ø5mm). The plugs were embedded in optimal cutting 
temperature (OCT) compound (Tissue-Tek) and circular discs (200µm thick) were cut using 
a cryotome (Leica). The discs were collected and washed in 1X PBS (5x times), 1X PBS + 1% 
PS (3x times) and 1xPBS + 10% PS (3x times). After the last washing step, the discs were 
incubated overnight in PBS + 10% PS. The discs were washed with 1X PBS and DMEM, 
before being placed in a 48-wells plate (Bio-Greiner).HEPG2 cells were harvested using 
Trypsin-EDTA and counted. Per disc 10.000 cells were added in a droplet of 10µl. The ECM 
discs plus cell suspension were incubated at 37°C and 5% CO2 for four hours before 500µl 
of cell culture medium was added. Samples were kept in culture for up to 21 days. 
Samples were fixed in 4% PFA for 30 minutes for histological evaluation.  

Three-dimensional perfusion recellularization experiments 
Decellularized porcine livers (Tx100 only group) were segmented into smaller perfusable 
segments by tracing the artery. The segments roughly were 5 to 10cm in length and width. 
The segments were cannulated with tubing from BD connecta 10cm extension lines 
with 3-way stopcock. The cannulated segments were perfused with 1x PBS (50ml), 1x PBS 
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+ 1% PS (50ml) and 1x PBS + 10% PS (50ml). The segment was incubated over night at 37°C 
with in 50ml 1X PBS + 10% PS. Afterwards, the segment was washed with DMEM. The 
segment was placed inside a humidified chamber and connected to an isolated liver 
perfusion setup (Harvard Apparatus) via the 3-way stopcock. The perfusion setup was kept 
at 37°C and pH, pO2 and pCO2 were monitored. O2 and CO2 were mixed and adjusted to 
maintain pH=7.4. Once connected, the segments were constantly perfused with DMEM at 
a rate of 5ml/min. HEPG2 were harvested and counted. 300 million cells were injected via 
the 3-way stopcock in 10 stages every 10 minutes under constant perfusion. The segments 
were incubated inside the humidified chamber at 37°C. Experiments lasted 5 days (N=1), 8 
days (N=1) and 11 days (N=1). At the end of each experiment, the segment was taken out 
of the perfusion setup and imaged using an EVOS microscope, before the segments were 
fixed in 4% PFA overnight for histological evaluation.  

Statistical analysis 
Analysis of numerical data was performed with Prism (version 5.0, Graphpad Software). 
Data from DNA, RNA, total collagen content, sGAG content and the nano indentations is 
displayed as mean+ standard deviation (SD). One-way ANOVA (post-hoc Bonferroni) was 
used to analyze means.  

Results 
Porcine liver decellularization 
Residual blood was washed out and the perfusate turned from a clear red solution to a 
more orange/brownish solution. The livers became pink in color (figure 2A). Moments 
after the start of pressurized perfusion with Tx100, small gray spots appeared near the 
surface of the liver demonstrating removal of cells and cellular debris. The bulk of the liver 
became white during the first 30-60 minutes of perfusion. Small pink areas were seen near 
peripheral edges of some, but not all, liver segments (supplementary video 1). These pink 
areas became white and transparent before the end of the perfusion cycles. During the 
first 30-60 minutes of perfusion with detergent, RPM of the pump drive had to be 
increased to an average of 125RPM (SD: 20RPM) to maintain constant perfusion pressure 
to 120 mm Hg. After the first hour only minor adjustments (+/- 5 RPM) were required to 
maintain hepatic artery pressure. Portal vein pressure differed per liver ranging from 
20mm Hg to 60mm Hg.  

The perfusion times with detergent for both protocols were (10 hours (Tx100-only) and 8 
hours (Tx100 + SDS). Total perfusion times (including wash steps with dH2O and DNase) 
were 14 and 12 hours respectively. No macroscopic differences were seen (figures 2A 
and 2B) between the livers from the Tx100-only group and Tx100 + SDS group. The livers 
were white and transparent around the edges. In the center the light path was obscured 
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by denser honeycomb-like white structures (supplementary figure 1A). Microscopic 
analysis (HE figure 2 DEF, DAPI figure 2 GHI) did not reveal any differences between the 
two protocols. All cell remnants and nuclei were removed from the ECM, while the ECM 
architecture itself remained intact. CHP staining did not reveal further damage to the 
collagen fibers (Supplementary figure 1DEF) Shortening protocol did not result in fully 
decellularized liver ECM, as residual cell remnants were seen in biopsies taken after 
completing 3 cycles (supplementary figure 1B). Analysis of DNA content showed that DNA 
decreased from 1526ng (SD: +/- 487ng) /mg wet weight tissue to 49ng (SD: +/- 21 ng) /mg 
wet weight tissue in the Tx100 only group and 11ng (SD: +/- 4 ng) /mg wet weight tissue in 
the Tx100+SDS group (figure 2J). The difference between the two protocols was 
statistically not significant, but indicates that SDS might be more efficient in removing DNA 
from the ECM.  

The total collagen content after decellularization (figure 2K) was significantly higher in the 
Tx100-only group (63.6µg (SD: +/- 3.4µg) collagen/mg wet weight tissue) than in the Tx100 
+ SDS group (41.1µg (SD: +/- 8.9 µg) collagen/mg wet weight tissue; (P<0.01). The total 
collagen content of the livers appears to increase three-fold after decellularization. This is 
caused by normalization of the collagen content to the ‘mg wet weight tissue’. As the cells 
were removed from the tissue, the relative contribution of the remaining ECM compounds 
to the total wet weight of the sample increased. Therefore, direct comparisons between 
before and after decellularization could not be drawn. However, SDS had a significant 
negative impact on the collagen content of the decellularized ECM, as the total collagen 
content of the Tx100 + SDS group is lower than the Tx100 group. Additionally, the sGAG 
content (figure 2L) of the decellularized livers differed significantly. The Tx100-only livers 
contained more sGAG (3.4µg (SD: +/- 0.9µg) sGAG/mg wet weight tissue) than the Tx100 + 
SDS livers (1.4µg (SD: +/- 0.2µg) sGAG/mg wet weight tissue); P<0.01. When comparing 
this data to the T=0 data, a similar trend was shown as with the collagen content. No 
direct comparison to the T=0 sGAG content could be made due to the aforementioned 
shift in relative weight components to the total wet weight of the sample. 

The lower total collagen and sGAG content in the Tx100 + SDS decellularized livers does 
not significantly affect the stiffness of the ECM after decellularization (figure 2M). The 
measured effective Young’s modulus for the Tx100 group (1565Pa (SD: +/- 575Pa)) was 
lower, but not significantly different than the measured effective Young’s modulus of the 
Tx100 + SDS group (1687 Pa (SD: +/- 805 Pa). The spread in the Tx100 + SDS group is 
slightly larger, because one of the livers had significant higher (P<0,001) average effective 
Young’s modulus (2271 Pa (SD: +/- 776 Pa) compared to the other five livers (ranging 
from 1305 Pa to 1651 Pa). Between the other five livers (from both groups) no significant 
differences could be found. Based on these findings, the Triton X-100-only protocol was 
chosen to establish a standardized clinical human whole-liver decellularization protocol. 
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Figure 2: Effective decellularization of porcine livers using oscillating pressure conditions. A: a porcine 
liver before decellularization. This image is representative of all six porcine livers that have been 
decellularized. B and C: porcine liver after decellularization with the Tx100 only protocol (B) and with 
the Tx100 + SDS protocol (C). D-F: HE stained paraffin sections of porcine livers before (D) and after 
decellularization (E and F). Scale bars represent 100µm. G-I: DAPI stained paraffin sections of porcine  
livers before (G) and after decellularization (H and I). Scale bars represent 200µm. J: the DNA content 
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(figure 2 continued) before and after decellularization. K: total collagen content before and after 
decellularization. L: sGAG content before and after decellularization. In J-L the mean + SD values 
(N=3) are normalized against mg wet weight tissue (before) or ECM (after). ** P<0.01, ANOVA. M: 
The effective Young’s modulus of decellularized livers was measured by nano indentation. Tx100 only 
(N=206 indentations) and Tx100 + SDS (N=177 indentations). Results are shown as mean + SD. There 
are no significant difference between the two groups.  

Validation of the Tx100 only protocol on human livers 
The human livers (n=3) used in this study were declined for a variety of reasons, such as 
age of donor and/or long ischemia times. One liver was declined for transplantation due 
to a damaged hepatic artery. All three livers were ‘donation after cardiac death’ livers. The 
average age of donors was 49 years (SD: 24 years). The youngest donor was 15 years of 
age. The average body mass index of the donors was 25.3 (SD: 3.6) and the average weight 
of the livers ranged from 1.1kg to 1.9kg (average: 1.5kg, SD: +/- 0.25kg). Similar to porcine 
livers during the first half hour of Tx100 perfusion, small decellularized spots appeared 
near the surface of the livers (Supplementary figure 2A, Supplementary video 2). During 
the first hour of Tx100 perfusion, the RPM of the pump drive was increased to an average 
of 150RPM (SD: 30RPM) in order to keep perfusion pressure constant at 120 mm Hg. After 
the first hour only minor adjustments (+/- 10 RPM) were required to maintain hepatic 
artery pressure at 120mm Hg. Portal vein pressure ranged from 35mm Hg to 60mm Hg. 
Total perfusion time required was on average 30 hours (20 hours of perfusion with Tx100).  

After finishing the complete decellularization protocol with pressure controlled perfusion, 
the livers had a yellowish to white transparent color (figure 3 bottom right). HE (figure 4B) 
and DAPI (figure 4D) stained paraffin sections showed that all cells and cellular debris was 
removed. Furthermore, these stained sections showed that the ECM remained intact. This 
was substantiated by SEM imaging (figure 4E and 4F), which also shows intact ECM. This 
was further supported by the CHP staining, which did not reveal an increase in fluorescent 
signal as a response to damage collagen (Supplementary figure 1G and 1H). This indicates 
that the increased flow speeds, pressure and the oscillating flow conditions did not 
damage the ECM superstructure.  

The DNA yield after decellularization was 17.6ng (SD: +/- 8.4ng) /mg wet weight tissue, 
which is a reduction of 99.0% (figure 4G). Furthermore, the remaining DNA did not consist 
of detectable double-stranded DNA, as no double-stranded DNA could be detected by the 
BioAnalyzer (Supplementary figure 2A). After complete decellularization, 
18.4ng (SD:+/- 3.5ng) /mg wet weight tissue of RNA was measured which was a 98.7% 
reduction (figure 4H). The BioAnalyzer did not detect any RNA peaks in the 
decellularization samples (Supplementary figure 2B). 
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Figure3: Effective decellularization of human livers with pressure controlled perfusion using only 
Tx100. Shown is macroscopic overview of representative livers before and after decellularization. The 
top row shows a liver which was completely decellularized without pressure controlled perfusion 
following the previously published protocol. After 96 hours of Tx100 perfusion the liver was 
completely decellularized, but did not lose its brown color. The bottom row shows a liver which was 
decellularized with pressure controlled perfusion. Shortly after starting perfusion with Tx100 the liver 
started losing its color. After 20 hours of pressure controlled perfusion the liver was completely 
decellularized and had an off-white color. 

Preservation of ECM molecules 
After decellularization 25.4µg (SD: ± 9.1µg) collagen/mg wet weight tissue was 
measured (figure 4I). This is a two-fold increase compared to the non-decellularized 
samples (12.1µg (SD: +/- 4.2µg) collagen/mg wet weight tissue). The average sGAG 
content (figure 4J) before decellularization was 1.7µg (SD: +/- 0.2µg) sGAG/mg wet weight 
tissue and 2.2µg (SD: +/- 0.5µg) sGAG/mg wet weight tissue after decellularization. The 
amounts of collagen and sGAG measured after decellularization were not similar to the 
amounts measured for the porcine liver decellularized with the Tx100-only protocol. 
Significant differences regarding stiffness were found between the three livers using nano 
indentation measurements (figure 4K). Liver 1 is (979Pa (SD: +/- 614 Pa)) and liver 2 
(1154 Pa (SD: +/- 753 Pa)) have lower effective Young’s moduli than liver 3 
(2560 Pa (SD: +/- 1140 Pa)). Furthermore, differences in fat content were seen between 
the three livers. All three livers had lipid droplets prior to decellularization (figure 5A, 5C 
and 5E). However, liver 2 contained lower amounts of fat droplets when compared to the 
other livers. This pattern was also seen after decellularization, where fat droplets 
remained within the decellularized ECM (figure 5B, 5D and 5F). This indicates that not all 
fat could be removed from the ECM using this protocol. Lipofuscin, which is an age-related 
brown pigment that mainly consists of oxidized proteins and lipids [31], was found to be 
present in all human 
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Figure 4: Analysis of the ECM shows effective decellularization of human livers under oscillating 
pressure controlled perfusion. A-B: HE stained paraffin sections of human liver before (A) and after 
(B) decellularization. Scale bars represent 100µm. C-D: DAPI stained paraffin sections of human liver 
before (C) and after (D) decellularization. Scale bars represent 200µm. E-F: SEM images of 
decellularized liver ECM at 500x magnification (E) and 1000x magnification (F). Scale bars represent 
100µm (E) and 50µm (F). DNA (G), RNA (H), Total collagen (I) and sGAG content (J) before and after 
decellularization for all three livers. Measured values are normalized against mg wet weight tissue 
(before) or ECM (after).K: Nano indentations from liver 1 (N=81 indentations), Liver 2 (N=65 
indentations) and liver 3 (N=97 indentations). 3*** P<0,001, ANOVA Measured values are displayed 
as mean + SD.  

livers before decellularization, as determined by Sudan B Black staining (figure 5G, 5I 
and 5K). After decellularization almost all lipofuscin was successfully removed from the 
liver (figure 5H, 5J and 5L).  

With the previously published decellularization protocol, without pressure-controlled flow 
conditions, lipofuscin, was not removed from the ECM causing the decellularized livers to 
remain brown in color (Supplementary figure 3A, 3B and 3H)[20]. In addition the 
quantification of collagen content, collagens were also stained with PSR (figure 6A before 
decellularization, figure 6B after decellularization), which revealed that collagens remain 
present and that the ECM architecture remains intact. Furthermore, specific collagens 
were stained using specific antibodies against certain collagens. Collagen type I (figure 6C 
and 6D), type III (figure 6E and 6F) and type IV (figure 6G and 6H). All three types of 
collagen remain present after decellularization. The ECM architecture, of which collagens 
are an important part, appeared to have remained intact under the oscillating perfusion 
conditions.  
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Figure 5: Decellularization of human livers does not remove all lipids, but does remove lipofuscin. A-F: 
Oil red O stained cryosections of liver biopsies before (A, C and E) and after (B, D and E) 
decellularization. The red stained lipids are abundant in liver 1 (A), where small fat droplets are 
intracellular. Larger lipid droplets are seen in liver 2 (C) and 3 (E). Fat remains in the liver ECM after 
decellularization. G-H: Sudan B Black stained paraffin sections before (G, I and K) and after (H, J, L) 
decellularization. The lipofuscin present in the livers before decellularization is stained black and is 
granular in shape. Lipofuscin is removed from the ECM during the decellularization process, as 
almost no lipofuscin is stained after decellularization. All scale bars represent 100µm.  

Recellularization experiments 
A two-dimensional recellularization experiment was performed by seeding HEPG2 cells on 
to human decellularized ECM in order to determine whether all cytotoxic traces of 
detergent had been removed from the decellularized ECM. One day after addition of the 
HEPG2 to the circular discs, the cells started encapsulating the ECM. Histological 
evaluation was performed 21 days after seeding (figure 7A-C) and reveals that cells grew 
into the ECM (figure 7 A and B), however, the ECM was not fully populated with HEPG2. 
Additionally, the HEPG2 encapsulated the ECM completely, presenting a single layer of 
cells surrounding the ECM (figure 7C, black arrow). The cells did not show signs of 
abnormal necrosis or apoptosis (data not shown). Cannulated decellularized porcine liver 
segments (Tx100 only) were used for more complex perfusion based recellularization 
experiments. Figure 7D shows a cannulated segment of porcine liver ECM inside the 
humidified chamber of the isolated liver perfusion set up. The GFP-labeled HEPG2 cells 
were visible inside the arteries directly after infusion (figure 7E). Histological evaluation of 
the recellularized porcine ECM segments at day 11 revealed large areas of recellularized 
ECM with viable cells (figure 7F and G). HEPG2 cells were also found lining the walls of 
blood vessels (figure 7G).  
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Figure 6: Preservation of important Collagen proteins after decellularization of human livers with 
pressure controlled perfusion. A, B: PSR stained paraffin section before (A) and after (B) 
decellularization. C, D: Collagen type 1 before (C) and after (D) decellularization. E, F: Collagen type III 
before (E) and after (F) decellularization. G, H: Collagen type IV before (G) and after (H) 
decellularization. Scale bars represent 100µm.  
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Figure 7: Decellularized liver ECM can be used as a scaffold for tissue engineering purposes. A-C: 
HEPG2 cells invading the 200µm thick section of human ECM. The cells can be found inside the ECM 
(A and B). HEPG2 encapsulated the ECM, surrounding the ECM with a single cell layer (black arrow in 
C). Scale bars (ABC) represent 100µm. D: Perfusion-based recellularization of porcine liver ECM with 
HEPG2 cells was performed using a humidified chamber of the isolated liver perfusion set up. The 
decellularized porcine liver segment is connected to the perfusion setup via a three-way stop cock. E: 
the GFP signal of the infused HEPG2 cells can be seen inside the branching arteries of the porcine 
liver segment. Scale bar represents 2000µm. F and G show HE stained paraffin slides of recellularized 
ECM after 11 days. HEPG2 partially repopulate the parenchymal ECM. Scale bars represent 100µm.  

Discussion 
In this report we present a robust, effective and potentially clinically applicable method 
for human whole-liver decellularization to generate human liver scaffolds for 
bioengineering and transplantation. The major constraint in liver transplantation is 
shortage of donor organs. Thus, various tissue engineering approaches have been 
explored to find solutions to this problem. The main focus is to obtain acellular liver ECM 
that can be repopulated with liver cells in order to recreate a functional liver substitute. In 
2004, a major step was taken by of Lin et al. [32]. They showed successful decellularization 
of a porcine liver. Repopulation of this scaffold with primary rat hepatocytes resulted in 
higher albumin and urea synthesis when compared to monolayers of the primary 
hepatocytes cultured on collagen gels, indicating greater functional potential of cells 
cultured in a 3D ECM scaffold. More recently, Baptista confirmed the repopulation of 
decellularized porcine liver with human hepatocyte progenitor cells for up to 13 days [2]. 
The availability of porcine livers, compared to human size livers, make porcine livers an 
interesting source of decellularized ECM for tissue engineering purposes [1, 3, 24].  
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However, the ultrastructure of porcine liver differs significantly from that of human liver. 
Porcine liver has well defined lobules outlined by connective tissue, which is absent in 
healthy human liver but present in fibrotic liver [33]. Therefore, it may not represent the 
ideal ECM for human liver tissue engineering. The presence of connective tissue in porcine 
livers could also explain why human liver 1 and human liver 2 have lower effective Young’s 
moduli than the porcine livers (both groups). Only human liver 3 had a higher Young’s 
modulus than the porcine livers, which could indicate that this liver was (slightly) fibrotic. 

Given the wide availability of human donor livers, deemed unsuitable for liver 
transplantation, optimal use of these organs for regenerative medicine purposes can be 
pursued. As previously shown, human livers can be decellularized, however, detergent 
perfusion times ranged from a couple of days to weeks [20, 28]. To facilitate larger scale 
clinical application, a more efficient standard whole-organ liver decellularization protocol 
is required, which would be applicable to all human research livers. Recently, Struecker 
showed that oscillating pressure conditions increased decellularization efficiency in 
porcine livers with significantly reduced decellularization times [25]. 

In this study, we successfully optimized our previously reported method for the 
decellularization of whole-organ human livers by maintaining constant pressures on the 
hepatic artery by adding pressure-controlled machine perfusion. This seemed to make the 
decellularization process more robust and standardized, as the aforementioned 
differences in duration of detergent perfusion were not encountered. The time during 
which the organ is exposed to Tx100 was decreased from 62-94 hours to 20 hours. Total 
time required for perfusing the liver with pressure-controlled perfusion was on average 32 
hours (not including a 10-14 day period of storage at 4°C). By decreasing the time required 
for decellularizing the whole organ, the exposure time of detergents to ECM, which can 
potentially damage or remove ECM components, was also significantly decreased. 

To further minimize the damage to the ECM, we used a protocol without SDS, as this was 
shown to remove or denature ECM components during decellularization of tissues, such as 
porcine urinary bladder tissue [1, 29]. Reports on liver decellularization, using both Tx100 
and SDS as detergents, show that sGAG levels are similar to the before decellularization 
samples [25]. This finding is confirmed by our decellularization experiments on porcine 
liver with Tx100 and SDS. The Tx100-only decellularized porcine livers contain 2.5 times 
more sGAG than the Tx100 + SDS decellularized livers. We hypothesize that no 
comparison can be made between the ‘before tissue’ and the ‘decellularized ECM’ due to 
a shift in the relative weight component of the ECM to the weight of the sample. This 
makes it difficult to determine whether sGAG have been removed from the ECM during 
the decellularization procedures. However, the data does show that the Tx100-only 
protocol retains more sGAG than the Tx100+SDS protocol.  
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This also holds true for the total collagen content. The Tx100-only protocol retains 1.5 
times more collagen than the porcine liver decellularized with Tx100 + SDS protocol. Both 
the sGAG and total collagen content data confirms that SDS has a deleterious effect on 
these ECM components. Interestingly, the use of SDS did not affect to the effective 
Young’s modulus of a nanoscale. The aforementioned ECM components play essential 
roles in various biological processes and are therefore also important to maintain for 
downstream applications of the decellularized ECM, such as liver tissue engineering 
purposes [3, 17, 18]. Therefore, the Tx100-only porcine liver decellularization protocol was 
translated towards a protocol for whole-organ human livers.  

Similar to the porcine liver, decellularization of the human livers with only Tx100 and 
pressure conditions, yielded completely decellularized human livers. Interestingly, the 
Tx100-only pressure-controlled perfusion protocol was capable of clearing lipofuscin from 
the ECM while lipofuscin could not be removed using the previously published protocol 
without pressure controlled perfusion (figure 3, figure 5 H,J,L and supplementary figure 
3F) [20]. Despite this clearance of lipofuscin, our method was not yet able to completely 
remove lipid droplets and/or fat from the ECM. This may be important for future 
application of the scaffolds, as it is likely that due to high-fat diets and increasing obesity, 
discarded livers will contain more fat in the near future [34]. The implication of remaining 
fat droplets for recellularization is not yet clear, but considering fatty liver disease and 
steato-hepatitis, further focus on the total removal of lipids seems warranted. Additional 
perfusion steps with polar solvents could be helpful to totally remove fat from the 
ECM [35, 36]. 

Other issues that are important in the future application of liver scaffolds for 
transplantation purposes are the removal of the Tx100 detergent residues and the sterility 
of the scaffold. Current definitions of decellularized ECM focus solely on microscopically 
visible cells remnants or the presence of detectable double-stranded DNA [1]. However, 
for clinical applications more stringent forms of quality control are required, which include 
screening for the presence of residual detergents after decellularization and screening for 
microbial/fungal infections [37, 38]. Currently, detergent residues are tested with cyto-
toxicity assays [39, 40]. To further prove that detergents have been removed completely 
from the ECM,  colorimetric assay (for SDS) [41] or time of flight secondary ion mass 
spectroscopy [42] could be an alternative to cyto-toxicity assay. Detection of Tx100 has 
also been described for chemiluminescent [43] or UV spectroscopy methods [44], but these 
techniques have not yet been tested on decellularized ECM. For clinical applications a 
simple, cheap and accurate Tx100 detection method would be ideal.  

The two-dimensional recellularization experiments with HEPG2 cells lasted over 21 days 
and results showed viable cells inside the human ECM. This data confirms removal of 
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detergents below cytotoxic levels. Although, decellularization of the livers is performed in 
a non-sterile lab environment, no bacterial infections were encountered during 
recellularization of the ECM with HEPG2 cells. However, for future applications the 
decellularization setup can be easily adapted towards a closed-loop system in a closed and 
sterile environment for more stringent control. The recellularization experiments as 
presented here, have been carried out using a HEPG2 cell line, which is derived from a 
well differentiated hepatocellular carcinoma [45]. Although this cell line has in vitro 
applications, it is unsuitable for in vivo applications due to its cancerous. For 
(personalized) tissue engineering applications, adult stem cells, such as bi-potent liver 
derived organoids [46] or induced pluripotent stem cells could be a good cell source in the 
near future [3].  

These decellularization protocols provide an effective way to produce decellularized liver 
ECM from both porcine and human sources in a standard manner. The liver ECM has great 
potential to be used as a scaffold for tissue engineering or regenerative medicine 
purposes. The next step is to further develop the perfusion-based recellularization in 
order to achieve complete repopulation of the liver parenchyma, the vasculature network 
and biliary tree. Ideally, the (patient’s own) liver derived organoids could be used to create 
functional hepatic constructs for transplantation purposes. 

Conclusion 
The decellularization protocols with pressure controlled perfusion are effective in 
decellularizing both porcine and human livers, as these protocols yielded completely 
decellularized livers, which were white in color and semi-transparent. The addition of 
pressure-controlled perfusion did decrease the time required to fully decellularize livers 
considerably, but did not remove ECM components or damage the ultra-structure of the 
ECM.  
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List of abbreviations 
  
ANOVA Analysis of variance 
CHP Collagen Hybridizing Peptide 
DAPI 4′,6-diamidino-2-phenylindole 
dH2O demineralized water 
ECM Extracellular matrix 
HE hematoxylin-Eosin 
HMDS Hexamethyldisilazane 
IBP Invasive blood pressure 
IHC Immunohistochemistry 
NTS Dutch transplant foundation 
PFA Paraformaldehyde 
PSR Picrosirius Red 
RPM Rounds per minute 
RT Room Temperature 
SD Standard deviation 
SDS Sodium dodecyl sulfate 
sGAG sulfated Glycosaminoglycan 
Tx100 Triton-x-100 
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Supplementary figures 

Supplementary figure 1: Various images of the decellularization of both porcine and human livers. A: 
The porcine liver becomes white after completing the decellularization protocol and becomes 
transparent to a certain degree. A ‘honeycomb’ like structures is clearly visible. 1A is representative 
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(supplementary figure 1 continued) for both decellularization protocols. B: a HE stained paraffin 
section of a biopsy taken from a porcine liver before the end of the reperfusion cycles with 
detergents. Cellular debris can be distinguished in the ECM, as decellularization is not yet complete. 
This biopsy was taken after completing 3 of the 5 reperfusion cycles with Tx100 (Tx100 only 
protocol). Similar amounts of cellular debris was seen  for the Tx100 + SDS protocol and the human 
liver when biopsies were taken before completing the number of (re)perfusion cycles. C: a human 
liver during the first minutes of perfusion with detergents. Grey/transparent spots appear near the 
surface of the liver. The yellow/brownish liquid is the perfusion fluid coming from the liver. DEF: CHP 
staining of Porcine liver before (D) and after decellularization with Tx100 only (E) and Tx100 + SDS 
(F). GH: CHP staining of human liver before (G) and after (H) decellularization. The decellularization 
procedure does not appear to damage the triple helix of the collagen fibers, as no increase in 
fluorescent signal was detected. Scale bars represent 200µm. 

 
Supplementary figure 2: Confirmation of complete removal of DNA and RNA fragments from the 
decellularized ECM. A: Gel like image of the DNA samples created by the BioAnalyzer. It includes 
ladder (from 15 base pairs to 1500 base pairs).  The T=0 samples of liver 1 and liver 2 show a clear 
band, whereas the T=0 sample of liver 3 did not show a band. No bands are detected in the 
T=decellularization samples. B: Gel-like images of the RNA samples created by the BioAnalyzer, which 
also contains a ladder (25 nt to 4000 nt). The T=0 samples of all three livers show clear bands, 
whereas the T=decellularized samples do not show any bands.  
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Supplementary figure 3: Results from the previously published decellularization without the pressure 
controlled perfusion protocol confirming complete decellularization [8]. The decellularization 
protocol consists of 16 to 24 240 minute perfusion cycles with Tx100 solution. HE stained and DAPI 
stained paraffin sections (A-D) show complete decellularization. Scale bars represent for the HE 
stained sections (C and D) represent 100µm and the DAPI stained sections represent 200µm. 3E 
shows a SEM image of decellularized ECM confirming that the ultrastructure of the ECM was 
undamaged. 1000x magnification. 3F: lipofuscin pigments stained by Sudan B black staining. Scale 
bar represents 100µm.   
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Abstract 
The well-established 3D organoid culture method enabled efficient expansion of 
cholangiocyte-like cells from intrahepatic-(IHBD) and extrahepatic bile duct (EHBD) tissue 
biopsies. The extensive expansion capacity of these organoids enables various 
applications, from cholangiocyte disease modelling to bile duct tissue engineering. Recent 
research demonstrated feasibility of culturing cholangiocyte organoids from bile, which 
was minimal-invasive collected via endoscopic retrograde pancreaticography (ERCP). 
However, a detailed analysis of these bile-cholangiocyte organoids (BCOs) and the cellular 
region of origin was not yet demonstrated. In this study, we characterize BCOs and mirror 
them to the already established organoids initiated from IHBD- and EHBD-tissue. We 
demonstrate successful organoid-initiation from extrahepatic bile collected from 
gallbladder after resection and by ERCP or percutaneous transhepatic cholangiopathy 
from a variety of patients.  

BCOs initiated from these three sources of bile all show features similar to in vivo 
cholangiocytes. The regional-specific characteristics of the BCOs are reflected by the 
exclusive expression of regional common bile duct genes (HOXB2 and HOXB3) by ERCP-
derived BCOs and gallbladder-derived BCOs expressing gallbladder-specific genes. 
Moreover, BCOs have limited hepatocyte-fate differentiation potential compared to 
intrahepatic cholangiocyte organoids. These results indicate that organoid-initiating cells 
in bile are likely of local (extrahepatic) origin and are not of intrahepatic origin. Regarding 
functionality of organoid initiating cells in bile, we demonstrate that BCOs efficiently 
repopulate decellularized EHBD scaffolds and restore the monolayer of cholangiocyte-like 
cells in vitro.  

Conclusion: Bile samples obtained through minimally-invasive procedures provide a safe 
and effective alternative source of cholangiocyte organoids. The shedding of (organoid-
initiating) cholangiocytes in bile provides a convenient source of organoids for 
regenerative medicine. 

Keywords:  
Cholangiocyte-organoids, Extrahepatic bile duct, Repopulation, Regeneration, 
Cholangiocytes, Bile, ERCP, Gallbladder 
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Introduction 
The biliary tree is a complex tubular system representing the extrahepatic bile duct (EHBD) 
and the intrahepatic bile ducts (IHBD) [1]. In addition to the difference in anatomical 
location, both these ductal structures originate from distinct progenitor cells during 
embryogenic development [2]. The IHBD arises from bipotential hepatoblasts, while the 
EHBD develops from a shared pancreaticobiliary progenitor [2, 3]. Despite the divergent 
origin, a single layer of highly specialized epithelial cells, cholangiocytes, are lining the 
ducts of the entire biliary tree [1]. Cholangiocytes are responsible for modifying bile 
composition and form an important barrier between the cytotoxic bile and surrounding 
tissues.  

Defects in cholangiocytes can result in severe diseases (cholangiopathies), often 
developing into end-stage liver diseases, for which liver transplantation is the only 
curative therapy [3]. The regional diversity present in cholangiocytes is also reflected in 
different cholangiopathies [4, 5]. For instance, Alagille Syndrome is only affecting 
intrahepatic cholangiocytes, in line with the underlying autosomal mutation that prevents 
proper hepatoblast differentiation towards intrahepatic bile ducts. Other examples are 
primary sclerosing cholangitis (PSC) and non-anastomotic bile duct strictures, diseases 
that are predominantly affecting the EHBD [4-6]. The presence of regional diversity in the 
extrahepatic biliary tree was recently confirmed by Rimland et al., where the authors 
showed distinct gene-expression profiles in cholangiocytes covering different parts of the 
EHBD [7]. In this study 3D cholangiocyte organoids were cultured from both IHBD as well 
as EHBD and it is demonstrated that only intrahepatic cholangiocyte organoids (ICOs) 
could (partially) differentiate towards hepatocyte-like cells. This result reflects the 
embryogenic origin of this type of cholangiocytes [7].  

Initially, cholangiocyte organoids were initiated from liver biopsies, and described as liver-
derived bipotent stem cells in vitro [8]. However, elaborated studies demonstrate that 
mature cholangiocytes, undergoing widespread (epi)genetic remodeling into a highly 
proliferative state, are the organoid-initiating cell type but not adult (biliary) stem cells. 
Due to canonical-WNT stimulating culture conditions, cholangiocyte organoids start 
expressing adult stem cell markers/WNT-target genes (LGR5) which are substantially 
overexpressed when compared to in vivo cholangiocytes [9-12]. By doing so, cholangiocyte 
organoids acquire a phenotype comparable to rapid proliferating cholangiocytes in vivo 
(ductal reprogramming).  

As ICOs maintain patient-specific characteristics upon expansion, they provide a powerful 
tool to study the biology and pathophysiology of cholangiocytes [8]. The downside of this 
culture platform is that ICOs are generally initiated from liver biopsies which are collected 
during potentially harmful interventions, or during liver transplantation. This limits the use 
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of COs in disease modeling and studying disease progression to a limited subset of 
patients, i.e., patients that undergo liver transplantation due to end-stage liver disease. To 
overcome these hurdles, an elegant and minimally invasive alternative to initiate patient-
specific organoids was shown by Soroka et al. [13]. Here, the authors expanded bile-
cholangiocyte organoids (BCOs) from bile samples collected during routine clinical 
procedures via endoscopic retrograde cholangiopancreaticography (ERCP) [13]. However, it 
is still unclear from which region in the biliary tree (intra- or extra-hepatic) the BCO-
initiating cells originate from. Furthermore, a recent study demonstrated that 
cholangiocyte organoids derived from human EHBD and cultured in non-canonical WNT-
stimulating conditions, could efficiently repopulate collagen scaffolds that were 
successfully transplanted into mice as functional EHBDs [14]. However, whether this is 
feasible with patient-derived COs cultured in canonical-WNT stimulating conditions 
obtained from in vivo collected bile, is still unknown. 

Therefore, the aim of our study is to further characterize the properties of bile-
cholangiocyte organoids with a focus on determining the anatomical origin of BCOs. 
Moreover, in addition to ERCP as source of BCOs, we extent the sources of bile with 
collection via percutaneous transhepatic cholangiopathy drainage (PTCD) and directly 
from resected gallbladders. As a proof of principle, we show efficient repopulation of 
human bile duct scaffolds using BCOs collected via ERCP from patients and demonstrate 
that human EHBD scaffold can help sustain organoids to form a functional cholangiocyte 
monolayer in vitro. Based upon this evidence, the feasibility for the use of BCOs in 
personalized regenerative medicine is near.  

Materials and Methods 
Bile, brush and tissue collection 
Bile samples (1 mL per patient) were obtained in vivo from patients suffering from biliary 
diseases (Table 1 and Table S1) and which were undergoing ERCP (n=54) or PTCD (n=3) for 
regular treatment regimens at the Erasmus MC, Rotterdam, the Netherlands. An 
additional brush specimen (n=2) was collected from the common bile duct (CBD) via ERCP 
if the patient already underwent brush cytology for standard diagnostics. Bile samples 
collected in vivo were transported at 4˚C and processed within 1 hour after collection. All 
patients gave written informed consent to use the bile collected during these procedures 
for research purposes. This study was approved by the local Erasmus MC Medical Ethical 
Committee and registered under number MEC-2016-743. 

Bile (3 mL) was collected from gallbladders from donor (n=6) or explanted livers (n=8) 
obtained during liver transplantation procedures performed at the Erasmus MC, 
Rotterdam and was stored at 4˚C and processed within 24 hours after collection. All 



 

Bile-derived cholangiocytes can restore bile ducts | 133 
 

patients or next of kin gave written informed consent to use the tissue for research 
purposes. This study was approved by the local MEC of the Erasmus MC under number 
MEC-2014-060. Tissue biopsies from liver (circa 0.5-3 cm3, n=4), extrahepatic bile 
duct (EHBD, circa 0.5-3 cm3, n=4), and gallbladders (n=3, scraped cells) were obtained 
from donor livers (n=5) or explant livers (n=2) during liver transplant procedures 
performed at the Erasmus MC, Rotterdam, the Netherlands. For complete methodology 
see supplementary materials and methods.  

Initiation and culture expansion of organoids 
Organoids from liver- and EHBD biopsies were processed, initiated and expanded as 
previously published by Rimland et al. [7] and Huch et al. [8, 15]. For detailed methodology 
and culture conditions see supplementary materials and methods and table S2. Organoids 
from bile (BCOs) were initiated according to an adapted protocol from Soroka et al. [13]. 
for culturing BCOs from bile collected via ERCP. For detailed methodology and culture 
conditions see supplementary material and methods and table S2. All experiments were 
performed with passage five organoids unless otherwise stated. When referred to ECO-
cultures in experiments, these cultures resemble canonical-WNT stimulated ECOs (tissue 
obtained according to Rimland et al. and cultured in the Huch et al. conditions, table S2) [7, 

8] unless otherwise stated. 

Flow Cytometry  
Flow cytometry analysis was performed to evaluate the presence and frequency of 
EPCAM+ cells in the collected bile samples from ERCP patients. Bile cells were stained with 
antibodies against human CD326 (EpCAM) (Biolegend 324203; mouse monoclonal – FITC 
conjugated, 1:100) according to the manufacturer’s instructions. Flow cytometry analysis 
was performed using a Canto flow cytometer (BD Biosciences) and cell populations were 
analyzed using Flowjo (version v10.6.1, BD). 

RNA extraction, cDNA synthesis and RT-qPCR 
Total RNA was collected after removal of the culture medium by adding 700µL of QIAzol 
lysis reagent (Qiagen) to a 24 well containing organoids (two 25µL BME/matrigel domes). 
RNA was isolated using the miRNeasy kit (Qiagen) according to the manufacturer’s 
protocol [16] and the concentration was measured using a NANOdrop 2000(ThermoFisher). 
cDNA from 500ng RNA was prepared using 5x PrimeScript RT Master Mix in a 2720 
thermal cycler (Applied Biosystems). RT-qPCR was performed with the primer sets 
provided in Table S3. RT-qPCR data are presented as mean with a 95% confidence interval 
or as standard error of the mean. RT-qPCR values are relative to the housekeeping gene 
Glyceraldehyde-3-Phosphate Dehydrogenase (GAPDH) or Hypoxanthine-guanine-
fosforibosyl-transferase (HPRT).  
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Immunofluorescence staining 
To evaluate protein expression of the organoids, immunofluorescence (IF) experiments 
were performed with selected antibodies for cytokeratin (KRT)-7, KRT-19, SRY Box (SOX)9, 
Albumin, Mucin-1 (MUC-1), Secretin Receptor (SCTR) and cystic fibrosis transmembrane 
conductance regulator (CFTR) (complete list of antibodies and dilutions used are displayed 
in Table S4), as previously described for ICOs[8]. For detailed methodology see 
supplementary materials and methods. 

Ussing chamber assay 
COs cultured from tissue and bile were seeded on a transwell culture plate (24 well 
plate 6.5mm, Corning) to grow COs in a 2D fashion. Upon forming a confluent monolayer, 
transwells were placed in an Ussing chamber (Physiologic instruments) set up to analyze 
functional cholangiocyte-specific transporter channels (CFTR and Ca2+- activated Cl- 
channel) using Acquire & Analyze Software 2.3 (Physiologic Instruments, San Diego, 
California). For detailed methodology see supplementary materials and methods. 

ϒ-Glutamyltransferase assay  
Supernatant (10µL) of BCOs (n=3) and, as a positive control, of ECOs cultured in non-
canonical WNT conditions (n=3), was collected. These specific ECOs were chosen since 
they were shown to excrete the same amount of ϒ-Glutamyltransferase (GGT) as primary 
cholangiocytes [14]. GGT activity was determined using a colorimetric assay kit (MAK089; 
Sigma-Aldrich), performed according to the manufacturer’s protocol. 

Rhodamine-123 transport functionality 
Functionality of the Multi Drug Resistance (MDR)-1 transporter was assessed using the 
Rhodamine-123 assay [17]. Specificity was determined by blocking MDR-1 transporter with 
Verapamil (10μM, Sigma Aldrich) for 30 min at 37˚C prior to Rhodamine-123 incubation 
(100 μM, Sigma Aldrich). Subsequent confocal images were acquired using a Leica SP5 
confocal microscope (LEICA) equipped with a 488 nm laser and a 20x zoom dipping lens. 

Cell proliferation assessment 
Cell proliferation characteristics of BCOs, ICOs and ECOs were measured by PrestoBlue 
Metabolic Assay (Life Technologies) and 5-Ethynyl-2′-deoxyuridine (EdU)-incorporation 
(ThermoFisher). For detailed methodology and gating strategy see supplementary 
materials and methods and figure S3A and B. 

RNA sequencing data obtaining and analysis 
RNA was isolated from 3 biological replicates from different types of organoids (ERCP bile, 
GB bile, ICO, and ECO). 500 ng of total RNA was used for library construction using KAPA 
RNA Hyper + RiboErase HMR kit (Roche 08098140702). RNA-sequencing (RNAseq) libraries 
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were sequenced paired-end (2 x 38bp) on Illumina NextSeq 500 platform. After 
sequencing, the qualities of the reads were checked using fastqc. An average of 20 million 
paired-end reads were aligned to human genome (hg38) using STAR [18] (2.7.0f) with 
default settings. BAM files were sorted and indexed using SAMtools [19] (1.7). The number 
of mapped fragments was quantified at gene level using featurecount [20] (1.6.4) with the 
following parameters, -p -g gene_name, based on Gencode annotation (v30). The R 
package DESeq2 [21] (1.22.2 on R 3.5.1) was used for differential gene expression analysis 
and for generating principal components analysis (PCA) and heatmap plots. Genes with 
less than 2 fragments were removed from the differential gene expression analysis. All the 
differentially expressed genes are determined according to adj-P<0.05. Vst normalized 
counts were generated using vst function from DESeq2, and transformed to Z-scores. 
Pheatmap package was used to generate heatmap plots using either vst normalized 
counts or Z-scores as input. Pathway analyses were performed by Enrichr web tool [22] 
using the significantly differentially expressed genes as input with default settings. RNAseq 
data from gallbladder- and common bile duct tissue as published by Rimland et al. [7] was 
used as a reference gene set for cholangiocytes and RNAseq data from 2D cultured 
primary hepatocytes was obtained from Schneeberger et al. [23] as a reference gene set 
for hepatocyte gene-expression. For comparing the transcriptome between the ERCP-
BCOs cultured in 3D (hydrogel) and ERCP-BCOs that were cultured on scaffolds, RNA 
samples were isolated from 3 biological replicates. The library construction was done as 
mentioned before, and the libraries were sequenced pair-end (2x 42bp). The analysis was 
performed using the same strategy as mentioned before, but using the tools with different 
versions (STAR version=2.7.6a, SAMtools version=1.7, featureCounts version=2.0.1, R 
version=3.6.1, DEseq2 version=1.26.0). In particular, before generating the count table, 
subsampling was applied to have the samples with comparable sequencing depths using 
SAMtools. Differentially expressed genes are determined based on adj-P<0.05 and 
|log2(Fold change) | > 1. The R package fgsea [24] (1.12.0) was used for gene set 
enrichment analysis (GSEA). Genes up-regulated in either 3D (hydrogel, BME) or scaffold 
culture system were used as input, and then compared to the differentially gene set 
published by Rimland et al. [7] (Tissue vs. organoid of common bile duct). Cell cycle related 
genes (involved in G2M and S phases) from R package Seurat (3.2.3) [25]25 were used for 
the heatmap. RNAseq data from this study was disposed to the GEO dataset (number: 
GSE156519). 

Upregulation of hepatocyte-related genes 
BCOs, ICOs and ECOs (from the same patient, n=3 individual patients) were differentiated 
towards hepatocyte-faith. The hepatocyte differentiation protocol used, was adapted 
from Huch et al. [8] with slight modifications (Helmuth et al. patent: WO2017149025A1). 
For detailed methodology see supplementary materials and methods. 
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Repopulation of EHBD scaffolds 
Decellularized human EHBD scaffolds were reseeded with BCOs. For this, EHBD 
tissue (n=3, length: 4cm) was obtained from research livers that were deemed unsuitable 
for transplantation. EHBD scaffolds were created according to the previously published 
protocol by Willemse et al.[26] using a Triton-X-100 based decellularization method. EHBD 
scaffolds were reseeded with single-cells derived from ERCP-BCOs (passage 5-9) and 
cultured for 21 days. For detailed methodology see supplementary materials and 
methods.  

Statistical analyses  
All statistical analyses were conducted using SPSS (software version 21, SSPS Inc, Chicago, 
IL, USA). Qualitative data were analyzed with the χ2 or Fisher exacts tests and were 
presented with numbers and percentages. Continuous variables were tested using an 
independent T-test or Mann-Whitney-U test and presented with normal distribution as 
means with standard deviation and if not normally distributed, they are presented as 
range. In all tests, a P value of <0.05 is considered significant. 

Results 
Human bile harbors organoid-initiating cells 
Human bile was collected using the ERCP or PTCD procedure or from gallbladders after 
resection (figure 1A, B). After obtaining and washing the cell fraction from bile, organoid 
cultures were initiated. Furthermore, cells obtained by CBD brushes were included and 
cultured as organoids. 

BCOs could be initiated from healthy individuals as well as from a variety of patients with 
different underlying biliary diseases (Table 1, Table S1), although with mixed success rates 
between sources. Upon initial issues with bacterial infections, vancomycin was added to 
the culture medium to prevent loss of cultures without losing viable cells (figure S1). In 
addition, to prevent fungal infections, which were frequently observed in patients 
suffering from PSC or CCA, BCO cultures of these patients were supplemented with 1% 
antibiotic-antimycotic instead of vancomycin for the first three days, as previously 
published [13]. As shown in figure 1C, after addition of treatment for micro-organisms, 
organoid-initiation was successful in 78% (42/54) of bile samples from ERCP. The success 
rate for brushes was 100% (2/2) and for bile samples from PTCD 67% (2/3). Organoids 
collected from ex vivo bile (resected gallbladders, >12 hours after surgery) could be 
cultured with a lower 33% (2/6) success rate. This is possibly due to the longer storage 
time of the bile as compared to the rapidly processed ERCP and PTCD bile (cultured within 
1 hour after collection). Indeed, gallbladder bile processed within 12 hours after resection 
had a 75% (6/8) success rate of BCO initiation (figure 1C) and ERCP-derived bile stored for  
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Table 1: Patient and organoid culture characteristics  

 
†Indicates that these organoids are cultured using the previously published protocol (Sampaziotis et 
al., Nat. Medicine 2017) stimulating non-canonical WNT culture conditions. 
 
4 hours before processing yielded no viable organoids (figure S2). Furthermore, we could 
not find any difference in successful culture percentages between different underlying 
(biliary) conditions or between cultures derived from livers transplanted after brain death- 
or circulatory death donation. As shown in figure 1B, organoids from bile and brushes 
have a cystic morphology, similar to previous publications of organoids cultured from 
intra- or extrahepatic bile duct tissue [7, 8].  

BCOs could be passaged long-term (>passage 15, >5 months) and could be viably frozen at 
different time points (Table 1). Previous research showed for ICOs that the organoid-
initiating cells are EpCAM+ cells and likely a subset of cholangiocytes [8]. As shown in 
figure 1D, approximately 50% (mean 44.27% ±19.74, n=3) of the cells present within bile 
are EpCAM+. These EpCAM+ cells in bile are the likely organoid-initiating cells, however 
direct evidence is still lacking. Direct cells sorting of EpCAM+ or EpCAM- cells from bile 
using flow cytometry failed to yield viable cells for organoid-initiation, thus indicating that 
likely due to cell-stress related difficulties we are unable to grow organoids from EpCAM+ 
cells from bile (figure S2C). In summary, human bile samples are an effective source for 
cholangiocyte organoids. 

Culture type Age 
patient 
(years) 

Gender Cell Source Donor Type or 
Indication 

ERCP/surgery  

Frozen 
after 

passage 
ECO† 8 13 M GB DBD 5 

BCO 1, ICO 1,  
ECO 1 

27 M Liver, EHBD, GB 
Bile 

DBD 8 

BCO 5 33 F ERCP Bile Bile Leakage 18 
BCO 6 46 M ERCP Bile PSC 26 
ECO† 9  50 M GB Bile stones 5 

BCO 3, ICO 3, 
 ECO 3 

56 F Liver, EHBD, GB 
Bile 

Liver Explant of a 
cirrhotic PSC liver 

10 

ECO† 10 59 M GB DBD 5 
BCO 2, ICO 2,  

ECO 2 
59 F Liver, EHBD, GB 

Bile 
DBD 10 

BCO 4, ICO 4,  
ECO 4 

66 F Liver, EHBD, GB 
Bile 

Liver Explant of 
cirrhotic HCV liver 

with HCC 

6 

BCO 7 68 F ERCP Bile Bile stones 18 
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Figure 1: Culture of bile cholangiocyte organoids.(a) Schematic overview of initiation of bile 
cholangiocyte organoids (BCOs) from different sources of bile and from endoscopic retrograde 
cholangiopancreatography (ERCP)-brushes of the common bile duct (CBD). (b) Representative 
organoid cultures from ERCP-brushes and ERCP-derived bile at different passages. Passage 0 (48 
hours after culture initiation), P1 (picture taken 72 hours after passage 1) and P5 (picture taken 120 
hours after passage 5) (p), scale bars indicate 1000µm. (c) Successful culture percentage from 
different sources of bile and CBD brushes. (d) Flow cytometry analysis of cells within ERCP-derived 
bile (n=3) revealed that a mean 44.3%±19.7 are of biliary (EpCAM+) origin. 

Bile cholangiocyte organoids resemble functional cholangiocyte-like 
cells in vitro 
All bile-cholangiocyte cultures from either ERCP (n=3) or gallbladder (n=3) were analyzed 
on gene-expression by RT-qPCR and by normalized read counts from RNA-seq data of 
BCOs compared to open access data from primary cholangiocytes and hepatocytes [7, 23]. 
Overall, it is clear that the BCOs follow the transcriptomic profile of cholangiocytes and 
have limited expression of classical hepatocyte markers compared to primary hepatocytes 
(figure S4A-C).  

Typical biliary markers such as KRT-7, KRT-19, sodium-depended bile acid transporter 
(ASBT, also known as SLC-10A2), SOX-9, CFTR, hepatocyte nuclear factor (HNF)-1β, and 
Trefoil factor (TFF)-1 and TFF-2 were detected (figure 2A and S4A). Interestingly, ERCP-
derived BCOs (bile collected from the common bile duct) expressed TFF2 at somewhat 
higher levels when analyzed by RNA-seq, while gallbladder-derived BCOs did not, but 
showed more expression of SOX-17 (figure 2A,S4A and B). These, results are in line with a 
recent publication demonstrating the local differences between cholangiocytes [27]. 

Gallbladder-BCOs had a high expression of albumin (2/3 samples) and a low expression of 
CYP-3A4, while ERCP-derived BCOs show the opposite expression profiles (figure 2A and 
S4C). Although, this high expression of albumin in GB-BCOs could not be confirmed by 
RNA-seq analysis, and did not reach statistical significance, a difference between ERCP- 
and GB-obtained BCOs still seems to be present (figure S4C). In addition, ERCP-BCOs 
showed higher expression of the apical SLC-10A2 transporter and the luminal SLC-12A2 – 
also known as NKCC-1- receptor when compared to GB-BCOs (figure 2A and S4A).  

Additionally, both BCOs express the WNT-target gene leucine-rich-repeat-containing-G- 
protein-coupled receptor (LGR)-5 (figure 2A and S4A) known to be higher expressed in 
cholangiocyte organoids compared to primary cholangiocytes (figure S4C) [9, 11]. Overall, it 
is clear that BCOs not fully represent mature cholangiocytes, which is reflected in less 
expression of functional markers AQP-1, GGT and CFTR (figure S4A), similar to previous 
results [7]. Immunofluorescence revealed protein expression of KRT-7, KRT1-9, CFTR, MUC-
1, SCTR and SOX-9 (figure 2B and figure S4D), but the absence of ALB (figure S4E) in BCOs. 
In addition, functionality of BCOs was assessed by determining ϒ-Glutamyltransferase 
(GGT) activity, multidrug resistance protein-1 (MDR-1) activity and ion channel activity.  
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Figure 2: Bile cholangiocyte organoids represent functional cholangiocyte-like cells in vitro.(a) 
Expression of typical cholangiocyte, hepatocyte and stemness/WNT-target associated genes relative 
to GAPDH (presented as 2-dct method) analyzed using RT-qPCR in BCOs (n=6, BCO1-3 and BCO5-7). 
Mature cholangiocyte markers (KRT7 and KRT19, TFF1, TFF2) were expressed relatively high 
compared to the expression of hepatocyte and stemness/WNT-target genes. (b) Protein expression 
by immunofluorescence of the cholangiocyte markers: KRT-19, KRT-7, MUC-1 and SOX9 (red) and 
nuclei (DAPI, blue) on BCOs (n=3, BCO1, 5 and 7), scale bars indicate 100 µm except for SOX9 where it 
indicates 200 µm. Images displayed are from BCO 5 and 7. (c) Gamma-glutamyltransferase activity 
of BCO supernatant as measured by fluorescence is similar between BCOs (n=3, BCO5-7) and ECOs 
(ECO8-10, n=3) grown in non-canonical WNT stimulating conditions (Sampaziotis et al. Nat Med 
2017). (d) BCOs (n=3, BCO1, 5 and 7) have clear MDR-1 activity as Rhodamine 123 was actively 
transported out of the cells into the lumen of the organoid. Specificity was confirmed by inhibition 
with Verapamil, scale bars indicate 100 µm. (e) Representative ion-channel functionality of 2D-grown 
BCOs (n=4, BCO1-3 and 5) in an Ussing chamber. Stimulation with cAMP-activator forskolin (both 
sides), resulted in an increase in short circuit current. This was completely blocked by cystic fibrosis 
transmembrane conductance regulator (CFTR)-inhibitor, GlyH-101, demonstrating specific CFTR-
mediated activity. It also shows calcium-dependent chloride excretion ion-channel activity, 
specifically stimulated by UTP and inhibited by T16Ainh-A01, indicating anoctamin-1 activity. 
*indicates a significant difference (p<0.05). 

Figure 2C demonstrates that GGT expression levels of BCOs were similar to those found in  
ECOs cultured in non-canonical WNT stimulating conditions (mean 9.01±SD0.2 vs. 
mean 8.60±SD0.13, P=0.1).  

Previous published data showed that these specific ECOs have a similar GGT expression 
level when compared to primary cholangiocytes [14], providing indirect evidence that GGT 
levels produced by BCOs might be similar to cholangiocytes. MDR-1 activity was assessed 
by the ability to transfer Rhodamine-123 into the lumen of the organoids. Upon 
incubation, Rhodamine-123 was transported into the organoid lumen (figure 2D). By 
blocking the MDR-1 channel with MDR-1 antagonist verapamil, this luminal accumulation 
was prevented, confirming functional MDR-1 transporter channel activity in BCOs. The 
presence of functional cholangiocyte-specific ion channels in BCOs was analyzed on 
organoids grown on a 2D-monolayer, using an Ussing chamber setup.  

Incubation with forskolin (cAMP-activator) caused an increase in short circuit current (Isc), 
which could be inhibited by GlyH-101 (CFTR-inhibitor). It is important to state that 
forskolin was still present in the culture medium prior to forskolin stimulation. Therefore, 
Isc responses (sometimes) can be limited, however the specific inhibition by GlyH-101, 
undoubtedly demonstrated the presence of functional CFTR-receptors. Incubation with 
uridine 5'-triphosphate (UTP) resulted in an increase in Ca2+ -dependent channel activation 
(via purinergic R) which could be inhibited by T16Ainh-A01 (figure 2E). 
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Figure 3: Paired analysis of ICOs, ECOs and BCOs from same donors reveals global similarity and 
specific differences in cell proliferation.(a) Schematic layout of culture of BCOs, ICOs and ECOs from 
the same three donors (all experiments performed with donors 1-3). (b) Metabolic activity in the 
three organoid types as measured by PrestoBlue at day 4 did not increase when compared to day 1 
after passaging. (c) Cell proliferation as measured by EdU incorporation. Both BCOs and ECOs have a 
higher number of EdU positive cells compared to ICOs (15.17%±SD3.38 vs. 15.53%±SD4.18 vs. 
9.1%±SD2.21, p=0.03). (d) Representative ion-channel functionality of 2D-grown ECOs (top line) and 
ICOs (bottom line) in an Ussing chamber. Stimulation with cAMP-activator, forskolin (addition to 
both sides), resulted in an increase in short circuit current. This was completely blocked by CFTR- 
inhibitor, GlyH-101, addition to the luminal side demonstrating CFTR-mediated activity. Also, the 
calcium-dependent chloride excretion ion-channel activity (anoctamin-1) could be specifically 
stimulated by UTP. (e) Quantification of the Ussing chamber data showed that both CFTR-activity (as 
defined by inhibition of the CFTR channel-activity), and anoctamin-1-activity (as defined by UTP 
stimulation) were similar between cholangiocyte organoids from all three sources. (f) Principal 
component analysis (PCA) based on top 500 most variable genes determined by RNA-seq of 
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(figure 3 continued)organoids from all three sources (n=3), showed no clear clustering based upon 
donor, however the BCO samples do seem to cluster. (g) Heatmap-clustering showing sample-to-
sample distances on the same samples as used in the PCA plot. Scale bar represents the distance 
between samples. The lower the distance is, the more correlated the samples are. This shows no 
clear clustering on either source or donor. 

These results indicate the presence of functional cholangiocyte ion-channels CFTR and 
Anoctamin-1 (ANO-1). All together, these results indicate that BCOs maintain several 
functional characteristics of cholangiocytes in vitro, but do not represent a fully mature 
cholangiocyte.  

Bile cholangiocyte organoids show similar characteristics  
To investigate how BCOs relate to previously published cholangiocyte organoids derived 
from tissue [7, 8], paired organoid cultures were initiated from extra- and intrahepatic bile 
duct tissues (ECOs and ICOs, respectively) [28] and from bile obtained from the gallbladder 
all from the same patients (n=3, figure 3A). Morphologically, no obvious differences were 
observed between the three paired organoid types [7, 8]. The metabolic activity of the 
three organoid types were analyzed using PrestoBlue assay. The increase in metabolic 
activity over time in BCOs was similar to ECOs (fold change 2.18±SD0.73 vs. 2.08±SD0.82, 
day 4 activity, relative to day 1) and both had a higher fold change compared to ICOs (fold 
change 1.47±SD0.32, figure 3B), although this did not reach statistical significance (p=0.1).  

We hypothesized that this was caused by lower numbers of proliferating cells in ICOs. 
However, since the Prestoblue assay only measures broad metabolic activity and not 
proliferation in particular, we could not rule out that other cellular processes contributed 
to this difference. Therefore, we quantified the percentage of proliferating cells by flow 
cytometry analysis of EdU incorporation. As shown in figure 3C, the EdU-positive cell 
subset was similar between BCOs and ECOs (15.17%±SD3.38 vs. 15.53%±SD4.18, 
p=0.91, figure 3C), while both had a higher positive subset compared to ICOs (mean 
9.1%±SD2.21, p=0.03), confirming our hypothesis. As shown in figure 3D, ion-channel 
functionality of ICOs and ECOs compared to BCOs were assessed. Both ICOs, ECOs and 
BCOs from the same patients showed similar responses to forskolin and UTP stimulation.  

When all three organoid pairs were quantified, no significant differences could be found in 
CFTR- or ANO-1 ion-channel activity between ICOs, ECOs and BCOs (figure 3E). These 
results indicate that activity of cholangiocyte ion-channels CFTR and ANO-1 is comparable 
between these three organoid types. To identify possible differences between ICOs, ECOs 
or BCOs, we performed genome-wide gene expression analyses using bulk RNA-seq. In 
figure 3F, a PCA plot calculated using the top 500 variable genes is shown. Even for the 
most variable genes, all samples displayed no clear differences to one another and only 
the BCO samples seem to cluster. When looking at transcriptomic correlation between 
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these samples using heatmap-clustering for all genes tested (figure 3G), we do not 
observe any specific clusters for either source or donor. This indicates that culture 
conditions, in which (non-malignant) cholangiocytes are expanded as organoids, are 
mainly driving the general transcriptomic profile but not the source of the organoids or 
underlying diseases. 

Gene profiles indicate BCOs are of local (extrahepatic) origin 
One of the major questions considering bile organoids is whether they originate from an 
intrahepatic location or from cholangiocytes of the extrahepatic bile ducts. To investigate 
this, we compared the transcriptomes of BCOs, ERCP or gallbladder derived, to ICOs and 
ECOs. As displayed in figure S5A and B, Principal component analysis (PCA) of top 500 
most variable genes between ERCP- BCOs and gallbladder BCOs does not result in specific 
clustering of either type of BCOs towards either ICOs or ECOs. Thus, further analysis was 
performed focusing on differently expressed (DE) genes between ICOs and ECOs. These 
ICO- and ECO- unique gene sets are shown in figure 4A. As shown in figure 4A and figure 
S5C and D, two out of three ICOs had a unique expression profile compared to BCOs and 
ECOs. One ICO-line (ICO3) did had absence of ECO-specific genes, but did not show the 
unique ICO-regional gene-expression (figure 4A and figure S5E) that are mostly absent in 
BCOs from both sources as well (figure S5E and F), indicating similarities between ECOs 
and BCOs. 

Next, we looked at regional gene-expression profiles that are preserved in cholangiocyte 
organoids of different parts of the biliary tree tissue as was previously published [7]. These 
genes were also specifically analyzed in BCOs derived from ERCP and gallbladders. As 
shown in figure 4B and C, the typical CBD regional genes HOXB-2 and HOXB-3 [7] are highly 
expressed in ECOs and ERCP-BCOs, but significantly lower in ICOs and GB-derived BCOs 
(figure 4D). Interestingly, in GB-derived BCOs, expression of regional-preserved 
gallbladder specific genes [7] were more pronounced compared to all other sources of 
organoids (figure 4E). Finally, we investigated the transcriptomic difference between 
ERCP-derived and GB–derived BCOs. With this analysis we could identify 279 DE 
genes (Sup. File 2), indicating that different sources of bile organoids have unique 
expression profiles and enriched pathways (figure S6). Overall, these gene-expression 
analyses of organoids from different sources indicate that they are highly comparable, but 
BCOs resemble ECOs more closely when looked at regional-specific genes. Moreover, 
different regions of the extrahepatic bile duct are partially preserved in organoids cultured 
from bile obtained from these regions, showing a high indication that the (majority of) 
organoid initiating cells come from locally obtained cells, however some contamination 
from intrahepatic bile duct cells cannot be excluded.  
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Figure 4: Regional specific gene-expression suggest BCOs are of local extrahepatic originate.(a) 
Heatmap of the differentially expressed (DE) genes between ICOs and ECOs (n=3, for detail of genes 
supplementary data file 2), on all organoid samples, showing that ECOs and BCOs cluster more  
(figure 4 continued) closely. Moreover, BCOs lack the typical ICO-specific, but do express the ECO-
specific genes. (b) Heatmap of regional specific genes preserved in cholangiocyte organoids derived 
from the common bile duct and gallbladder[7]. We confirm that ICOs lack expression of HOXB2 and 
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HOXB3 as reported7. Both ECOs and ERCP-derived BCOs express common bile duct genes. Moreover, 
it was clearly shown that in two (GB bile 1 and 2) out of three samples derived from gallbladder bile, 
expression of gallbladder tissue related genes was upregulated compared to other organoids. (c) 
Heatmap showing Z-score of the same gene set from b on BCOs from ERCP-bile and gallbladder-bile 
showing expression of either CBD-specific or gallbladder tissue-specific genes, demonstrating 
regional diversity between BCO sources. (d) Normalized read counts for BCOs (from either GB bile or 
ERCP), ICOs and ECOs for common bile duct specific markers HOXB2 and HOXB3 shows higher 
expression in ECOs (for HOXB3) and ERCP (HOXB2) derived samples compared to ICOs. (e) 
Normalized read counts for BCOs (from either GB bile or ERCP), ICOs and ECOs for 12 GB-tissue 
specific genes. Significantly higher expression of 5 of the 12 GB genes was observed in GB-BCOs as 
compared to ERCP-BCOs or ICOs and ECOs. Error bars represent the SEM from three Biological 
replicates. P-values displayed are calculated via t-test and corrected for multiple testing. All 
experiments in figure 4 are performed with donor 1-3 and 5-7. 

BCOs and ECOs lack potential to acquire hepatocyte-related properties 
Previous studies showed that ICOs but not ECOs have the potential to upregulate 
hepatocyte-specific genes in “Hepatic medium (HM)” conditions (figure 5A) [7, 28]. Since 
the gene-expression profiling results indicate that BCOs more closely resemble ECOs, we 
investigate their ability to acquire hepatocyte-like potential under these 
conditions [7, 8, 28, 29]. To account for inter-donor variation, we initiated BCOs, ICOs and 
ECOs from tissue and bile collected from the same patients (n=4). In line with previous 
studies [7, 27], big differences in the ability of ICOs to upregulate hepatocyte-related 
markers, albumin and CYP-3A4, in HM conditions were observed between donors. Only 
two of the four ICO-lines showed a clear upregulation of these hepatocyte markers 
(figure 5B).  
 
For the analysis of differentiation of BCOs and ECOs only the good differentiating donors 
were included. As shown in figure 5B, only ICOs and not BCOs or ECOs, could upregulate 
all four hepatocyte markers (Albumin, CYP-3A4, HNF-4α and Α1AT) in individual donors 
when cultured in HM condition. Also, downregulation of stem cell/WNT-target genes LGR-
5 and CD-133 was most profound in ICOs compared to BCOs (figure 5C). Only one BCO-line 
showed 33-times upregulation of Albumin in HM conditions compared to the 120-times in 
ICOs from the same donor and is maybe due to contamination of intrahepatic 
cholangiocytes in this BCO line.  
 
When cultured under cholangiocyte- maturation conditions, all organoids from all sources 
behaved similar (figure S7). Overall, our results indicate that none of the ECOs could 
potentially acquire hepatocytes-like properties, which is in line with previous results[7, 27]. 
Moreover, we demonstrate that BCOs have little to no ability to upregulate hepatocyte-
markers as well, confirming that the (bulk of) organoid initiating cells for BCOs are most 
likely of extrahepatic origin. 
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Figure 5: BCOs, similar to ECOs, lack the ability to acquire hepatocyte-like properties.(a) Schematic 
overview and pictures of cholangiocyte-organoids from gallbladder-derived BCO, ICOs or ECOs (all 
experiments in figure 5 are at least performed in three biological replicates with donors 1-4) grown in 
either in expansion medium containing canonical-WNT stimulatory factors (left) or after 14 days in 
hepatic medium (HM, right). Scale bar indicates 2mm. (b) Gene-expression by RT-qPCR for the 
hepatocyte-related genes (Albumin, HNF4α, CYP3A4 and Α1AT) in organoids cultured in HM (n=2). As 
indicated only ICOs could upregulate all four hepatocyte related genes in individual donors, whereas 
BCOs and ECOs do not. (c) Gene-expression by RT-qPCR relative to the housekeeper gene HPRT1 for 
stemness/WNT-target markers (LGR5 and CD133) from all three sources (n=2) showing 
downregulation of stemness/WNT-target markers for ICOs in HM compared to paired samples in 
expansion medium. 

BCOs can pave bile ducts scaffolds and acquire tissue-like 
cholangiocytes properties in vitro 
Since most likely BCOs are of extrahepatic origin, we investigated if they could repopulate 
EHBD scaffold. In figure 6A a schematic overview of the experiment is presented. The 
absence of cells in the EHBD scaffolds after decellularization was confirmed using 
hematoxylin and eosin (H&E) (figure 6B, left panel). Repopulation of the EHBD scaffolds 
with ERCP-derived BCOs resulted in full coverage of the luminal side of the scaffold surface 
by a confluent monolayer of cholangiocyte-like cells after 21 days (figure 6B, right 
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panel).Cells showed columnar morphology with nuclei on the basolateral side of the cells, 
while cytoplasm was more prominent at the luminal side, consistent to the histology of 
bile ducts in vivo (figure 6B, right panel) [30]. Cross sectional imaging of 
immunofluorescence staining showed the presence of mature cholangiocyte proteins KRT-
7, KRT-19, CFTR and SCTR (figure 6C and S8A). No upregulation of albumin protein 
expression was observed (figure S8A). Whole mount confocal imaging of reseeded EHBDs 
shows nearly complete paving of the bile duct lining by BCO cells. Furthermore, the ostia 
located in large bile ducts (peribiliary glands) were repopulated by the cells. All cells 
stained positive for F-actin (stained by Phalloidin) and most cells expressed cholangiocyte 
marker KRT-7 (figure 6D and S8B, Video S1) and KRT-19 (figure 6E, Video S2).  

To gain more insight in cholangiocyte-like phenotype of the BCO cultured as a monolayer 
on a human EHBD scaffold, bulk RNA-seq was performed to look at global gene expression   
profiles and to compare to those of BCOs cultured in a normal BME hydrogel. As shown in 
figure 6F, principal component analysis demonstrates that gene-expression profiles of BCO 
cells grown on scaffolds or in a hydrogel display clear differences. Similar differences were 
also seen using heatmap analyses (figure S8C). Importantly, 54% of variance in gene 
expression (PC1) was related to the substrate (scaffold versus hydrogel), whereas 23% of 
variance (PC2) was related to the organoid donor (figure 6F). Overall, When looking in 
depth at specific cholangiocyte, hepatocyte- and cell cycle related genes, it is clear that 
there is no upregulation of hepatocyte-related genes (figure S8E and F), but a significant 
downregulation of KRT19 upon repopulation of the scaffolds was observed (figure S8E 
and F). This is in line with a previous study and our own data of (figure S4A) that shows 
that KRT-19 expression in cholangiocyte organoids is higher compared to primary 
cholangiocytes (figure S4A) [11].  

In addition, the WNT-target gene LGR-5 and cell-cycle related genes are severely 
downregulated in BCOs cultured upon scaffolds (figure S8D-F), likely as the result of 
formation of a confluent monolayer and maturation of the cells due to the local 
environment. Finally, we performed GSEA of BCOs cultured on bile duct scaffolds (figure 
6G, top panel) and in a hydrogel (figure 6G, bottom panel) comparing the DE genes 
between primary cholangiocytes and organoids from the common bile duct (CBD) that 
were described by Rimland et al.[7]. It is clear that the unique gene-expression profile of 
the repopulated scaffolds shows a significant similarity to that of cholangiocytes from the 
CBD (p=0.003), while the BCOs cultured in a hydrogel seem to overlap with organoids 
cultured from the CBD. Collectively, these results provide evidence that cells obtained 
from bile, and that are expanded as organoids, can efficiently repopulate human bile duct 
scaffolds without deviation from the biliary lineage and as such obtain gene-expression 
profiles more closely resembling primary cholangiocytes in situ.  
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Figure 6: BCOs can pave human extrahepatic bile ducts scaffolds as cholangiocyte-like cells in 
vitro.(a) Schematic overview of the experiment. Extrahepatic bile ducts (EHBDs) were removed from 
their cholangiocyte lining using a Tritox-X-100 based protocol and small punches (circular discs, Ø 
3mm) were created which were then incubated for 21 days with a BCO cell suspension (consisting of 
approximately 50·103 single cells). All experiments are performed in triple (both technical and 
biological, BCO5-7). (b) H&E confirmed that all cells were efficiently removed from the EHBD 
scaffolds (left panel) and that single-cells derived from BCOs repopulate the luminal side of the EHBD 
scaffolds in a columnar manner (nuclei facing the basolateral side, right panel), scale bars indicate 
200μm (left panel) and 50µm for the right panel. (c) The recellularized bile duct scaffolds expressed 
the cholangiocyte marker KRT-7 (red). Nuclei are stained with DAPI (blue) and scale bar indicates 200 
μm. (d) Whole mount confocal imaging of reseeded EHBDs shows nearly complete repopulation of 
the bile duct lining by BCOs. This included repopulation of the ostia. Most cells expressed 
cholangiocyte marker KRT-7 (Red) whereas all cells stained positive for Phalloidin (F-actin, green) and 
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(Figure 6 continued) DAPI (nuclei, blue). Scale bars indicate 200μm. (e) Similar analysis were done by 
whole mount confocal imaging of cholangiocyte marker KRT-19, co-stained with Phalloidin (F-actin, 
green) and DAPI (nuclei, blue). A large subset of cells stained positive for KRT-19 (red) after 
repopulation. Scale bars indicate 100μm. (f) PCA plot generated based on RNA-seq. data of BCO 
samples cultured on scaffolds and in 3D-hydrogel conditions (n=3 both conditions), showing that the 
PC1 is mainly determined by the different culture conditions and PC2 mainly by donor. (g) GSEA 
analysis of differently expressed genes (supplementary file 3) between BCOs on scaffolds (upper 
panel) and BCOs grown in a hydrogel (bottom panel). This gene-set was compared to the DEgenes 
from primary cholangiocytes and organoids from the CBD as previously published.7 Clearly, BCOs on 
scaffolds show the highest similarity to primary cholangiocytes of the CBD (p=0.003), while BCOs in 
hydrogel show a trend towards clustering with the CBD organoid profile. 

Discussion 
In this study, we demonstrate that cholangiocyte organoids can be readily cultured from 
bile and brushes collected in and ex vivo. Organoids were cultured from patients and 
healthy donors, and could be expanded long-term (>25 weeks, >15 passages) without 
losing their morphological characteristics using canonical-WNT stimulating conditions. 
These BCOs closely resemble ECOs in their gene- and protein expression patterns, 
functionality and inability to differentiate towards hepatocytes. Furthermore, we show 
that BCOs are capable of repairing damaged human extrahepatic bile duct scaffolds. These 
findings highlight the potential of BCOs as a patient-specific minimally invasive cell source 
for tissue engineering and regenerative medicine applications. 

Progress in understanding the pathophysiology and discovering new therapies for biliary 
diseases have been limited by the lack of functional cholangiocyte-like cells in vitro. 
Cholangiocyte organoids, as first described by Huch et al. [8, 15], have the potential to 
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overcome this problem. Since bile is shown to be a source for cholangiocyte organoids [13], 
it becomes feasible to collect patient samples in a minimally invasive manner during their 
routine clinical procedures rather than depending on invasive trough-cut biopsies. Thus, 
BCOs extend organoid-initiation beyond patients who receive a liver transplantation or 
undergo a risky liver biopsy procedure, to patients with rare diseases and following them 
over time. When cultured in canonical-WNT stimulating conditions, BCOs show a higher 
proliferation rate compared to ICOs, making them potentially more suitable for use in 
large-scale experiments. Hence, BCOs provide an attractive model to study cholangiocyte 
biology and (rare) cholangiopathies. Results from our study indicate that organoids 
obtained from bile (for the majority) have a local origin and retain characteristics of the 
local bile duct tissue. Two examples of this are the BCOs derived from bile samples from 
the common bile duct (by ERCP) and the BCOs derived from gallbladder bile.  

By comparing the gene expression for organoids with the regional specific signature genes 
that are preserved in organoids identified by Rimland et al. [7], we found that ERCP-
derived BCOs upregulated the common bile duct-specific genes HOXB2 and HOXB3. 
Moreover, gallbladder bile-derived BCOs showed specific upregulation of signature genes 
expressed in gallbladder-tissue. Further evidence that BCOs are not derived from 
intrahepatic bile ducts comes from the fact that they lack the potential to acquire 
hepatocyte-like properties. As shown by two previous studies, only ICOs but not ECOs 
have this potential [7, 28]. This difference in cell fate may be related to their embryogenic 
origin [6]. In agreement with this data, we could confirm that only ICOs, but not ECOs from 
the same patient, are capable of upregulating hepatocyte-specific genes [7, 28] . In 
contrast, one BCO line was capable of upregulating albumin expression, although to 
significantly lower levels compared to the ICO counterpart. Thus, it could be that some 
intrahepatic cholangiocytes could still end up as organoid-initiating cells in BCOs.  

Essentially, our results highlight the resemblance between ECOs and BCOs, suggesting that 
BCOs should be used to study the EHBD and EHBD-related cholangiopathies. However, a 
question that needs to be addressed is why these cholangiocytes are present in bile. It 
could be due to local turnover or due to mechanical disruption of the epithelium as a 
result of the procedure. But an alternative explanation would be that these cholangiocytes 
are harmed by the local disease and as a result detach and end up in the bile. However, 
this probably would not be harmful for regenerative experiments, since a recent 
publication showed that cholangiocyte-organoid initiation likely drives stressed 
cholangiocytes towards a healthier status and thereby enhancing their regenerative 
potential after organoid initiation [27]. Moreover, we demonstrate that there are no large 
differences between organoids from bile or from healthy donor biopsies. Interestingly, 
BCOs could allow scientists and clinicians to follow patients during their inevitable disease-
progression. In addition, it would be valuable to research if CCA-organoids can be cultured 
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from bile. Research indicated that tumor organoids can be cultured from tissue specimens 
obtained from surgical resections or biopsies, while maintaining their resemblance to the 
in vivo tumor and can be used for personalized drug screening options [31-34]. It is known 
that CCA cells are detectable in bile [35-38].Thus, it is likely that bile could provide a 
minimally invasive method to establish CCA organoids, with opportunities to follow CCA 
development over time. This could accommodate personalized treatment for a larger 
patient group, especially from patients suffering of CCA in the EHBD, and adjustment of 
therapy as the tumor progresses and changes [38, 39]. 

We are not the first group to report on BCOs, Soroka and colleagues showed that BCOs 
can be cultured from ERCP samples [13]. In their publication, they provided evidence that 
some of the inflammatory immune profiles of PSC patients were recapitulated in vitro [13]. 
By elaborating on their previous work, we show that BCOs can be formed from multiple 
sources of bile and from CBD brushes. In line with their results, we demonstrate that BCOs 
resemble cholangiocyte-like cells in vitro. In contrast, we failed to show a superiority for 
ECOs in function and expression of cholangiocyte-specific channels (CFTR) compared to 
BCO and ICOs, as was suggested [13]. Instead, we demonstrate that the transcriptomic 
profile is highly comparable between organoids from different sources of the same donors 
(figure 3G). Soroka et al. accessed expression profiles between BCOs and ICOs from 
different donors, thus this might explain the discrepancies found between the studies. 
Moreover, our research focused on the underlying biology of BCOs as well as using them 
for tissue-engineering purposes thus providing a valuable addition to the study by 
Soroka et al. 

We are the first to demonstrate that BCOs cultured in canonical-WNT conditions can also 
be used for repopulation of the EHBD by seeding them on empty human scaffolds. These 
empty scaffolds were created as a model for bile duct damage using a method called 
decellularization [26]. We demonstrate that recellularization by BCOs results in the 
formation of a confluent monolayer with cholangiocyte-like cells. Importantly, BCOs are 
less proliferative as well as lose their LGR5 expression when cultured upon EHBD scaffolds. 
Furthermore, their gene-expression profile seems to move towards tissue-like 
cholangiocyte as a result of interacting with these scaffolds. Thus, we are the first group 
that demonstrate the need for appropriate scaffolds for the recreation of EHBD-
constructs. This is in line with previous studies that demonstrated the need for 
appropriate niches to differentiate and maturate cells [40-44]. Of note, a recent study 
indicates that cholangiocytes and cholangiocyte-organoids are plastic and can adapt their 
phenotype to local niches in the biliary tree [27]. As a proof of concept, the authors 
demonstrate that ECOs can successfully restore intrahepatic bile ducts as intrahepatic 
cholangiocytes. Similar to their study, after repopulation by BCOs there was no 
upregulation of hepatocyte-related markers [27]. Moreover, we demonstrate that BCOs 
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are unable to upregulate these hepatocyte-related makers in vitro. Therefore, it is likely 
that no other cells from the hepatic-lineage will be formed when BCOs are used for tissue-
engineering purposes. Additionally, it could be that BCOs can also be used to regenerate 
the intrahepatic bile ducts in vivo, making BCOs a potential suitable candidate for 
cholangiopathy treatment [27, 44].  

Since, we recently showed that our repopulated scaffolds with BCOs are properly 
polarized by cilia staining and that they become functional constructs by demonstrating 
TEER and ion-channel functionality [26], the next goal would be to create a 3D construct. 
Cholangiocyte-organoids cultured in non-canonical WNT-stimulated conditions have 
previously shown feasibility to repopulate 3D constructs and function as EHBD in vivo [14, 

45].Thus, it is likely that BCOs can also repopulate 3D constructs. It is important to 
emphasize that we only decellularized and repopulated the epithelial compartment of the 
EHBD. For large constructs to function after transplantation a steady supply of nutrients 
and oxygen is required. Thus, spontaneous vascularization of the constructs would be 
necessary. Recent evidence emerged that this might be the case. Both Sampaziotis et al. 
[14] and Struecker et al.[46] Showed signs of spontaneous vascularization of EHBD 
constructs as well as long-term survival of the animals without biliary complications. 
Moreover, it was shown that some mesenchymal supportive cells might become 
spontaneously present as well [14]. It would have been of great value to see if BCOs can 
engraft in vivo as well. Although previous studies showed that this is the case for mouse 
gallbladder-derived cholangiocyte organoids cultured in canonical-WNT stimulating 
conditions [47], there is still a need to demonstrate this for human BCOs as well. Our 
laboratory lacks the animal micro-surgery expertise and medical ethical approval to 
perform bile duct transplantations in mice, but in collaboration with expert labs these can 
hopefully be performed in the future. Furthermore, clinical applications of organoids are 
still (partially) limited by the use of non GMP-compliant mouse tumor ECM extracts, such 
as matrigel and BME. Recent studies have shown that organoids can be cultured in more 
clinically relevant hydrogels derived from porcine small intestine submucosa [48] or 
Cellulose Nanofibril [49]. Thus, in theory, patient-derived BCOs cultured in these ECM 
hydrogels could effectively create EHBDs in vitro, which might be transplanted back into 
the patient of which the bile is obtained.  

In conclusion, our study shows that bile obtained from multiple sources from a wide range 
of patients can be used to culture cholangiocyte organoids from the extrahepatic bile 
duct. This opens new doors to study extrahepatic biliary diseases and regenerative 
medicine of the extrahepatic bile duct without the need of invasively collected biopsies. 
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List of abbreviations 
 

3D 3-Dimensional 
ADV Advanced 
ALB Albumin 
ANO1 Anoctamin-1 
ASBT Apical Sodium-Bile Acid Transporter 
BME Basement Membrane Matrix  
BCO Bile Cholangiocyte Organoids 
BSA Bovine Serum Albumin 
CaCC Calcium-Activated Chloride Channel 
CCA Cholangiocarcinoma 
CBD Common Bile Duct 
CFTR Cystic Fibrosis Transmembrane Conductance Regulator 
CO Cholangiocyte Organoids 
ECO Extrahepatic Cholangiocyte Organoids 
EdU  5-Ethynyl-2´-deoxyuridine 
EHBD Extrahepatic bile duct 
ERCP Endoscopic Retrograde Cholangiopancreaticography 
FACS Fluorescence-Activated Cell Sorting 
GGT ϒ-Glutamyltransferase 
HNF Hepatocyte Nuclear Factor 
ICO Intrahepatic Cholangiocyte Organoids 
IF Immunofluorescence 
IPS Induced Pluripotent Stem cells 
Isc Short Circuit Current 
KRT Cytokeratin 
LGR Leucine-rich repeat-containing G-protein coupled receptor 
MDR-1 Multidrug Receptor-1 
MEC Medical Ethical Committee 
NKCC Sodium-Potassium-Calcium-Cotransporter 
PBS Phosphate Buffered Saline 
PSC Primary Sclerosing Cholangitis 
PTCD Percutaneous Transhepatic Cholangiography Drainage 
RT-qPCR Reverse Transcription Quantitative Polymerase Chain Reaction 
SOX9 SRY-Box Transcription Factor 9 
TE Trypsin-EDTA 
UW University of Wisconsin  
AS Anastomotic bile duct stricture 
DBD Donation after Brainstem Death 
GB Gallbladder 
HCV Hepatitis C virus 
HCC Hepatocellular carcinoma 
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Supplementary materials and methods 
Tissue collection 
Biopsies were stored at 4˚C in University of Wisconsin (UW, Bridge to Life Ltd. Belzer Cold 
Storage Solution) preservation solution during transport. For a complete overview of 
characteristics of patients or donors from whom (liquid) biopsies were obtained and 
successfully cultured as organoids, see Table 1 and Table S1. All patients or their next of 
kin gave written informed consent to use their tissue collected during liver transplantation 
for research purposes. The use of tissue biopsies and livers deemed unsuitable for 
transplantation was approved by the Medical Ethical Committee (MEC) of the Erasmus 
MC, (MEC-2012-090, MEC-2014-060). 

Initiation and culture expansion of tissue-derived organoids 
Biopsies were digested by incubation with 4 mL collagenase digesting solution (2.5 mg/mL 
collagenase A1, Roche) in Earle's Balanced Salt Solution (EBSS, Hyclone, Thermoscientific) 
for 30 min at 37 ˚C. Digestion solution was diluted by adding cold Advanced 
(Adv)DMEM/F12 (GIBCO, supplemented with 100µg/mL penicillin/streptomycin, Life 
Technologies; HEPES 1M, Fisher Scientific; 1% Ultraglutamine 200mM, Fisher Scientific and 
100µg/mL Primocin, Invivogen) and centrifuged for 5 minutes, 4˚C at 453g. The cell 
suspension was filtered through a 70 µm Nylon cell strainer and centrifuged for 5 
minutes, 4˚C at 453g. Supernatant was removed and the cell pellet was suspended in 
cold (4°C) 25µL matrigel (Corning Incorporation) or 25µL Basement Membrane Extract 
(BME, Cultrex) diluted with 30% of AdvDMEM/F12 which was allowed to solidify for 30-45 
minutes at 37°C before 250µL start-up expansion medium (SEM, table S2) [1] was added. 
SEM was replaced with canonical-WNT stimulating expansion medium (EM, table S2) after 
three days [1]. In addition to extrahepatic cholangiocyte organoids (ECOs) cultured in 
canonical-WNT conditions (table S2), ECOs were created from gallbladder tissue biopsies 
cultured in non-canonical WNT-stimulation conditions as a positive control for the γ-
glutamyltranspeptidase assay. These organoids were created in a similar manner as 
described above, only cultured in the non-canonical WNT stimulating medium as 
published by Sampaziotis et al. (n=3) [2]. 

Initiation and culture expansion of bile-derived organoids 
In short, bile was washed twice in 8 mL cold AdvDMEM/F12 and centrifugation for 5 
minutes at 4°C at 453g. Subsequently, the supernatant was removed, the cell pellet was 
suspended in 3 mL of AdvDMEM/F12, and filtered through a 100 µm cell strainer to get a 
single cell suspension. After a third wash with 3 mL of AdvDMEM/F12, the cell pellet was 
collected and seeded either in 25µL matrigel (Corning Incorporation) or 70% BME (Cultrex) 
diluted with AdvDMEM/F12. SEM (250µL) was added for the first three days and then 
changed to EM according to the previously published protocol and table S2 [1, 3]. If bile 
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was collected via ERCP or PTCD from patients having symptoms of bacterial cholangitis 
(either jaundice, fever or severe stomach ache), the medium was supplemented with 
vancomycin, (50µg/mL) during the first three days of culture. The effect of this treatment 
on organoid culture was evaluated in a dose dependent manner using 
AlamarBlue (ThermoFisher) assay, performed according to the manufacturer’s 
instructions, and showed no effect on cell viability (figure S1). Cultures initiated from PSC 
or cholangiocarcinoma (CCA) patient bile were supplemented with 1% Antibiotic-
Antimycotic (Gibco), instead of vancomycin, during the first three days as published 
previously [4] to minimalize the risk of fungal infection. EM was refreshed every 3 or 4 days 
on all cultures and they were passaged in a 1:2-1:8 ratio according to proliferation rate. All 
organoid cultures described were tested and found negative for mycoplasma (data not 
shown). 

Time window for efficient organoid initiation 
To evaluate the optimal timeframe to process bile after collection, ERCP-obtained bile was 
divided into two aliquots of 1 mL. One aliquot was processed immediately after 
collection (< 1 hour), the other sample was stored for four hours at 4˚C before organoid 
culture initiation. After 7 days of culture, the numbers of organoids larger than 100 µm in 
diameter were assessed (Invitrogen™ EVOS™ FL Digital Inverted Fluorescence 
Microscope). 

Immunofluorescence staining 
Organoids were fixed for 10 minutes using 4% paraformaldehyde removing the hydrogel. 
Samples were paraffin embedded and cut as 4 µm thick slides. Next, they were 
permeabilized with 0.1% Triton X-100 diluted in PBS for 15 minutes. Subsequently, they 
were exposed to 10% serum diluted in 1% BSA-PBS to prevent a-specific antibody binding. 
Primary antibodies were added to the organoids and incubated overnight at 4˚C. Finally, 
incubation with the secondary antibody (Table S4) took place for 60 minutes at room 
temperature and cell nuclei were stained with DAPI (Vectashield, Vectorlabs) and analysis 
took place on a SP5 confocal microscope (LEICA) equipped with a 405, 488 and 561 nm 
laser. Images were analyzed using ImageJ (version 1.52p, supplemented with FIJI). 

Ussing chamber assay 
Prior to seeding of the cells, transwell inserts were coated with 5% matrigel in PBS for 2 
hours. Fully expanded domes of organoids (20 fully grown domes of 25µL) were collected 
in AdvDMEM/F12 and centrifuged (453g, 5 min, 4˚C). After removal of the supernatant, 
organoids were mechanically broken by vigorously up and down pipetting. The organoid 
suspension was spun down again and the cell pellet was made single cell by digestion in 
Trypsin-EDTA (TE) for 25 to 40 min at 37°C. Cells were washed in AdvDMEM/F12 and 
sieved through a cell 70 µm cell strainer. Approximately 3x105 cells were suspended 
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in 200 µL EM and seeded on transwell inserts. Medium was changed every 3-4 days. To 
check confluency, the cells were examined by daily microscopy and electrophysiological 
analysis was performed after 4 days. Upon forming a confluence monolayer, transwells 
were placed in an Ussing chamber (Physiologic instruments) set up to analyze functional 
cholangiocyte-specific transporter channels (Cystic Fibrosis Transmembrane Conductance 
Regulator –CFTR- and Ca2+- activated Cl- channel) using Acquire & Analyze 
Software 2.3 (Physiologic Instruments, San Diego, California).  

The temperature of the chambers was kept at 37°C by warm water bath circulation and 
chambers were gassed with 95%O2, 5%CO2. Each chamber consisted of 3mL modified 
Meyler solution (128 mmol/l NaCl, 4.7 mmol/l KCl, 1.3 mmol/l CaCl2, 1.0 mmol/l MgCl2, 0.3 
mmol/l Na2HPO4, 0.4 mmol/l NaH2PO4, 20 mmol/l NaHCO3, 10 mmol/l HEPES, 
supplemented with glucose (10 mmol/l) at pH 7.3). Current was clamped and every 
second short circuit current (Isc) was recorded. CFTR-dependent anion secretion was 
activated by adding Forskolin (3μL, 10mM) to both sides of the cells, and GlyH-
101 (3μL, 20mM, apical). Calcium (Ca2+) activated chloride (Cl-) channels (CaCC) were 
stimulated by UTP (3μL, 50mM, apical) and inhibited by T16Ainhibitor-A01 (3-5 μL, 50mM, 
apical). The Isc measurements are presented as measured (μA/0.33cm2).  

Metabolic activity measurement 
Metabolic activity in organoids from bile and intra- and extrahepatic bile duct 
biopsies (n=3 all sources) was determined using the PrestoBlue metabolic assay. In 
short, 400 µL of diluted PrestoBlue (10% in AdvDMEM/F12) was added per 25 µL dome (48 
well plate culture suspension, Corning). After 4 hours of 37˚C incubation, 100 µL of 
PrestoBlue solution per dome was transferred to a white walled 96 well plate (Perkin 
Elmer) and fluorescence intensity was measured using a plate reader (CytoFluor Series 
4000, Applied Biosystems) with the excitation/emission wavelengths set to 530/590nm. 
BME without cells was measured to assess the background fluorescent signal. This 
measurement was repeated after three days of subsequent culture and the relative 
increase in PrestoBlue per dome was calculated. 

Cell proliferation 
EdU-incorporation was performed according to the manufacturer’s protocol. In short: 
EdU (10µM) was added to the medium and incubated for 4 hours at 37˚C degrees. The 
organoids were dissociated into single cell suspension as described earlier and suspended 
in 200µL of 1%BSA-PBS to be analyzed by flow cytometry (Canto flow cytometer, BD 
Biosciences). The gating strategy is shown in figure S3. Subset analysis was done using 
Flowjo (version v10.6.1, BD) analysis software. 
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Upregulation of hepatocyte-specific markers/hepatocyte 
(trans)differentiation 
In principle, upregulation of hepatocyte-specific markers/hepatocyte (trans)differentiation 
by the novel defined culture conditions is based upon removal of WNT/β-catenin 
stimulators and blocking of notch-related cholangiocyte differentiation. To achieve 
upregulation of hepatocyte-associated markers. Organoids were passaged once at 7 days 
during differentiation and the total differentiation protocol took 14 days (including pre-
treatment with BMP7). Differentiation was confirmed by gene and protein expression 
analysis of genes associated with hepatocyte maturation (Albumin, HNF4α, CYP3A4 and 
alpha-1-anti trypsin –A1AT-) [5] and stemness/WNT-target genes (LGR5 and CD133) [5] by 
RT-qPCR. These data are presented in fold change manner comparing them to their 
expansion medium controls. 

Cholangiocyte maturation 
Cholangiocyte-maturation medium for cholangiocyte organoids (COs) was based upon the 
induced-pluripotent stem cell (IPS) protocol for cholangiocyte-differentiation as 
established by Sampaziotis et al. [5, 6] and adapted by Verstegen MMA et al. [7] for tissue-
derived cholangiocyte organoid cultures. This two-step protocol largely followed the 
principles of differentiation hepatoblast-like IPS towards cholangiocytes. Bile-
cholangiocyte organoids (BCOs), ECOs and Intrahepatic cholangiocyte organoids (ICOs) 
from three donors were exposed to these culture conditions and compared to their 
expansion culture conditions [1]. In detail, all cholangiocyte organoids were expanded for 7 
days in basement membrane extract diluted in 10% Williams-E medium (WE, Gibco, Life 
Technologies) to near-full wells. Culture medium was then switched to maturation 
medium, consisting of AdvDMEM/F12 supplemented with 1:50 B27 (Gibco), 50 ng/mL 
FGF10 (Peprotech), 50 ng/mL Activin-A (Gibco) and 3 μM retinoic acid (Sigma-Aldrich). 
After 4 days, medium was changed to WE supplemented with 10 mM nicotinamide 
(Sigma-Aldrich), 17 mM sodium bicarbonate (Sigma-Aldrich), 0.2 mM 2-phospho-i-ascorbic 
acid tri-sodium salt (Sigma-Aldrich), 6.3 mM sodium pyruvate (Invitrogen), 14 mM 
glucose (Sigma-Aldrich), 20 mM HEPES (Fisher Scientific), ITS+ premix (BD Biosciences), 0.1 
M dexamethasone (R&D), 20 ng/mL EGF (R&D), 2 mM Ultraglutamine (Invitrogen), and 
penicillin (100 U/mL) & streptomycin (100g/mL). The medium was refreshed every 2 days 
for a total of 10 days after which the organoids were analyzed. Maturation in vitro was 
assessed by gene-expression profiles using RT-qPCR and immunofluorescence for protein-
expression of mature cholangiocyte markers (cytokeratin –KRT-7, KRT19, AQP1 and CFTR) 
as well as looking at progenitor/stem cell/WNT-target markers (LGR5 and SOX9) [6].  
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Repopulation of EHBD scaffolds 
EHBD scaffolds were prepared as previously published [8]. After procurement of donor 
livers deemed unsuitable for transplantation, EHBD (n=3, length: 4cm) were surgically 
removed, stored in 0.9% saline solution and frozen at -20°C. Decellularization was started 
after complete thawing of EHBD tissue. Subsequently, cells were removed by submersion 
in 4% Triton-X-100 + 1NH3. The Triton solution was refreshed every 30 minutes for a total 
of 10 cycles. Afterwards, the EHBD segments were washed with dH2O until all detergent 
was removed. This was followed by DNase type1 treatment in 0.9% NaCl + 100mM CaCl2 + 
100mM MgCl2 treatment. Complete decellularization was confirmed with hematoxylin and 
eosin (H&E) staining. H&E stained slides were imaged with Zeiss Axiokop 20 microscope 
and captured with a Nikon DS-U1 camera. EHBD scaffolds were prepared using a dermal 
biopsy punch (Ø 3mm). These discs were reseeded by incubation with single cell 
suspensions made from BCOs. This cell suspension (5.0·103 cells/µL, 10 µL) was pipetted 
on top of the ductal scaffolds and incubated for 4 hours at 37°C to settle. After this, 500 µL 
EM supplemented with 10 µM Y27632 was added. After 3 days, the medium was changed 
with 500 µL EM without Y27632. Medium was refreshed every 2-3 days. Reseeded 
scaffolds were cultured for 21 days and subsequently fixed in 4% paraformaldehyde for 20 
minutes. Subsequently, immunofluorescence staining with the primary antibodies, KRT-7, 
SCTR, CFTR and Albumin was performed on sections as previously described under the 
immunofluorescence section in the methods. Furthermore, repopulation efficacy was 
determined by whole mount confocal microscopy to assess KRT-7 and KRT-19 protein 
expression. For this, reseeded EHBD samples were stained with fluorescently labeled 
antibodies in a similar manner as described earlier. Additional cytoskeletal staining with 
Phalloidin Alexa Fluor™ 488 (1:200, ThermoFisher) and nuclear staining with DAPI was 
performed. Samples were imaged using a Leica 20X water dipping lens on Leica DM6000 
CFS microscope with a LEICA TCS SP5 II confocal system. Images were processed using 
ImageJ. 
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Supplementary information 
Table S1: Characteristics of additional in vivo collected bile and brush samples with successful 

organoid initiation 

Age patient 
(years) 

Sex Bile Source Donor Type or 
Indication ERCP/surgery 

48 M ERCP AS 
63 M ERCP AS 
66 M ERCP Mirizzi Syndrome 
31 M Brush PSC 
41 M ERCP AS 
77 F PTCD CCA 
71 M ERCP NAS 
64 M ERCP AS 
26 F ERCP AS 
57 F ERCP AS 
66 M ERCP AS 
73 M PTCD NAS 
79 F ERCP CCA 
60 M ERCP AS 
20 M ERCP PSC 
66 F ERCP CCA 
49 M ERCP AS 
68 M ERCP AS 
66 F ERCP CCA 
48 M ERCP AS 
52 M ERCP and brush CCA 
58 M ERCP AS 
57 F ERCP AS 
57 F PTCD CCA 
71 M ERCP NAS 
55 M ERCP PSC 
71 M ERCP Bile Stones 
63 M ERCP CCA 
73 F ERCP Bile Stones 
61 M ERCP AS 
59 F ERCP PSC 
26 F ERCP Bile Stones 
58 F ERCP AS 
70 M ERCP Bile Stones 
72 M ERCP Bile Stones 
20 M ERCP AS 
54 F ERCP AS 
54 M ERCP Bile Stones 
63 M ERCP AS 
85 M ERCP Bile Stones 
50 M ERCP AS 
54 F ERCP Papiladenoma 
30 M ERCP PSC 
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Table S2. Culture conditions used within this manuscript. 

Medium formulation for Start Up Medium (SEM) and Expansion Medium (EM) per ml.  
 

Component Concentration Brand 
Supplemented AdvDMEM/F12**  Gibco 
N2 1% Gibco 
B27 2% Gibco 
N-Acetylcystein 1mM Sigma-Aldrich 
gastrin 10 nM Sigma-Aldrich 
EGF 50 ng/ml Peprotech 
FGF10 100 ng/ml Peprotech 
HGF 25 ng/ml Peprotech 
nicotinamide 10nM Sigma-Aldrich 
A83.01 5 µM Tocris 
Forskolin 10 µM Torcris 
R-Spondin 10% Conditioned medium 
WNT* 30% Wnt Conditioned medium 
Noggin* 25 ng/ml Conditioned medium 
Y27632* 10µM Tocris 
hES cell cloning recovery solution* 1:1000 dilution Stemgent 

 
* Components are only added to SEM 
** Supplemented AdvDMEM/F12 (Gibco) contains 1M HEPES (Invitrogen), 1x L-Ultraglutamine 
(Invitrogen), 500mg/mL Primocin (Invivogen) and 10000U/mL penicillin and streptomycin 
(Invitrogen).  
 
Medium formulation for non-canonical WNT stimulating conditions per ml.  

 

 

 

 

Component Concentration Brand 
William’s-E  Gibco 
EGF 20 ng/mL Peprotech 
nicotinamide 10nM Sigma 
sodium pyruvate  6.3 mM Invitrogen 
sodium bicarbonate  17 mM Sigma 
ascorbic acid 0.2 mM Sigma 
glucose 14 mM Sigma 
Ultraglutamine 2mM Invitrogen 
dexamethasone  0.1 µM R&D systems 
DKK1  100 ng/mL R&D systems 
ITS+ premix  1x BD Biosciences 
R-Spondin 10% Conditioned medium 
penicillin and streptomycin 10000U/mL Invitrogen 
HEPES 20mM Invitrogen 
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Table S3. List of genes and primers used 

Gene Forward sequence 5'to 3' Reverse sequence 5'to 3' 
KRT7 GGGGACGACCTCCGGAATAC CTTGGCACGCTGGTTCTTGA 
KRT19 GCACTACAGCCACTACTACACGA CTCATGCGCAGAGCCTGTT 
HNF1B TCACAGATACCAGCAGCATCAGT GGGCATCACCAGGCTTGTA 
HPRT1 GCTATAAATTCTTTGCTGACCTGCG CTTCGTGGGGTCCTTTTCACC 
ALB CTGCCTGCCTGTTGCCAAAGC GGCAAGGTCCGCCCTGTCATC 
GAPDH CTTTTGCGTCGCCAGCCGAG CCAGGCGCCCAATACGACCA 
HNF4α   GTACTCCTGCAGATTTAGCC CTGTCCTCATAGCTTGACCT   
AQP1   GGCCAGCGAGTTCAAGAAGAA TCACACCATCAGCCAGGTCAT 
SLC12A2 ACCAAGGATGTGGTAGTAAGTGTGG GGATTCTTTTTTCAACAGTGGTTGA 
CD133 CCTGGGGCTGCTGTTTATTA ATCACCAACAGGGAGATTGC 
SOX17 ATACGCCAGTGACGACCAGA TCCACGACTTGCCCAGCATC 
FXR GGGACAGAACCTGGAAGTGG GCCTGTATACATACATTCAGCCA 
A1AT TGAGGAGAGCAGGAAAGGACA CTCAGCCAGGGAGACAGG 
GGT  TGGTGGACATCATAGGTGGGGA ATGACGGCAGCACCTCACTT 
SLC10A2 GGTGGCCTTTGACATCCTCCC GCATCATTCCGAGGGCAAGC 
SOX9 ACCAGTACCCGCACTTGCAC GCGCCTTGAAGATGGCGTTG 
EpCAM GACTTTTGCCGCAGCTCAGGA AGCAGTTTACGGCCAGCTTGT 
CFTR TGGCGGTCACTCGGCAATTT TCCAGCAACCGCCAACAACT 
LGR5 GTCAGCTGCTCCCGAATCCC TGAAACAGCTTGGGGGCACA 
CYP3A4 AGCAAAGAGCAACACAGAGCTGAA CAGAGGTGTGGGCCCTGGAAT  
TFF1 ACAAGCTGCTGTACACGGACA AAGTTTCCAGGGCCGGGCAAT 
TFF2 TCTGTCCTGCCTCCCTGATCCA CTCTGGCACGTGAATCCCGGT 
SOX4  CCCAGCAAGAAGGCGAGTTA CCTTCCAGTTCGTGTCCTCC 

 

Table S4. List of antibodies used 

Antibody Raised Manufacturer-Reference Dilution 
Albumin Mouse - monoclonal Sigma-Aldrich: A6684 1:500 
SOX9 Mouse - monoclonal ATLAS antibodies: 02712 1:200 
KRT-7 Mouse - monoclonal DAKO: M7018 1:100 
KRT-19 Mouse - monoclonal DAKO: M0888 1:100 
CFTR Mouse - monoclonal EMD Millipore Corp: MAB3484 1:100 
MUC-1 Mouse ThermoFisher Scientific:  

MA5-14077 
1:500 

SCTR Rabbit Abcam: AB234830 1:100 
Alexa Fluor 555 Goat – polyclonal 

(anti-mouse) 
ThermoFisher Scientific:  A21422 1:200 

Alexa Fluor 488 Goat – polyclonal 
(anti-rabbit) 

ThermoFisher Scientific: A32731 1:200 
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Supplementary figures 

 
Figure S1: Organoid Viability with vancomycin medium supplementation. 
AlamarBlue Fluorescence one week after initiation of bile organoid culture with different 
concentrations of Vancomycin (n=2 experiments, per concentration 3 technical replicates). No 
difference in AlamarBlue activity was observed in these experiments, indicating similar cell viability 
and no harm of vancomycin in BCO cultures.  
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Figure S2: Culture of ERCP-derived BCOs directly or after four hours of storage at 4°C. (a) On the left, 
bile samples were directly processed for organoid culture. While on the right, the bile samples were 
first stored at 4°C for four hours before being cultured as organoids. As shown in the bottom two 
pictures, bile samples directly cultured formed organoids after 7 days, while bile processed after 4 
hours did not. Scale bars indicate 2mm. (b) Initiation of organoid cultures from ERCP-derived bile, 
cultured after < 1 hour or 4 hours of storage at 4°C, showing no outgrowth of organoids after a 4 
hour storage period (n=3). * indicates a significant difference (p<0.05). (c) EpCAM+ and EpCAM- flow 
cytometry sorted cells from bile resulted in no viable organoids after two weeks of culture.  
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Figure S3: Gating strategy of EdU staining in COs. 
(a) Top row unstained bile organoids (n=3, donors 1-3). First, cells were selected using forward-
sideward scatter and next analyzed on the Alexa-Fluor 488 spectrum. In (b) stained organoids are 
displayed.  
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Figure S4: Characterization of BCOs.(a-c) Normalized read counts from RNAsequencing data for BCOs 
obtained from gallbladder-derived bile (n=3, BCO1-3) and ERCP-derived bile (n=3, BCO5-7) compared 
to expression-data of primary cholangiocytes obtained from common bile duct (n=7) as published [9] 
and from 2D-cultured primary hepatocytes (n=2) as published by Schneeberger et al. [10]. All genes 
were significantly different expressed between primary cholangiocytes and hepatocytes (not 
indicated), except for TFF1, TFF2, SLC10A2, LGR5, FXR2, SOX4, SOX17, MUC5AC, and MUC6. All 
hepatocyte related genes in panel C were significantly lower in ERCP-BCOs and GB-BCOs compared to 
hepatocytes (not indicated). *indicates a significant difference between ERCP-BCOs, GB-BCOs and 
primary cholangiocytes (p<0.01). (d) Protein expression by immunofluorescence of the cholangiocyte 
markers: CFTR (red, left) and SCTR (green, right) with nuclei being counterstained (DAPI, blue) on 
BCOs (n=3, pictures displayed are from BCO5 and 7). (e) Protein expression by immunofluorescence 
shows absence of the hepatocyte marker: Albumin (red) in BCOs (n=3, BCO1, 5 and 7). Nuclei are 
counterstained with DAPI (blue). In both panels the scale bars indicate 200 µm.  
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Figure S5: Expression of DEgenes between ICOs and ECOs on organoid samples. (a) Principal 
component analysis (PCA) of top 500 most variable genes between BCOs (ERCP-derived, n=3 BCO5-7 
and gallbladder-derived, n=3, BCO1-3), displayed on all organoid sample types, showing no clear 
clustering pattern between sources, but overall a high correlation towards each other. (b) Heatmap-
clustering showing sample-to-sample distances on the same samples as used in the PCA plot, 
showing no clear clustering on either source or donor. (c) Principal component analysis (PCA) of 
ERCP-derived BCOs and gallbladder-derived BCOs. (d) PCA plot of ICOs vs ECOs indicating that ICO3 
overlaps with ECO gene-expression profiles. (e) Heatmap based upon ICO upregulated DEgenes on all 
12 organoid samples, showing that ICO 1 and ICO 2 have an unique expression profile for ICO-specific 
genes compared to all other samples. (f) Heatmap of ICO-upregulated genes on all BCO samples, 
showing limited expression of these genes.  
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Figure S6: Pathway analysis in cholangiocyte organoids from different sources.(a) Pathways analysis 
between ICOs and ECOs (n=3) revealed that certain pathways are enriched in ICOs compared to 
ECOs. No pathways were found to be significantly upregulated in ECOs compared to ICOs. (b) After 
exclusion of ICO 3, pathways analysis between ICOs (n=2) and ECOs (n=3) revealed that certain 
pathways are enriched in ICOs compared to ECOs. Interestingly, these analysis revealed that ECOs 
have significantly upregulated cell-proliferative pathways such as DNA replication and cell-cycle 
pathways. These results correspond to our EdU data (figure 3D) in which the two lowest proliferating  
ICO samples were ICO 1 and ICO 2 and ICOs were significantly less proliferative compared to ECOs. (c) 
Pathway analysis between different sources of BCOs showed a significant enrichment of metabolic-
synthesis associated pathways in ERCP-derived BCOs compared to gallbladder-derived BCOs. No 
differences were found between ERCP BCOs and ICOs or ECOs. In contrast, GB-derived BCOs showed 
upregulation of viral-host interaction related pathways to both COs and ECOs as well as ERCP-
derived BCOs. All experiments performed in figure S6 are with donors 1-3. 
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Figure S7. Cholangiocyte-organoids from all three sources can be partially matured using an 
established cholangiocyte-differentiation protocol. (a) Schematic overview and pictures of 
cholangiocyte-organoids (COs) from bile (BCO), intrahepatic biopsies (ICOs) or extrahepatic biopsies 
(ECOs) in either cholangiocyte maturation or in canonical-WNT stimulating conditions. Upon 
cholangiocyte maturation, 2D growth and smaller organoid size could be observed in multiple 
cultures in COs from all three sources. Scale bars indicate 2000µm. (b) Immunofluorescence images 
of protein expression in COs in differentiated and  undifferentiated status for the cholangiocyte 
markers KRT-7, KRT-19 and SOX9. Images of BCOs in expansion medium for these proteins are 
displayed in figure 2B. Upon cholangiocyte maturation, KRT-7 and KRT-19 expression seems more 
pronounced. While clear SOX9 expression could only be detected in one sample of an ICO upon 
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(figure S7 continued) cholangiocyte maturation. Scale bars indicate 100 µm. (c) Gene-expression by 
qRT-PCR relative to the housekeeper gene HPRT1 for cholangiocyte maturation and paired organoids 
cultured in canonical-WNT stimulating conditions from all three sources (n=3), for either mature 
cholangiocyte markers (cytokeratin-KRT-7, KRT19, CFTR, GGT, ASBT, EpCAM, AQP1 and CFTR) or 
stemness/cholangiocyte progenitor markers (LGR5 and SOX9). ICOs, ECOs and BCOs had higher 
expression of KRT7, ASBT, AQP1 and KRT19 in a similar manner after maturation, while EpCAM and 
GGT gene-expression remained stable. Upon cholangiocyte maturation the expression of the WNT-
target gene LGR5 and the cholangiocyte progenitor marker SOX9 was lower in all cultures from all 
sources. In contrast, the expression of mature cholangiocyte marker CFTR was lower in the 
cholangiocyte maturation protocol for organoids from all three sources. As forskolin (a cAMP-
activator) was removed from the cholangiocyte maturation medium, the organoids cultured in these 
conditions are considerably smaller (figure S8A) compared to organoids in expansion medium. The 
downregulation of CFTR could be the result of less activation by forskolin and subsequent lack of 
swelling, as was previously published [11]. However, overall our results indicate that no complete 
maturation is reached in vitro with this protocol, but in contrast to upregulation of hepatocyte-
markers, here all organoid sources behave similar. All experiments performed in figure S8 are with 
donors 1-3. 
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Figure S8. BCOs can successfully recellularize EHBD-scaffolds as cholangiocyte-like cells. 
(a) Immunofluorescence staining of sections of BCO-recellularized scaffolds demonstrating presence 
of the mature cholangiocyte markers CFTR (red, upper/bottom left panel), SCTR (green, upper middle 
panel), KRT-7 (red, bottom middle panel), KRT-19 (red, bottom right panel) and absence of the 
hepatocyte related marker albumin (red, upper right panel). All sections are stained with DAPI 
(nuclei, cyan or dark blue). Scale bars indicate 200 µm. (b) Whole mount confocal images of 
immunofluorescence staining KRT-7 (red, upper panel) and KRT-7 and DAPI (nuclei, blue bottom 
panel) of repopulated EHBD scaffolds with BCOs, scale bars indicate 100µm. (c) Heatmap of sample-
to-sample distances, showing a clear clustering based on the culture condition. (d) Heatmap showing 
the cell cycle gene expression from the samples in the 2 conditions. (e) Heatmap of the expression 
levels of a few selected hepatocyte and cholangiocyte markers between the 2 culture conditions. (f) 
Bar plot showing the expression of selected known cholangiocyte markers (EPCAM, SOX9, KRT19, 
KRT7, CFTR, and SCTR), hepatocyte markers (ALB and CYP3A4), and cell cycle related markers 
(MKI67, PCK1, and PCNA) in both conditions. *indicates a significant difference (p<0.05 adjusted for 
multiple testing). 
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Abstract 
Biliary disorders can lead to life-threatening disease and are also a challenging 
complication of liver transplantation. As there are limited treatment options, tissue 
engineered bile ducts could be employed to replace or repair damaged bile ducts. We 
explored how these constructs can be created by seeding hepatobiliary LGR5+ organoids 
onto tissue-specific scaffold. For this, we decellularized discarded human extrahepatic bile 
ducts (EBD) that we recellularized with organoids of different origin, i.e. liver biopsies, 
extrahepatic bile duct biopsies, and bile samples.  

Here, we demonstrate efficient decellularization of EBD tissue. Recellularization of the 
EBD extracellular matrix (ECM) with the organoids of extrahepatic origin (EBD tissue and 
bile derived organoids) showed more profound repopulation the ductal ECM when 
compared to liver tissue (intrahepatic bile duct) derived organoids.  

The bile duct constructs that were repopulated with extrahepatic organoids expressed 
mature cholangiocyte-markers and had increased electrical resistance, indicating 
restoration of the barrier function. Therefore, the organoids of extrahepatic sources are 
identified to be the optimal candidate for the development of personalized tissue 
engineered EBD constructs.  

Keywords 
Personalized regenerative medicine, LGR5+ organoids, Extrahepatic bile duct, 
Decellularization, tissue engineering 
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Introduction  
Biliary complications, such as bile leaks and anastomotic strictures, occurring after 
donation after circulatory death (DCD) liver transplantation (LT) are common and a major 
cause of post-transplant complications and morbidity [1, 2]. In DCD LT, the biliary epithelial 
lining of the EBD is more prone to damage, due to the prolonged warm ischemia period in 
the donor. This results in a higher incidence of ischemia type biliary lesions, which leads to 
more diffuse non-anastomotic biliary strictures, when compared to donation after brain 
death (DBD, 16% vs. 3%) [3, 4]. Current treatment options, such as endoscopic retrograde 
cholangiopancreatography and hepaticojejunostomy, often fail to restore biliary drainage 
and up to 65% of patients with ischemic cholangiopathy after LT require 
retransplantation [4]. Personalized regenerative medicine strategies could prevent the 
need for retransplantation of the whole liver in case the donor liver is failing due to 
aforementioned complications. Damaged extrahepatic bile duct (EBD) can be replaced 
with functional tissue engineered constructs, preferably built using the autologous cells. 
These strategies can potentially relief the intense pressure on the already limited donor 
organ pool.  

The EBD is not merely a ‘simple tube’ that transports cytotoxic bile, as the EBD contains 
complex tortuous networks of peribiliary glands (PBG) and blood vessels. The PBG can be 
found in- (intramural) and outside (extramural) the wall of the EBD and play an important 
role in maintaining homeostasis and bile duct regeneration after injury [5]. The PBG are 
surrounded by small blood vessels, which are also known as the peribiliary vascular plexus. 
Recreating these small glandular and tortuous structures in vitro with high precision is 
challenging. Therefore, the use of decellularized extracellular matrix (ECM) could be an 
interesting alternative for recreating EBD tissue in vitro, where the decellularized ECM 
functions as a scaffold or the EBD [6].  

The decellularized scaffolds need to be repopulated with biliary cells in order to restore 
the vital barrier function of the bile duct against the cytotoxic bile. Human LGR5+ biliary 
organoids are an interesting source of functional biliary cells, as organoids offer long-term 
stable in vitro expansion of cholangiocytes [7, 8]. This allows for the generation of large 
numbers of autologous cells in vitro from relative small (liquid) biopsy samples.  

The organoid cultures can be established from liver biopsies (intrahepatic cholangiocyte 
organoids, ICO) [8], EBD tissue (extrahepatic cholangiocyte organoids, ECO) [9, 10] and bile 
samples (Bile-derived cholangiocyte organoids, BCO) [11]. The cells that give rise to these 
biliary organoids are EPCAM positive and organoids from all three sources maintain 
cholangiocyte-specific markers (e.g. EPCAM, cytokeratin 7 (KRT-7) or cytokeratin 19 (KRT-
19) and functionality [7-12]. Furthermore, relative small biopsies (0.5g-1.0g tissue or 1ml of 
bile) are adequate to initiate cultures, which subsequently can yield millions of 
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cells [13, 14]. These characteristics make the organoids ideal cell sources for the 
repopulation of decellularized EBD scaffolds in an effort to create functional tissue 
engineered bile ducts in vitro. However, whether biliary organoids from all three sources 
are capable of efficient repopulation and restore the vital barrier function of the EBD, is 
yet to be determined.  

Therefore, we aimed to develop an in vitro model for bile duct tissue engineering in which 
the recellularization capacity and, moreover, bile duct functionality after recellularization 
of the biliary organoids collected from the three sources, can be assessed. We first 
developed an efficient decellularization protocol for human EBD tissue in order to obtain 
ductal ECM. Subsequently, ICO, ECO and BCO were expanded and used to recellularize the 
decellularized EBD scaffold. Confluency was used as a measure for the seeding efficiency 
of the epithelial monolayer. Furthermore, we analyzed expression of cholangiocyte 
markers and tested biliary function of the tissue engineered constructs.  

Methods 
Sample procurement 
Sample procurement for decellularization 
Biopsies of healthy EBD tissue (N=26) were collected during LT. Before transplantation, the 
duct of the donor organ is shortened to make the anastomosis with the recipients’ bile 
duct. The removed section (usually 3 to 10mm) was stored in Belzer UW cold storage 
solution (UW) (Bridge to Life) at 4°C. Four segments (3-5mm by 3-5mm) were cut from the 
biopsy. One segment was used for organoid initiation (see sample procurement for 
organoid initiation, N=5). The second segment was fixed in 4% 
paraformaldehyde (PFA; Fresenius Kabi) for histological analysis. The two other segments 
were snap frozen in liquid nitrogen and stored at -80°C for biochemical analysis purposes.  

The remaining EBD tissue was stored in 1x Phosphate Buffered Saline (PBS) at -20°C until 
decellularization. The use of these biopsies for research purposes was approved by the 
Medical Ethical Council or the Erasmus University Medical center (MEC-2014-060) and 
patients gave their written informed consent.  

Full length EBD tissue (average length: 3-5cm, N=8) was obtained from human research 
livers. These livers were deemed unsuitable for clinical transplant procedures in the 
EuroTransplant zone by all transplant centers, due to a variety of reasons, such as 
steatosis and/or age (N=8). No organ retrieval was initiated for research purposes only. In 
all cases, next of kin gave informed consent for research to Transplant Coordinators of the 
Dutch Transplantation Society (NTS). The use of research liver was approved by the 
Erasmus MC medical ethics committee (MEC-2012-090). After organ procurement, the 
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liver was stored in UW organ preservation fluid (Bridge to life) on ice and shipped to the 
Erasmus MC, where the EBD was surgically removed from the liver. Small biopsy samples 
were taken in a similar manner as previously described, except for organoid initiation. The 
remaining EBD tissue was placed in PBS and stored at -20°C. 

Sample procurement for organoid initiation 
Biopsies of liver tissue (0.5cm3-2cm3) (N=5) and EBD tissue (N=5) were obtained for 
organoid initiation during LT at the Erasmus University Medical Center Rotterdam from 
healthy donor tissue (N=3) and diseased explant tissue (N=2) (recurrent primary sclerosing 
cholangitis and Wilson’s disease). Liver and EBD biopsies were donor or patient paired. 
The use of these biopsies for research purposes was approved by the Medical Ethical 
Council or the Erasmus University Medical Center (MEC-2014-060) and written informed 
consent was given by the next of kin of the donor or by patients. Biopsies were stored and 
transported in UW preservation fluid on ice.  

Bile (1ml) was collected from patients (N=3) undergoing ERCP procedures during 
treatment for primary sclerosing cholangitis, bile leakage or choledocholithiasis. The use 
of bile samples for research purposes was approved by the Medical Ethical Council of the 
Erasmus University Medical Center (MEC-2016-743). All patients gave written informed 
consent. Samples were stored and transported on wet ice.  

Decellularization 
The EBD was washed with dH2O until all traces of blood or bile were removed from the 
EBD. The lumen of the full length EBD was flushed using a blunt needle. Subsequently, the 
ductal tissue was incubated with Trypsin-EDTA (TE) (0.05%, Gibco) for 30 minutes at 37°C 
on an orbital shaker. TE was washed away with dH2O for 15 minutes. Subsequently, the 
EBD was placed in 50ml of 4% Triton-X-100 + 1%NH3 (Tx100 solution) on an orbital shaker 
at room temperature (RT). Tx100 solution was replaced every 30 minutes until 10 cycles 
were reached. The EBD tissue was placed in 50ml dH2O for 5 minutes and dH2O was 
refreshed ten times. The decellularized EBD tissue was stored in 50ml dH2O at 4°C for 5 
to 7 days in order to remove traces of Tx100. dH2O was refreshed every 1 or 2 days.  

The decellularized duct was incubated with DNase solution (table S1) for 4 hours at 37°C 
on an orbital shaker. Afterwards, the EBD was placed in 50ml 0.9% saline solution, which 
was refreshed three times. Biopsy samples were taken for histological and DNA analysis.  

Histology 
PFA-fixed samples were embedded in paraffin and sectioned at 4µm. Sections of before 
and after decellularization samples were stained with Hematoxylin-Eosin (HE) or 
DAPI (Vectashield, Vectorlabs). HE stained slides were imaged with Zeiss Axiokop 20 
microscope and captured with a Nikon DS-U1 camera. DAPI stained slides were analyzed 
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using EVOS microscope (Thermofisher). Immunohistochemistry (IHC) staining was 
performed on before and after decellularization samples with Collagen Type I and 
Collagen type IV (Table S4). Antigen retrieval was performed in citrate buffer (pH=6.0) at 
sub-boiling temperatures for 10 minutes. Primary antibodies were incubated over night at 
4°C. Envision+ system HRP anti-rabbit secondary antibody (DAKO) was incubated at RT for 
60 minutes, before staining with DAB and counterstaining with hematoxylin.  

Scanning electron microscopy (SEM) 
Small PFA-fixed biopsies (before and after decellularization, N=2) were dehydrated with 
ethanol and hexamethyldisilazane (Sigma) series prior to gold sputtering (15µm) using a 
Quorum Q300T D sputtering device (Quorumtech). Biopsies were imaged with a 
JSM 7500F Field emission electron microscope (JEOL). 

Biochemical analysis  
The wet weight of the samples was weighed prior to performing analysis. DNA was 
isolated using a QIAamp DNA mini Kit (Qiagen) following the manufacturer’s protocol. 
DNA content was measured using a NanoDrop spectrophotometer (ThermoFisher 
Scientific) (N=11) and corrected for the corresponding wet weight of the measured 
sample (ng DNA/ mg wet weight tissue). The quality and length of DNA base pairs (BP) was 
measured using a 2100 BioAnalyzer (Agilent technologies) using a DNA-1000 kit (Agilent 
Technologies). Total collagen content of the samples was determined using a Total 
Collagen kit (Quickzyme Biosciences, N=9). Collagen content was measured in a clear 96-
well plate at 570nm using an Omega POLARstar Microplate reader (BMG labtech). The 
content was corrected for the wet weight of the corresponding samples (µg Collagen/ mg 
wet weight tissue). Sulfated glycosaminoglycan (sGAG) was determined using a Blyscan 
glycosaminoglycan assay (Biocolor) (N=15). Samples were digested in a Papain (Sigma) 
solution (10mg/ ml) at 65°C for 8 hours. SGAG was isolated from the sample digest 
according the manufacturers protocol. The sGAG content was measured by absorbance 
measurements (680nm) in a clear 96-well plate using a model 680 XR microplate 
reader (Bio-Rad).  

Recellularization 
Initiation tissue derived organoids (ICO and ECO) 
Organoid initiation was similar as previously described (ICO: [8]; ECO: [9]. See figure 1B for 
a schematic overview of organoid initiation and the section ‘Sample procurement for 
organoid initiation’ for more details on tissue procurement. In short, biopsies were 
minced, digested in 2.5mg/ml collagenase type A (Sigma) for 20 minutes at 37°C. The cell 
suspension was strained (70µm cell strainer) and washed in cold Advanced DMEM/ 
F12 (Adv+, table S2). After centrifugation (1500RPM, 5 minutes, 4°C) the remaining cell 
pellet was suspended in reduced growth factor basement membrane matrix (BME, 
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Cultrex) solution (70% BME,30% cold adv+). The mixture was plated in 25µl droplets in 
a 48-well suspension culture plate (Greiner). The BME solidified at 37°C for 30-45 minutes 
before startup medium (SM, table S3) was added. After 3 days SM was replaced with 
expansion medium (EM, table S3).  

Initiation bile derived cholangiocyte organoids (BCO) 
The obtained bile was suspended in 8ml cold Adv+, centrifuged (1500RPM, 5 minutes, 4°C) 
and the supernatant was removed. This procedure was repeated once. The remaining cell 
pellet was suspended in 3ml cold Adv+, strained (100µm cell strainer) and centrifuged. 
The cell pellet was suspended in 70% BME solution and cells were treated similar to ICO 
and ECO.   

Culturing organoids 
EM was refreshed of all three types of organoids every 3 to 4 days. Organoids were split 
in 1:4 to 1:6 ratios every 7 to 10 days depending on proliferation rate of the cells by 
mechanical dissociation and replating of organoids fragments in fresh BME.  

Preparation of the ECM  
Full length decellularized EBD was cut open along the longitudinal axis (figure 1A). Circular 
discs (Ø 3mm) were cut using disposable dermal biopsy punches (Stiefel). The discs were 
collected in 50ml 1x PBS and washed in PBS three times. This was repeated with Adv+ and 
with Adv+ supplements with 10x concentration Pen/Strep and primocin. The discs were 
incubated overnight at 37°C. The discs were washed in Adv+. The ECM was placed in the 
middle of a 48-well 45 minutes prior to addition of cells. Residual adv+ was removed from 
the surface and side of the discs.  

Recellularization experiments 
Organoids were harvested by removing the BME droplets from the wells using cold adv+, 
as previously described (see figure 1C for a schematic overview). In general, a full BME 
droplet (average yield: 6.0·104 cells, SD: +-2.0·104 cells per dome) was used per ECM disc. 
After removal of BME from the cell pellet, 1ml TE was added. The suspension was 
incubated at 37°C until organoid fragments were dissociated into a single cell suspension. 
The cells were counted using disposable cell counting chambers (Kova). 10µl cell 
suspension was added to the center of the ECM discs. The samples were incubated at 37°C 
for 2 hours before 500ul EM supplemented with 10µM Y27632 was added to the wells. 
EM+Y27632 was replaced with EM after 3 days and medium was refreshed every 3 or 4 
days. The ECM-cell construct was kept in culture for up to 21 days. Organoid cultures in 
BME served as a control. After 21 days experiments were terminated. 4 to 6 samples were 
fixed in 4% PFA for 20 minutes. These samples were used for histological analysis or whole 
mount staining. 4-6 samples were lysed in 700ul Qiazol lysis reagent (Qiagen) and stored 
at -80°C for qPCR analysis.  
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Figure 1: Graphical representation of human EBD decellularization and recellularization procedures. 
A: decellularization of EBD tissue was performed with Tx100 solution. After decellularization the full 
length EBD was cut open along the longitudinal axis and circular discs (Ø3mm) are punched using a 
dermal biopsy punch. B: Organoids were initiated from three different sources; liver tissue (ICO), EBD 
tissue (ECO) and bile samples (BCO). The cells obtained from these sources were embedded in BME 
and cultured as per normal protocol. C: Recellularization experiments start with dissociation of the 
organoids. A suspension of single cells (10µl) was added to the ECM and kept in culture for up to 21 
days. D: Recellularization experiments for Ussing Chamber were performed in a similar manner as 
the normal recellularization experiments. After a 21-day culture period, the recellularized construct 
was carefully placed inside the Ussing chamber setup, followed TEER and ion-channel activity 
measurements in Ussing chambers. 
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Ussing chamber experiments 
Larger segments (W: 1cm, L: 2cm) of ECM were cut from the EBD using a scalpel. The 
recellularization procedure was similar to the circular discs recellularization, however, the 
cell number was increased 5-fold (see figure 1D for a schematic overview). 5·10µl cell 
suspension droplets were used for each segment. Furthermore, EM was refreshed every 1 
to 2 days. After 21 days the segment was cut in two equal sized parts. Each part was 
placed in an Ussing slider (P2303A, area: 0,10cm2, Physiologic Instruments, figure S2) and 
subsequently placed in the Ussing chamber (Physiologic instruments). Decellularized ECM 
was used as a control for the Ussing chamber experiments. The Ussing chambers were 
filled with Meyler’s medium (table S7) supplemented with 10mM glucose. The Ussing 
chambers were kept at 37°C and a 95% O2 5% CO2 gas mixture was bubbled through the 
chambers. A VCC MC8 voltage clamp module (Physiologic Instruments) was used to clamp 
the potential difference at 0 mV. The short circuit current (Isc) was recorded using Acquire 
and Analyze 2.3 software (Physiologic Instruments). Trans epithelial electrical 
resistance (TEER) measurements was measured by applying three 5V spikes. The 
resistance was calculated according to Ohm’s law: 

R=V/I          (1) 

The resistance of the recellularized constructs was calculated by subtracting measured 
resistance value of decellularized ECM: 

Rorganoids = Rconstructs – Rdecellularized ECM       (2) 

Rorganoids was subsequently corrected for the surface area (A= 0.10cm2) of the Ussing slide.  

TEER = Rorganoids · Atissue slide        (3) 

Subsequently, ion-channel activity was measured. CFTR-dependent anion secretion was 
activated by adding forskolin (10µM) to the basolateral side of the constructs and 
inhibited by addition of GlyH-101 (20µM, apical). The calcium activated chloride 
channels (CaCC) were stimulated by addition of UTP (50µM, apical). 

Immunohistochemical staining of organoids 
Organoids were cultured in BME, fixed in 4% PFA and embedded in paraffin. Subsequently, 
IHC staining was performed as described previously for the IHC procedure in the histology 
section (2.2.1). The primary antibodies (Cytokeratin 7 (KRT-7) and cytokeratin 19 (KRT-19), 
table S4) were incubated overnight at 4°C. The secondary antibody (table S5) was 
incubated at RT for 60 minutes. Whole mount confocal imaging was performed on 4% PFA 
fixed recellularized scaffolds. Recellularized ECM samples were permeabilized with 0.1% 
Triton-X-100 in 1x PBS for 20 minutes. The samples were blocked in 5% serum in 1x PBS 



  

190 | Chapter 7 
 

for 60 minutes. The primary antibodies (see table S4) were incubated overnight at 4°C. 
The secondary antibody (table s5) was incubated at RT for 60 minutes. KRT-7 and KRT-19 
samples were additionally stained with Phalloidin Alexa Fluor 488 (Thermofisher). All 
samples were stained with DNA-staining DAPI. Samples were imaged using a Leica 20X 
water dipping lens on Leica DM6000 CFS microscope with a LEICA TCS SP5 II confocal 
system. Images were processed and analyzed using ImageJ.  

qPCR gene expression analysis  
Qiazol lysed samples were homogenized using a TissueRuptor (Qiagen). mRNA isolation 
was performed with the miRNeasy kit according to the manufacturers’ protocol. RNA 
content was measured using a Nanodrop and cDNA (500ng) was prepared using 5x 
PrimeScript RT Master Mix and a 2720 thermal cycler (Applied Biosystems). qPCR was 
performed according to standard procedures with SYBR select master mix for SFX (Applied 
Biosystems) on a StepOnePlus real time PCR System (Applied Biosystems). All the tested 
primer sets are listed in table S6. GAPDH, B2M and HPRT were used as reference genes. 
The geometrical average of the three housekeeping genes was used as previously 
described [15] for determining the dCt of the genes.  

Data analysis 
Analysis of data was performed with Prism (version 8.0, Graphpad Software). Data from 
DNA, RNA, total collagen, sGAG content and Nuclei per mm2 is displayed as mean+ 
standard deviation (SD). Non-paired T-test were performed to analyze means. ANOVA on 
ranks was performed for the quantified nuclei data. qPCR data is displayed as 2^-dCt in 
‘before-after’ graphs, were ‘before’ represents the BME controls and ‘after’ the 
recellularized constructs of the same donor/patient. Wilcoxon matched pairs tests were 
performed on qPCR data. 

Results 
All EBD samples showed severe signs of denudation before decellularization, as no 
confluent layers of cholangiocytes could be found (figure 2B, 2D). This was likely the result 
of ischemia. Due to the denudation, no cholangiocyte RNA of adequate quality could be 
obtained from fresh EBD tissue. During decellularization, the bile ducts underwent a slight 
change in color from yellow/white to white (figure 2A). The decellularization procedure 
did not affect the dimensions of the EBD, as no shrinking or expansion was 
witnessed (figure 2A, figure S1). However, loose connective tissue fibers surrounding the 
bile ducts (figure 2A, figure s1), detached as a result of gentle agitation on the rocker and 
was washed away during replacement of Tx100 solution. This connective tissue did not 
contain muscle, extramural PBG or blood vessel structures. Full length EBDs were cut open 
along the longitudinal axis after the decellularization procedure was completed and 
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Figure 2: Decellularization of human extrahepatic bile duct tissue is feasible. A: Macroscopic images 
of before and after decellularization. The ostia of the PBG are visible (outtake). B: Before and after 
decellularization images of HE stained paraffin slides showing the surface of the EBD (left) and 
intramural PBG (right). Scale bars represent: 200µm.C: DAPI staining revealed that after 
decellularization no visible dsDNA is present in the decellularized ECM on the surface of the EBD or in 
the PBGS. Scale bars represent: 200µm. D: Scanning electron microscopy images before 
decellularization shows the expected denudation of the extrahepatic bile duct as only a few cells can 
be seen at two different magnifications from the same sample. After decellularization all cells were  
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(figure 2 continued) removed and the ultrastructure of the ECM remains intact as is shown by two 
different magnifications from the same sample. Scale bars represent 200µm left side, 10µm top 
right, 1µm bottom right. E: Collagen type I remains present after decellularization. Scale bars 
represent: 200µm. F: Collagen type IV remains present in the PBG after decellularization. Scale bar 
represents: 200µm. G: results from the biochemical analyses. DNA drops significantly (***, p<0.001) 
after decellularization to 11.9ng DNA (SD: ±9.2ng DNA). Total collagen content does not differ 
significantly (N=9). sGAG content decreases significantly (***, p<0.001) to 1.4µg sGAG/mg ECM (SD: 
± 1.0µg sGAG; N=15)). 

showed typical ‘golf ball-like’ surface macroscopically (figure 2A). The decellularization 
procedure did not affect the macroscopic architecture of the luminal side of the duct. All 
cells were efficiently removed during the decellularization procedure (figure 2B) and no 
dsDNA (figure 2C) was detected in the decellularized EBD. DNA quantification (figure 2G) 
showed a significant (p<0.001) decrease in DNA content to 11.9ng DNA (SD: ± 9.2ng). No 
fragment of dsDNA could be detected by the BioAnalyzer after decellularization (figureS1), 
confirming complete decellularization. The fibrous ultrastructure of the ECM remained 
intact and was not affected by the procedure as shown by SEM (figure 2D). IHC staining of 
the decellularized bile ducts for collagen I and IV showed that these proteins remain 
present (figure 2EF). The total collagen content did not differ significantly (p=0.69) 
before (64.9µg/mg wet tissue, SD: ±21.0µg/mg) and after decellularization (57.6µg/mg 
wet ECM, SD: ±12.9µg/mg). The sGAG content decreased significantly (P<0.001) after 
decellularization (before: 16.4µg/mg wet tissue, SD: ±6.8µg/mg; after: 1.4µg/mg wet 
ECM, SD: ±  1.1µg/mg), which could be due to the detachment and subsequent removal of 
connective tissue on the outside of the ductal tissue, however, this was not further 
determined.  

Organoids from all three ductal sources proliferated well, were spherical in 
shape (figure S2) and were comparable to organoids as previously described by other 
publications [8-11]. The organoids were KRT-7 and KRT-19 positive (figure S2). Differences 
in proliferation patterns were noticed, however, these were attributed to donor-donor 
variances, as patient/donor paired organoids showed similar characteristics (data not 
shown). Similar findings were also mentioned by other publications [8]. Furthermore, no 
significant differences were noted between organoids derived from healthy donor or liver 
patients, as all organoids were similar in size, shape or proliferation patterns. Bright field 
microscopic evaluation of the recellularization experiments was limited as a result of the 
density of the ECM. However, viable cells surrounding the scaffolds were detected 24 
hours after initiating the recellularization with organoids from all three sources (figure 3A). 
After 7 to 10 days transparent rim was seen surrounding the edge of the ECM disc in ECO 
and BCO recellularized samples. In ICO samples, this rim was inconsistent and did not fully 
cover the entire disc. Cyst-like structures were seen inside the rim (figure 4A). Between  
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Figure 3: ECO and BCO can fully repopulate the luminal surface of ductal ECM. A: Decellularized ECM 
were not transparent. Only cells surrounding the edges of the scaffold can be monitored. After 24 
hours cells can be found surrounding the ECM of ECO and BCO recellularized samples. After 7 days a 
semitransparent rim appeared, which contained cystic structures (white arrow). After 21 days no 
cystic structures could be detected (scale bars: 200µm). B: ICO were less efficient in recellularization 
of ductal ECM, as they formed thin edges surrounding the ECM. ICO showed either a cystic-
phenotype or flattened phenotype after 21-days (scale bars: 200µm). C: ECO and BCO that 
encapsulated the luminal surface of the ECM had a columnar phenotype, where the nucleus was 
located towards the apical side of the ECM. D: Cells were found inside the lumen of the ostia of the 
PBG. E: ICO lack the columnar phenotype. Cells are flattened in shape. F: In some cases, where ICO 
fail to recellularize the ductal ECM, cystic structures are seen after 21 days. Scale bars CDEF: 200µm. 
GHI: F-actin staining on whole mounted samples. GH: ECO and BCO are capable of forming confluent 
layers on the luminal surface of the ductal ECM. Ostia of PBG (H) are also repopulated.                
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(figure 3 continued ) I: ICO expresses a different phenotype, as recellularization was not completed. 
Scale bar GHI: 200µm. J: the ‘success rate’ as determined by the percentage of completely 
repopulated samples. For ECO and BCO the success rate was 100% as organoids from each donor or 
patient formed confluent layers (N=5 ECO and N=3 BCO). For ICO this percentage was 40%, as 
organoids from only 2 donors or patients were capable of forming confluent layers. The other 3 
donor or patient ICO formed flattened layers with holes. K: the amount of nuclei counted per mm2. 
ECO and BCO have 24.9 nuclei (SD: ±4.2) and 25.0 nuclei (SD: ±4.6) per mm2 respectively. The nuclear 
density of ICO differs significantly with ECO and BCO repopulated samples (**, P<0, 01). ICO 
repopulated samples contained 17.1 nuclei per mm2 (SD: ±6.3). Success rate (J) and nuclear density 
(K) were determined by examination and analysis of 5 whole mount confocal Z-stacks of each source 
(N=4 ECO and ICO, N=3 BCO). 

day 15 and 18 these cystic structures disappeared in ECO and BCO samples and an 
uninterrupted rim encapsulated the edges of these samples after 21 days (figure 3A). Cells 
with columnar phenotypes surrounded the ductal ECM (figure 3C). This was not consistent 
with ICO recellularized samples, which had either cells with a flattened phenotypes or 
cystic structures after 21 days (figure 3B, 3D).  

Whole mount confocal analysis with F-actin staining showed that confluent monolayers 
covered the entire surface of ECM discs recellularized with ECO and BCO (figure 3GH). 
‘Honey comb’-like structure were visible at 40x magnification (figure S2), showing that F-
actin is located at the edges of the cell membranes, where the cells attach to each other. 
ECM repopulated with ICO did not reveal similar patterns. Three out of five samples from 
this source failed to form a confluent layer on the entire surface of the ductal 
ECM (figure 3I, figure S2). The two other samples lacked ‘honey comb’- like structures. The 
‘success rate’ as determined by the number of samples which were fully repopulated upon 
examination with whole mount confocal imaging is 40% for ICO (figure 3J), whereas this 
rate was 100% for ECO and BCO. Quantification of nuclei per set area (figure S2 contains 
representative images for all conditions) revealed that ICO repopulated samples contain 
significantly (P<0.01) less nuclei per mm2 (17.1 nuclei per mm2, SD: ±6.3) than ECO (24.9 
nuclei per mm2, SD: ±4.2) and BCO (25.0 nuclei per mm2, SD: ±4.6). The difference 
between completely repopulated ICO samples (confluent, 20.5 nuclei per mm2, SD: ±5.2) 
with the partially repopulated ICO samples (not confluent, 12.9 nuclei per mm2, SD: ±4.8) 
was also significant (P<0.01, figure S2). Even after full repopulation with ICO, the number 
of nuclei per set area was lower when compared to samples repopulated with ECO and 
BCO, however, this difference is not significant.  

Expression of cholangiocyte marker cytokeratin-7 (KRT-7) differed between ECO, BCO and 
ICO repopulated ECM (figure 4ABC), as KRT-7 expression was lower in ICO samples 
compared to ECO and BCO. Cholangiocyte marker cytokeratin-19 (KRT-19) expression was 
similar for all repopulated ECM samples (figure 4DEF). Protein expression of Zone 
Occludens-1 (ZO-1) was also seen in ECM samples recellularized with organoids from all  
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Figure 4: Organoids derived from EBD tissue or bile samples can be used to repopulate the apical 
surface of ductal ECM. ABC: ECO and BCO express cytokeratin-7 (KRT-7), whereas ICO showed lower 
expression of KRT-7. DEF: cytokeratin-19 (KRT-19) expression was similar between ECO, BCO and ICO. 
K-M: Zone Occludens-1 (ZO-1) expression showed that ECO and BCO had a ‘honey comb’-like 
phenotype. ZO1 was located on the luminal side (XZ plane), whereas nuclei were located at the 
basolateral side, indicating cholangiocyte-like polarization of the cells. ICO recellularized samples had 
a flattened phenotype and no polarization of ZO-1 was detected. Scale bars: A-F 200µm and G-I: 
100µm 

three types, however, expression was seen in different patterns (figure 5GHI). In ECO and 
BCO samples, ZO-1 was located in between cells, showing that tight junctions formed 
between individual cells (figure 4GH). The XZ-plane revealed that ZO-1 expression was 
found at the luminal side, whereas nuclei are located at the basolateral side of the cells. 
This indicates cholangiocyte-like polarization of the cells on ECO and BCO recellularized 
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samples. Again, ICO showed a different pattern, as these cells lacked the ‘honey comb’-
like structured, had flattened phenotypes and no polarization was witnessed (figure 4I). 

Specific gene expression analysis showed a decrease in expression of LGR5 (Wnt target 
gene) after recellularization when compared to matched BME controls (figure 5). ICO 
showed an approximate 4-fold decrease, whereas ECO had a 6.5-fold and BCO a 10-fold 
decrease after recellularization. SOX-9 (biliary progenitor marker) expression of BCO 
samples (both BME controls and recellularized samples) was higher compared to SOX-9 
expression of ECO and ICO samples. Focusing on BCO samples only, the SOX-9 expression 
decreased 3-fold after recellularization when compared to matched BME controls. 
Expression of NOTCH-2 was increased (approximately ECO: 3.5-fold, BCO: 6.1 fold and ICO: 
3.1-fold) after recellularization, indicating differentiation towards cholangiocytes. 
Interestingly, a decrease in KRT-7 (approximately ECO: 8-fold, BCO: 2.3 fold and ICO: 1.6 
fold decrease) and KRT-19 (approximately ECO: 2.5-fold, BCO: 2-fold and ICO: 1.7-fold 
decrease) was measured, whereas KRT-7 and KRT-19 staining showed that on protein level 
these proteins are still expressed. Recently, it was shown that there is no significant 
differential gene expression of KRT-7 and KRT-19 between primary extrahepatic 
cholangiocytes and ECO [9]. Expression of mature cholangiocyte markers MUC-1, TFF-1, 
TFF-2, EPCAM, TROP-2 and HNF-1β remained stable. KI-67 expression, as indicator for cell 
proliferation, decreased when recellularized with ECO and BCO, whereas in some of the 
ICO samples this was inconclusive. The ICO samples, which reached confluency had a 
decrease in KI-67 expression (1.6-fold, 33-fold and 50-fold), whereas non-confluent ICO 
samples had an increase (4.4 and 1.2 fold) in expression when compared to matched BME 
controls. In all cases, an increase in Vimentin expression was measured after 
recellularization (ECO: 3.8-fold, BCO: 1.6-fold and ICO: 9.7-fold increase) indicating that 
cells were undergoing epithelial-to-mesenchymal transition. Expression of the 
cholangiocyte-specific transporter and channel genes CFTR, SLC-4a2 and SLC10a2 (ASBT) 
was also detected (figure S3) suggesting that the cells could be capable of performing 
anion and bile salt transport functions. Recellularization on ECM discs did not affect 
expression of hepatocyte markers Albumin, CYP-3a4, ABCB11 (BSEP) and HNF-4α (figure 
S3). No apparent hierarchical clustering could be found between recellularized samples or 
organoids from the same patients in BME. Similarly, no clustering could be found between 
organoids derived from healthy donors or patients (data not shown).  

Whole mount confocal analysis of ductal ECM recellularized with ECO or BCO after 
staining with acetylated α-tubulin revealed presence of primary cilia in these 
samples (figure 6A). The XZ-plane revealed that cilia can be found on the apical side of the 
cells similar to the in vivo situation (figure 6A, XZ plane). No acetylated α-tubulin was 
detected in ICO-repopulated scaffolds.  
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Figure 5: mRNA expression data before (BME) and after recellularization (Recell) on top of the ductal 
ECM of matched organoids from different origins. Cholangiocyte differentiation or stem cell markers 
are shown in panel A.  Cholangiocyte-specific genes are shown in panel B. Proliferation (KI-67) and 
epithelial-to-mesenchymal transition marker (Vimentin) are displayed in panel C. The RT-qPCR data is 
displayed as 2-dCt. Wilcoxon signed rank test did not reveal any significant differences between the 
marched BME and recellularized samples. 

ICO recellularized samples were not assessed for functionality testing, as these organoids 
failed to fully repopulate the ductal ECM. The Ussing chamber experiments required larger 
ECM samples (L: 2cm, W: 1cm) and therefore the amount of cells used was increased 5-
fold (approx. 3.0·105 cells per segment). Recellularization patterns were similar to those of 
the circular ductal ECM. However, due to the increased number of cells, EM had to be  
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Figure 6: Functional bile duct constructs can be created in vitro using ECO or BCO. ABCD: Acetylated 
α-tubulin staining shows the presence of cilia in ECO and BCO recellularized samples. Scale bars: A: 
100µm, BCD: 50µm. E: TEER measurements show an increase in resistance compared to 
decellularized ECM (N=3 measurements per sample). F and G: Ussing chamber experiments showing 
short circuit current (Isc) changes upon consecutive addition of Forskolin (a cAMP agonist), GlyH-101 
(CFTR inhibitor) and UTP (Ca2+ agonist and CaCC activator) of ECO recellularized ECM (F, N=2) and 
BCO recellularized ECM (G, N=2). After addition of Forskolin a small response in ECO samples was 
recorded, but not in the BCO samples. GlyH-101 successfully blocked CFTR-channel activity in both 
samples, as a decrease Isc was recorded. Addition of 50µM UTP showed an increase in current for 
both samples indicating the presence of CaCC.  

refreshed more often. During the last 7 days of the 21-day period, medium was refreshed 
every 24 hours. Recellularized constructs had TEER of 17.8Ω·cm2 (SD: ±1.4Ω·cm2) and 
21.1Ω·cm2 (SD: ±4.7Ω·cm2) for ductal ECM recellularized with ECO and BCO, respectively 
(figure 6E). No fresh tissue was used as a control, due to the severity of denudation of EBD 
tissue. CFTR-channel activity was induced by addition of forskolin (cAMP agonist). The 
segments repopulated with ECO showed a relatively small response (figure 6F), whereas 
no change in Isc was detected for BCO samples (figure 6G). Both the ECO and BCO 
recellularized constructs responded to GlyH-101 induced blockage of the CFTR-channel 
with a reduction in anion secretion. This indicates that CFTR-channels in the BCO 
recellularized ECM constructs were already active, presumably caused by the presence of 
forskolin in EM. Subsequent activation of CaCC with the purinergic Ca2+ agonist UTP 
caused a transient increase in Isc  in both samples. UTP was added to the luminal side of the 
constructs, thus the response indicates proper polarization of the epithelial cell layer with 
both CFTR and CaCC channels localized at the apical cell surface. Decellularized ECM was 
taken along as a negative control and did not respond to any of the additions (figure S2). 
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Discussion 
The ability to engineer personalized functional EBD constructs in vitro may have 
considerable impact on the management of biliary complications after LT. Here, we 
demonstrated efficient decellularization of human EBD tissue and showed preservation of 
the ultrastructure of the EBD.    Subsequent successful recellularization with cells derived 
from ECO and BCO, but not from ICO, was shown. The recellularized ductal ECM expressed 
mature cholangiocyte markers (Such as KRT-7, KRT-19, NOTCH-2, TFF-1 and TFF-2) and 
demonstrated cholangiocyte-specific ion-channel functionality. This provides proof of 
principle that in the near future, patient-specific, transplantable and functional EBD tissue 
constructs could be engineered in vitro, which can be used to replace or repair damaged 
EBD tissue in vivo.  The use of decellularization strategies for ductal tissue engineering 
purposes has previously shown successful in animal models. Cheng et al. successfully 
transplanted a decellularized ureter, splinted by a silicone stent or a T-tube, in guinea pigs 
[16]. In parallel, Struecker et al. transplanted porcine abdominal aorta, which was 
recellularized with autologous cholangiocytes, in a porcine model [17]. However, ureter or 
aorta ECM does not resemble the architecture of human EBD as these structures are 
lacking the complex PBG architecture.  
 
Decellularization of human EBD tissue was efficient and did not damage the architecture 
of the ECM. The loss of connective tissue surrounding the EBD could account for the 
decrease in sGAG content, although this was not further quantified. The decrease of sGAG 
did not appear to impact the formation of confluent cell-layers, as ECO and BCO 
successfully repopulated the surface of the ductal ECM. Further analysis of the 
repopulated ductal ECM showed cholangiocyte-like cells, which expressed cholangiocyte 
markers on RNA and protein level. Furthermore, they had a functional barrier allowing 
measurements of vectoral transport of anions through cholangiocyte-specific ion-channels 
(CFTR, CaCC). These responses could not be compared to healthy and viable EBD-tissue, as 
all EBD tissue obtained from LT procedures showed extensive denudation of the 
cholangiocyte monolayer and did not possess a functional barrier anymore. However, the 
responses measured were in similar order of magnitude as the responses measured for 
human gall bladder epithelium [18].  

Although ICO expressed similar cholangiocyte markers, they were less successful in fully 
repopulating the bile duct ECM. This difference in recellularization efficiency could be 
explained by regional differences in human biliary tissues. The extrahepatic and 
intrahepatic bile ducts are of different embryonic origin, arising from different progenitors 
during embryonic development [19]. This results in transcriptional differences between 
EBD or IBD cholangiocytes. Rimland et al. recently demonstrated that these differences 
are retained in vitro in the organoids initiated from different sources [9]. Therefore, 
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organoids of extrahepatic origin could be best suited to repopulate the decellularized ECM 
of the EBD. ICO, on the other hand, could potentially be more useful for repopulation of 
decellularized IBD [20], which is vital for creating for functional liver tissue constructs in 
vitro.  

Biliary organoids are an alternative source of primary cholangiocytes of which expansion 
in vitro is challenging [21]. The organoids were obtained from healthy donors or from 
patient material (see ‘Methods’ section ‘Sample procurement for organoid initiation’ for 
indications). No significant differences between healthy or ‘diseased’ organoids were 
witnessed in manner of proliferation or mRNA expression profiles, and there was no 
difference in recellularization capacity. This indicates that autologous cells from patients 
could be used for personalized regenerative medicine purposes. BCO can obtained 
through less invasive ERCP procedures, making BCO more ideal for personalized purposes. 
ECO from donors could be used as an alternative when patient-derived cells are not 
available. Biliary LGR5+ organoids offer specific advantages when used in tissue 
engineering over other cell sources, such as induced pluripotent stem cells (iPSC), mostly 
because organoids are less prone to (epi)genetic variation [8, 22]. Furthermore, iPSC 
require extensive reprogramming and differentiation protocols, whereas no 
differentiation protocols were needed to create functional EBD constructs in vitro. The 
organoids already express mature cholangiocyte markers TFF-1, TFF-2 and MUC-1 [23, 24]. 
In addition, extrahepatic organoids have shown to be efficiently used for ductal tissue 
engineering purposes in vivo. Sampaziotis et al. demonstrated that extrahepatic organoids 
can successfully replace extrahepatic bile duct in mice, albeit that the culture medium for 
initiating and expanding the organoids differed from ours [10]. Furthermore, they used an 
artificial collagen scaffold, which lacks tissue-specific architecture, such as PGB. Therefore, 
the use of collagen scaffolds might be less optimal for long-term homeostasis of the 
engineered bile duct. An advantage of applying decellularization strategies is that these 
architectural features do remain present after decellularization of EBD.  

However, several ‘hurdles’ have to be taken before decellularized and repopulated human 
ductal ECM can be clinically used. First and foremost, a translational step from the small 
2D sections towards 3D tubular structures has to be made. This involves increasing the 
surface area that needs to be recellularized and an increase in the number of cells. 
Subsequently, there will be an increase in oxygen and nutrient consumption and it is likely 
that this translation requires more complex culture systems, such as perfusion-based 
bioreactors. Furthermore, maintaining viability of cholangiocytes after transplantation 
would require the development of a blood vessel network. Struecker et al. showed 
feasibility of transplanting a bile duct construct solely with cholangiocytes in a large animal 
model without forming blood vessels (prior to transplantation) [17]. This could suggest that 
a pre-formed blood vessel network is not required, as formation of blood vessel after 
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implantation appeared to be adequate. However, this study was performed in healthy 
animals and more research is required whether this holds true for patients with defective 
EBD tissue. Another important issue is the use of non GMP-compliant basement 
membrane extracts, such as Matrigel or Cultrex BME, for the initiation and expansion of 
organoids. These extracts are created from mouse tumor tissue [25, 26] and are limiting the 
clinical applications of the organoids and subsequently of recellularized EBD constructs 
[13]. In order to overcome this ‘hurdle’, clinically relevant and well-defined culture 
substrates are required. Alternative candidates have already been investigated for 
organoids cultures [27- 29]. 

Conclusion  
Here we show successful recellularization of decellularized EBD tissue using ductal 
organoids. Both ECO and BCO are promising cell sources to be used in personalized biliary 
tissue engineering, as they maintain cholangiocyte-marker expression, showed restored 
barrier function and possessed cholangiocyte-specific ion-channel activity. In this study, 
we identified BCO as the most suitable candidate for future use in building functional 3D 
tubular EBD constructs. This is mostly due to easy access and minimally invasive collection 
of bile from patients.  

Acknowledgements 
We would like to thank Frans Oostrum from the aerospace engineering department of the 
TU Delft for performing the SEM procedures. We would also like to thank Dr. Jan-Werner 
Poley and Prof. Dr. Marco Bruno who were responsible for collecting bile samples during 
ERCP procedures. Furthermore, we would like to thank Dr. Gert-Jan Kremers of the 
Erasmus MC Optical Imaging Center (OIC) for assisting with the Whole mount confocal 
imaging of decellularized and recellularized ductal ECM samples. This project was funded 
by an Erasmus MC grant (Mrace PhD project) 2016; “Liver graft recellularization: The 
Matrix Reloaded”, MLDS-Diagnostiek grant D16-26 of the Dutch Gastroenterology & 
Hepatology Fund (MLDS), and Medical Delta Regenerative Medicine 4D: Generating 
complex tissues with stem cells and printing technology. 

  



  

202 | Chapter 7 
 

List of abbreviations 
 

EBD Extrahepatic bile duct 
ECM Extracellular matrix  
DCD Donation after circulatory death 
LT Liver transplantation 
DBD Donation after brain death 
PBG Peribiliary glands 
ICO Intrahepatic cholangiocyte organoids 
ECO Extrahepatic cholangiocyte organoids 
BCO Bile-derived cholangiocyte organoids 
KRT-(7/19) Cytokeratin (7/19) 
UW University of Wisconsin  
PFA Paraformaldehyde 
PBS Phosphate buffered saline 
NTS Dutch Transplant Society 
ERCP Endoscopic retrograde cholangiopancreatography 
TE Trypsin-EDTA 
Tx100 solution Triton-X-100 + 1%NH3 
HE Hematoxylin-Eosin 
IHC Immunohistochemistry 
SEM Scanning electron microscopy 
EM Expansion medium 
BP Base pair 
sGAG Sulfated glycosaminoglycan  
Adv+ cold Advanced DMEM/ F12  
BME Basement membrane extract 
SM Startup medium 
ISC Short circuit current 
TEER Trans epithelial electrical resistance  
IPSC induced pluripotent stem cells 
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Supplementary information tables 
 
 Table S1: DNase solution 

 

Table S2: Medium supplement for Advanced DMEM/ F12 

Component Amount Concentration Brand 
Advanced DMEM/F12 500ml  Gibco 
HEPES 5ml 1M Life technologies 
L-Glutamin 5ml 100X Life technologies 
Primocin 1ml 500mg/ml Invivogen 
Pen/Strep 5ml 10000 U/ml Life technologies 

 

Table S3: Medium formulation for Start Up Medium (SEM) and Expansion Medium (EM). Medium 

components with a * are only added to SEM.  

Component Concentration Brand 
Adv+  Gibco 
N2 1% Gibco 
B27 2% Gibco 
N-Acetylcystein 1,25 mM Sigma 
gastrin 10 nM Sigma 
EGF 50 ng/ml Peprotech 
FGF10 100 ng/ml Peprotech 
HGF 25 ng/ml Peprotech 
nicotinamide 10nM Sigma 
A83.01 5 µM Tocris 
Forskolin 10 µM Torcris 
R-Spondin 10% Conditioned medium 
WNT* 30% Wnt Conditioned medium 
Noggin* 25 ng/ml Conditioned medium 
Y27632* 10µM Tocris 
hES cell cloning recovery 
solution* 

1:1000 dilution Stemgent 

 
  

Component Concentration Brand 
DNase 1 5U/L Sigma 
NaCl 0.9% 100ml Sigma 
CaCl2 100mM Sigma 
MgCl2 100mM Sigma 
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Table S4: List of primary antibodies used for Immunohistochemistry (IHC) or Whole mount confocal. 

Antibodies with ** are only used for whole mount confocal.  

Primary antibody Raised in Dilution Supplier 
Collagen Type I Rabbit 1:60 Novus biologicals 
Collagen Type IV Rabbit 1:50 Novus biologicals 
Acetylated α-tubulin** Mouse 1:100 Sigma 
ZO1** Rabbit  1:100 Proteintech 
KRT 7** Mouse  1:100 Dako 
KRT 19** Mouse  1:100 Dako 

 
Table S5: List of fluorescent labeled secondary antibodies 

Secondary antibody Raised in  Against Dilution Supplier 
Alexa 555 Goat Mouse 1:100 Fisher scientific  
Alexa 488 Goat Rabbit 1:100 Fisher scientific 

 
Table S6: List of qPCR primers 

Primer Forward sequence 5'to 3' Reverse sequence 5'to 3' 
GAPDH CTTTTGCGTCGCCAGCCGAG CCAGGCGCCCAATACGACCA 
HPRT-1 ACCAGTCAACAGGGGACATAA CTTCGTGGGGTCCTTTTCACC 
B2M GTGTCTGGGTTTCATCCATC GGCAGGCATACTCATCTTTT 
LGR-5 GTCAGCTGCTCCCGAATCCC TGAAACAGCTTGGGGGCACA 
KRT-7 GGGGACGACCTCCGGAATAC CTTGGCACGCTGGTTCTTGA 
KRT-19 GCACTACAGCCACTACTACACGA CTCATGCGCAGAGCCTGTT 
EPCAM GACTTTTGCCGCAGCTCAGGA AGCAGTTTACGGCCAGCTTGT 
TROP-2 CGAGCTTGTAGGTACCCGGCG TGCGCCGAGGAATCAGGAAGC 
SOX-9 ACCAGTACCCGCACTTGCAC GCGCCTTGAAGATGGCGTTG 
HNF-1β TCACAGATACCAGCAGCATCAGT GGGCATCACCAGGCTTGTA 
NOTCH-2 CATCTGGATGGGCTGGTGCC AGGATGATTTCATACCCCGAGTGC 
TTF-1 ACAAGCTGCTGTACACGGACA AAGTTTCCAGGGCCGGGCAAT 
TTF-2 TCTGTCCTGCCTCCCTGATCCA CTCTGGCACGTGAATCCCGGT  
MUC-1 CTGTCAGTGCCGCCGAAAGA CGTGCCCCTACAAGTTGGCA 
KI-67 CTACGGATTATACCTGGCCTTCC AGGAAGCTGGATACGGATGTCA 
Vimentin CGGGAGAAATTGCAGGAGG TGCTGTTCCTGAATCTGAGC 
SLC-4a2 GAAGATTCCTGAGAATGCCG GTCCATGTTGGCACTACTCG 
AQP-1 GGCCAGCGAGTTCAAGAAGAA TCACACCATCAGCCAGGTCAT 
CFTR TGGCGGTCACTCGGCAATTT TCCAGCAACCGCCAACAACT 
ASBT GGTGGCCTTTGACATCCTCCC GCATCATTCCGAGGGCAAGC 
BSEP TGAGCCTGGTCATCTTGTG TCCGTAAATATTGGCTTTCTG 
Albumin CTGCCTGCCTGTTGCCAAAGC   GGCAAGGTCCGCCCTGTCATC 
CYP-3a4 AGCAAAGAGCAACACAGAGCTGAA CAGAGGTGTGGGCCCTGGAAT 
HNF-4α GTACTCCTGCAGATTTAGCC CTGTCCTCATAGCTTGACCT 
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Table S7: composition of Meyler’s medium used in the Ussing chambers 

Concentration Compound 
128mM NaCl 
4.7mM KCl 
1.3mM CaCl2 
1mM MgCl2 
0.3mM Na2HPO4 
0.4mM NaH2PO4 
20mM NaHCO3 
10mM HEPES 
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Supplementary figures 
 

Supplementary figure S1: A: No double stranded DNA was found after decellularization as shown by 
the results of the BioAnalyzer. For this, paired samples (n=3) before (T=0) and after 
decellularization (T=decell) were analyzed. Histological analysis by HE staining of a bile duct sample 
before decellularization (T=0) (B) and after decellularization (T=Decell) (C). L indicate the luminal side 
of the EBD. Scale bars: 400µm. D: HE staining of loose connective tissue that was removed from the 
EBD during the decellularization procedure. The connective tissue did not contain blood vessels, 
muscle fibers and/or PBG. Scale bar: 100µm. E: The decellularization procedure did not affect the 
thickness of the EBD wall (P=0.856) as was measured on HE-sections of before decellularized EBD 
samples (N=6 different samples per condition, N=10 independent measurements per sample).  
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Supplementary figure S2: A: Bright field pictures of ECO, BCO and ICO grown in BME. Organoids from 
all three sources are spherical in shape. Scale bars: 400µm. B: HE images of ECO (top), BCO (middle) 
and ICO (bottom) grown in BME. Scale bars: 400µm. KRT-7 (C) and KRT-19 (D) staining of ECO (top), 
BCO (middle) and ICO (bottom) of organoids cultured in BME show that organoids are KRT-7 and 
KRT-19 positive. Scale bars: 200µm. EF: Whole mount confocal images after recellularization of the 
decellularized ECM with ECO (E, left column), BCO, (E, right column) and ICO (F). ECO and BCO 
samples were completely confluent and had the highest nuclear density. F-actin + DAPI staining 
revealed ‘honey comb’-like structures on the surface of the repopulated ECM. Image representative 
for N=4 independent bile duct scaffolds recellularized with N=5 ECO and N=3 BCO lines. Scale bars: 
100µm. F: ICO were less capable of fully repopulating the surface of the decellularized ECM, as DAPI 
staining revealed differences in nuclear density between confluent (left column) and non-
confluent (right column). ‘Honey comb’-like structures are seen in confluent samples, but not in non-
confluent samples. Scale bars: 100µm. G: There is a significant difference (**, P<0.01) between the 
number of nuclei per mm2 grown for ICO repopulated scaffolds. Fully repopulated (confluent) 
samples (N=2 for ICO) yielded 20.5 nuclei per mm2 (SD:±5.2), whereas the nuclear density was 12.9 
nuclei per mm2 (SD:±4.8) for the non-confluent samples (N=3 for ICO). 
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Supplementary figure S3: AB: Gene expression analysis (RT-qPCR) of recellularized ECM for 
cholangiocyte-related genes (CFTR, SLC-4a2 and ASBT) (A) and hepatocyte-related genes (Albumin, 
CYP-3a4, HNF-4α and BSEP) (B). The RT-qPCR data is displayed as 2-dCt and each recellularized 
sample (after) is connected to a matched BME control (before). No significant differences were found 
in the expression of these cholangiocyte (CFTR, SLA-4a2 and ASBT) and hepatocyte (Alb, Cyp3A4, 
HNF4a and BSEP) genes, according to the Wilcoxon signed rank test. C: Larger ductal ECM 
scaffolds (L:2cm, W: 1cm) (C) were used to assess the TEER and vectoral Ion-transport by CFTR 
functionality in the repopulated bile ducts using an Ussing chamber set up. D: the recellularized 
scaffolds were placed inside the Ussing chamber holders. The black arrows indicate the scaffolds, 
which were placed over a set of needles to hold them in place. E: The Ussing chamber results of 
decellularized ECM negative control (without cells) (N=1). No response to added components was 
detected. 
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General discussion 
Introduction 
The use of extracellular matrix-based materials for regenerative tissue engineering 
purposes has gained significant interest over the past decades [1]. Current clinical 
applications of decellularized tissues focus mostly on tissue reconstruction (e.g. 
reconstruction of torn ligaments) or wound repair, but are also investigated for 
replacement of tissue, such as replacement of damaged trachea or heart valves [1-4]. The 
extracellular matrix (ECM) of decellularized organs can also act as an inductive scaffold for 
creating functional organs in vitro, such as hearts [5, 6], kidney [7] or livers [8, 9]. These lab 
grown tissues can be used for building improved biomimetic disease models or for 
evaluating liver toxicity of certain compounds. Ultimately, functional liver constructs could 
also be used for (auxiliary) transplant purposes [10-12].  

The ECM consist of a complex mixture of proteins, proteoglycans and growth 
factors [13, 14]. Depending on the organ, the deposition of these components is different 
and highly tissue-specific. The exact composition of the ECM determines the physiological 
characteristics of a tissue. Interactions between cells and the matrix components play 
major roles during embryonic development, tissue homeostasis and regeneration after 
damage [15]. In our aim to decipher the role of the ECM in tissue regeneration and to use 
this in liver tissue engineering applications, we separated the ECM components from the 
cells in a process that is called decellularization. The goal of this process is to remove all 
cells but to retain the ECM of the liver, including the spatiotemporal deposited ECM-
components, cell signaling cues and physical characteristics of the ECM [3, 8, 9, 16-18].  

Preserving the ECM during decellularization 
Current definitions of decellularization focus mainly on removal of double stranded 
DNA [4], but fail to look at remaining potentially harmful cellular proteins or residual 
detergents. Remnants of cellular proteins can act (similar to free double stranded 
DNA [19]) as damage associated molecular patterns and/or elicit adverse inflammation or 
immunological response [2, 20]. Mass spectrometry analysis (chapter 3) revealed presence 
of many different (intra)cellular proteins. Similar results were found after processing of 
liver ECM into a hydrogel (chapter 9). Additionally, trace amounts of detergents can be 
toxic for cells and hamper repopulation of the decellularized ECM [21]. Mass spectrometry 
techniques should be implemented as a quality control step to further study the ECM 
constitution and identify possible remaining harmful components. Moreover, relative 
simple absorbance assays can be used to detect residual detergent Triton-X-100 (TX100) in 
small biopsies and/or supernatant [21-23]. Any form of treatment during the 
decellularization process will affect the ECM components as we (chapter 4) and others 
have previously shown [20, 24, 25]. Therefore, more emphasize should be placed on the 
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characterization and quantification of liver ECM components after decellularization. In 
chapter 4 we present an optimized decellularization process in which we changed from 
fixed flow-rates to pressure-controlled perfusion with fixed pressure to decellularize livers. 
This reduced the exposure time of detergents to the livers significantly. However, we did 
not implement further aforementioned quality control of the liver ECM. Further 
optimization of the decellularization protocols for clinical application of the liver ECM 
should thus focus on further limiting the exposure of detergents to the ECM, whilst 
retaining the decellularization efficiency.  

Another important consideration for further optimizing the decellularization protocol is 
the ecological impact of the detergents. Evidence suggest that the breakdown products of 
TX100 have harmful endocrine disrupting effects and thus requires adequate treatment of 
waste water [26, 27]. The European Chemical Agency has restricted the unlimited supply of 
TX100 in effort to stimulate companies to find more ecofriendly detergents. Use of TX100 
is still permitted for production of clinical products (TX100 is used in pharmaceutical 
industry [26]), but future legislation could further limit the use of TX100. Further 
optimization of the decellularization protocols should therefore not only focus on limiting 
the exposure of TX100 to the tissue, but also focus on reducing use of the detergent all 
together or to find less endocrine disruptive alternatives.  

Considering the optimal source of ECM 
ECM components are highly preserved between species. This allows the use of animal-
derived ECM for clinical applications in humans (chapter 8). Small animal livers (e.g. 
rodent or ferret) are well suited for performing repetitive in vitro experiments for 
determining optimal recellularization parameters, however, these are not adequate for 
creating constructs relevant for human transplantation purposes. Porcine livers on the 
other hand are equal in size and weight, but anatomical differences between human and 
porcine livers do exist [28]. Moreover, porcine livers are readily available and organs could 
be obtained from animals with similar age. Transmission of zoonotic diseases (e.g. porcine 
endogenous retrovirus) or adverse xenogeneic immune reactions remain point of 
concerns when using non-human organs for transplantation [29-34]. As mentioned, 
removal of all cellular components is challenging, which includes possible (zoonotic) 
immune response-evoking proteins. Known factors capable of eliciting adverse xenogeneic 
immune reactions, such as α-galactose or MHC class proteins, can still be found in 
decellularized porcine ECM [35]. This risk could be mitigated by creating genetically 
modified α-galactose knockdown animals in mitogen-free surroundings [35]. However, the 
use of purpose-bred animals for human transplantation, certainly when they are 
genetically modified, raises ethical and moral dilemmas on animal-welfare. One could 
argue whether it is ethically sound to breed (genetically modified) animals solely for liver 
harvest purposes.  
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In contrast to the porcine livers, human livers do have the correct (micro)anatomy and 
using human liver ECM will not cause hyper acute xenogeneic rejection after 
transplantation. However, human livers are obtained from cadaveric sources and are 
therefore of relative old age. Moreover, factors, such as dietary habits or alcohol use, can 
decrease the quality of the liver and can result in non-enzymatic cross-linking of ECM 
components causing stiffening of the liver ECM [36-38]. This life experience can 
subsequently cause relative large biological variances.  

It is important to note that the choice of species will also largely depend on the intended 
application. Healthy liver can thus be used for the development of healthy liver constructs, 
whereas patient-derived ECM obtained from diseased liver (e.g. fibrotic livers or primary 
liver cancer) can be utilized for development of specific disease models [39]. This can give 
new insights into the development of hepatobiliary diseases and subsequently lead to 
novel treatment modalities. On a similar note, having the correct anatomy is a major 
benefit for creating functional tissue constructs relevant for transplantation purposes. 
Another important consideration is that decellularization procedures differ between livers 
from different species [40-42]. Porcine livers are easier to decellularize than the old, mostly 
fatty human livers, as they require less detergent. In conjunction with the anatomical 
differences between species, this could have a profound effect on the behavior of cells, as 
was previously shown by Loneker et al.[40]. However, our results do not show similar 
effects when comparing porcine and human liver-derived hydrogels for the culture and 
expansion of organoids (chapter 9).  

Liver tissue engineering: Finding suitable cell sources 
Complete removal of cells from the liver is only the first step in creating bioengineered 
liver constructs in a dish. The ECM scaffold has to be repopulated with functional cells, 
such as hepatocytes, cholangiocytes and endothelial cells, before it can regain 
functionality (chapter 2). Other non-parenchymal cells required for restoring functionality 
are hepatic stellate cells and Kuppfer cells. Researchers have shown promising results 
using either primary hepatocytes or differentiated stem cells [43-46]. Functional 
endothelium is also important for proper functioning of the liver construct, as it prevents 
coagulation of blood and forms a functional barrier between blood and hepatocytes in the 
liver sinusoids. A real milestone was provided by Shaheen et al. who completely 
repopulated the vasculature network and achieved sustained perfusion after 
transplantation in a porcine model [47]. Moreover, they showed that human umbilical vein 
endothelial cells were capable of self-differentiating towards fenestrated liver sinusoidal 
endothelial-like cells.  

Although the need of repopulating a liver or part of a liver is at everyone’s field of view, 
less attention has been attributed to the repopulation of bile ducts. Build-up of cytotoxic 
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bile and bile salts will ultimately lead to cholestatic liver injury in the constructs. Proper 
drainage of bile from the constructs is of importance for maintaining homeostasis [48]. This 
holds true for large tissue engineered constructs, but also for smaller functional 
(microfluidic) disease models or toxicity assays used for long-term cultures [49]. 
Cholangiocyte organoids are promising sources of cholangiocytes for tissue engineering 
applications due to their long-term high proliferative capacity and genetic stability [50, 51]. 
We (chapter 6 and chapter 7) and others have shown that organoids have value in 
repopulating ductal scaffolds [52, 53]. Moreover, organoids were capable of repairing 
deficits in the biliary epithelium in pre-clinical models [54].  

When first described, the intrahepatic cholangiocyte organoids (ICO) were described as 
being bi-potent, because of their ability to express cholangiocyte and hepatocyte 
markers [50, 55]. The expression of hepatocyte markers can be upregulated when ICO are 
cultured in special hepatocyte differentiation medium [50, 56]. However, with current 
hepatocyte differentiation protocols, the ICO are not yet capable of differentiation 
towards fully matured or functional hepatocytes. The expression of these markers remains 
relatively low in hepatocyte-differentiated ICO compared to primary hepatocytes. It can 
be hypothesized that presence of liver-specific ECM components could aid in driving the 
cells towards hepatocytes [44, 45]. However, our results show that the differentiation of 
ICO towards hepatocyte-like cells is not significantly improved (chapter 5). Perhaps that 
improved multi-stage differentiation protocols with timely delivery of growth factors or 
creation of growth factor gradients can improve the differentiation towards hepatocytes. 
Hepatocyte organoids, established from fetal and adult liver biopsies, could be an 
alternative source of hepatocytes for repopulation purposes [57]. These organoids express 
higher levels of hepatocyte markers, but lack long-term proliferative capacity and cannot 
be maintained longer than 2 months in culture. Although promising, it is currently unlikely 
that either of these organoids will be used as a source of hepatocyte-like cells in the near 
future, as long as the hepatocyte differentiation capacity of ICO or the proliferation 
capacity of the hepatocyte organoids is significantly improved. In bile duct tissue 
engineering, the cholangiocyte organoids are promising and even already proven sources 
of primary cholangiocytes.  

Producing clinical-grade matrices and cells 
For clinical applications, it is important that the ECM, the cells and the resulting 
repopulated construct are produced according to GMP (good manufacturing practice) 
guidelines to yield clinically applicable transplantable constructs. The goal is to eliminate 
all potential sources of contamination or other factors that could elicit any adverse effect 
in the recipient. This requires specialized infrastructure and skilled personnel. Moreover, it 
requires adequate screening of potential contamination hazards. Where possible, the risks 
have to be mitigated and possible contaminating sources need to be replaced with clinical-
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grade alternatives. Dossena et al., for example, screened for potential sources of 
contamination for the GMP-compliant production of pancreatic organoids and found 
animal-derived collagenase as a potential contamination hazard, as it was not clinical-
grade [58]. They successfully replaced the enzyme with mechanical tissue dissociation 
techniques. Ultimately, the entire chain is only as strong as its weakest link. Therefore, it is 
imperative that similar assessments are made for the total production line of ECM and 
cells.  

For the production of clinical grade ECM this implies adequate quality control as already 
discussed before. However, this also implies that the liver ECM has to be processed in 
sterile clean room environments and that the ECM has to be sterilized at the end of the 
decellularization procedure. Different sterilization procedures have been described, 
ranging from γ-irradiation to treatment with chemicals [59]. However, sterilization 
treatments can affect the composition of the ECM [60-62], so the consequences need to be 
carefully evaluated. 

The clinical applications of cholangiocyte organoids are currently limited by the use of 
mouse tumor derived basement membrane extracts (BME) in which the organoids are 
typically cultured. These extracts are non GMP compliant as they are poorly defined, have 
large-to-batch variations and could still contain mutagenic factors [63-65]. BME needs to be 
replaced with GMP-compliant alternatives in order to unlock the full clinical potential of 
the organoids (chapter 8). Solubilized liver ECM is a promising alternative, as shown in 
chapter 9 of this thesis, as the resulting hydrogels are made from tissue-specific and 
bioactive ECM components [66, 67].  

Scaling up towards clinical applications 
The organoids are typically cultured in small domes of (25 µl) hydrogel. Creating many of 
these domes to gain large numbers of cells for tissue engineering applications, is laborious 
and time consuming. Moreover, the process is prone to human error. Recently, 
Schneeberger et al. showed that ICO can be efficiently expanded in large quantities (40-
fold increase in cell number over a period of 14 days) using a dynamic culture set up in 
spinner flasks [51]. This technology could be easily up scaled to even larger set ups. 
Moreover, similar techniques could allow for automated culture (to a certain degree) 
further mitigating the possibility of human error for GMP production of cells.  

The cells dedicated to repopulate the liver matrix, have to be introduced to the scaffold in 
large numbers. The route of administration can potentially be done via various entry sites; 
the liver has 3 different blood vessels and a biliary tree that could all be used to infuse 
cells. Having different infusion sites could, for example, allow for differentiated 
administration of cells, where one cell type is administrated via the biliary tree and other 
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cells types via the hepatic artery and/or the portal vein. The cells can either be infused all 
at once in a single-step administration, or via multiple infusion steps at preset time points. 
Soto-Gutierrez et al. determined that multi-step cell infusion yielded better engraftment 
of cells in parenchymal regions than single-step infusion or injections in decellularized rat 
livers [68]. 

Successful repopulation of a decellularized liver scaffold depends on several factors, such 
as cell types, cell concentration, infusion protocol and flow rates. High cell concentrations 
could, for example, form large cell aggregates possibly creating blockades. Low cell 
concentrations, on the other hand, could limit vital cell-cell interactions and diminish cell 
viability. Flow rates are also important for spreading cell throughout the entire ECM 
scaffold or to provide cells with sufficient nutrients and oxygen. High flow rates can cause 
shear stress, which can damage cells. Low flow rates can hamper adequate supply of 
nutrients and oxygen and cause formation of large necrotic areas. Maintaining cell viability 
inside the liver scaffolds requires the design of specialized (perfusion-based) bioreactors 
capable of supporting growing tissue constructs. These reactors should be capable to 
adapt to changing conditions and adjust supplies of nutrients or to create oxygen or 
growth factor gradients. Moreover, the reactor design has to allow for day-to-day 
continuous monitoring. Modern imaging modalities could make accurate estimations of 
the surface area that still has to be recellularized or is already repopulated. Moreover, 
measuring the rate at which certain compounds are metabolized by the cells could be a 
good indication for functionality of the repopulated construct [69].  

Ultimately, these repopulation parameters have to be carefully balanced in order to find 
the most efficient cell engraftment in the liver ECM. Small liver segments or small scale 
(microfluidic) setups are ideally suited for repeated experiments and can aid in 
determining the most efficient repopulation parameters, before translation and 
reconfirmation in large liver segments or even human-sized scaffolds.  

Future directions for research 
The liver is a unique organ which performs a wide array of vital and complex functions. 
Recreating functional liver tissue in vitro capable of replacing these functions is highly 
challenging and requires multidisciplinary and integrated approaches. Decellularization of 
human liver tissue is feasible and reproducible. The remaining challenges are still the 
repopulation of the acellular matrix and the translation from small segments to larger 
constructs. This requires implementation of techniques capable of culturing vast amounts 
of hepatobiliary cells, such as the cholangiocyte organoids. The high proliferative capacity 
of the organoids make them a promising source of cholangiocyte-like cells for restoration 
of the biliary compartment. Especially since the cells can self-organize themselves into 
polarized monolayers without the need for complex differentiation protocols. Complete 
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repopulation requires the development of specialized bioreactors and steps have to be 
made to ensure that both ECM and cells are processed in sterile and GMP-compliant 
environment. Liver ECM-derived hydrogels as a culture substrate for expansion of 
cholangiocyte organoids with is an attractive clinically relevant alternative for the non 
GMP-compliant mouse tumor-derived BME. Regardless of the work that still has to be 
done, the field of hepatobiliary tissue engineering has the potential to change the way 
liver diseases are currently treated. It can do so by providing clinicians and researchers 
with novel platforms for studying liver diseases or by providing them with transplantable 
tissue constructs.  

  



 

General discussion |303 
 

List of abbreviations 
 

BCO Bile-derived cholangiocyte organoids 
BME Basement membrane extracts 
ECM Extracellular matrix 
ECO Extrahepatic cholangiocyte organoids 
GMP Good Manufacturing Practice 
ICO Intrahepatic cholangiocyte organoids 
sGAG Sulfated Glycosamineglycans 
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Summary 
Liver transplantation is the only treatment options for patients suffering end-stage liver 
disease. Unfortunately, there is a shortage of donor organs and up to 20% of the patient 
might not receive a suitable donor liver in time. Bioengineering functional tissue in vitro 
could be an alternative solution for the organ shortage. These tissue engineering 
constructs can be used to study hepatobiliary diseases or for transplantation purposes. 
Scaffold structures are required to bioengineer tissue in vitro, which are capable of 
supporting cells. Decellularization is a promising method to obtain tissue-specific acellular 
scaffolds for regenerative hepatobiliary tissue engineering applications. The extracellular 
matrix (ECM) of decellularized liver consists of a complex mixture of proteins and 
proteoglycans. These components are deposited in a highly tissue-specific manner and can 
influence the behavior of cells. The goal of decellularization is to remove all cells but retain 
the ECM of the liver, including its architecture.  

The liver ECM can subsequently act as an organ-specific, acellular scaffold that can be 
repopulated with viable cells to create functional liver constructs. Hepatocytes perform a 
large part of the liver’s functions. These cells metabolizes different substances, but can 
also produce compounds such as proteins, carbohydrates and bile. The produced bile is 
drained via the biliary tree. The liver requires protection against bile, since it is cytotoxic. 
This protective function is performed by cholangiocytes, which can be found in the bile 
ducts. Other required cell types include endothelial cells (vasculature), hepatic stellate 
cells and Kuppfer cells.  

These cells need to be expanded in vitro before they can be used for repopulation of the 
empty matrix. Isolation and expansion of hepatocytes and cholangiocyte is challenging 
and long term expansion using traditional culture methods is nearly impossible. 
Cholangiocyte organoids are an attractive alternative source of human cholangiocytes. 
The organoids can be initiated from relative small tissue biopsies, but can yield large 
amounts of cells because of their high and stable proliferation capacity.  

The aim of this thesis is to explore the possibilities of using decellularized liver ECM and 
cholangiocyte organoids to tissue engineer functional liver tissue in vitro. In this thesis, we 
described how decellularization protocols for human and porcine livers were set up to 
obtain scaffold from liver tissue (part 1). Subsequently, cholangiocyte organoids are 
investigated to repopulate liver ECM (part 1) and extrahepatic bile duct ECM (part 2). In 
part 3, hydrogel derived from liver ECM are investigated as tissue-specific and clinically 
relevant culture substrate for the initiation and expansion of organoids.  

Chapter 1 gives a brief introduction into the concepts of liver tissue engineering, liver 
decellularization and cholangiocyte organoids. It also explains the rationale behind this 
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work. These concepts are further discussed in more detail in chapter 2. In chapter 3 a 
perfusion based protocol for decellularization of whole human livers is established. In 
total 11 livers were completely decellularized as was confirmed by histology and DNA and 
RNA quantification. The architecture of the liver was retained. Moreover, recellularization 
of the scaffolds with human mesenchymal stromal cells and umbilical vein endothelial 
cells is shown. Results show evidence for effective recellularization of vascular lining. The 
decellularization protocol was further optimized in chapter 4 by switching from fixed flow 
rate to pressure based flow rates. The pressure-based decellularization protocol 
significantly reduced the detergent exposure from 4-6 days to 20 hours for human livers. 
Here, we also showed that the use of Triton-X-100 to decellularize porcine livers, 
preserves more collagen and sulfated glycosaminoglycans (sGAG) when compared to a 
combination of Triton-X-100 and Sodium Dodecyl Sulfate. Moreover, we showed that 
sections of decellularized liver could be repopulated with the hepatocellular carcinoma 
cell line HepG2. The repopulation efficiency of intrahepatic cholangiocyte organoids (ICO) 
on small ECM discs (Ø8mm, thickness: 200µm) prepared from decellularized livers was 
assessed in chapter 5. The ICO repopulated the surface of the liver ECM discs, but did not 
migrate into the ECM. After 21 days of culture the cells resembled cholangiocyte-like cells. 
Moreover, the cells expressed mature cholangiocyte markers. The presence of liver ECM 
increased the expression of the hepatocyte marker CYP-3A4 by 546-fold after 
differentiation towards hepatocyte-like cells compared to cells differentiated in control 
conditions. Other hepatocyte markers were, however, not significantly upregulated.  

Cholangiocyte organoids are typically derived from tissue biopsies, such as liver biopsies 
(ICO) or extrahepatic bile duct tissue (extrahepatic cholangiocyte organoids, ECO). This 
requires invasive and potentially harmful biopsies. However, there are also circulating 
cholangiocytes in bile samples. In chapter 6 the possibility to use cholangiocytes present 
in bile samples to initiate (bile-derived) cholangiocyte organoid (BCO) was explored. The 
organoids were subsequently compared to (matched) cholangiocyte organoids initiated 
from tissue biopsies. BCO express regionally specific genes and are likely of extrahepatic 
origin. Moreover, the cells derived from BCO were capable of repopulating human 
extrahepatic bile duct scaffolds. In chapter 7 the successful removal of cells from 
extrahepatic bile duct tissue is described. The repopulation efficiency of different types of 
cholangiocyte organoids (ICO, ECO and BCO) on these extrahepatic bile duct scaffolds was 
further studied.  

The organoids are promising sources of biliary cells for tissue engineering applications. 
However, direct clinical applications are currently limited by the use of non-GMP (good 
manufacturing practice) compliant basement membrane extracts, which are used as 
culture substrates for initiation and expansion of organoids. Chapter 8 discusses the 
potential clinical applications of cholangiocyte organoids in more detail. Here, we also 
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discuss the need for alternative clinically relevant culture substrates and the requirements 
they should meet. Tissue-specific ECM extracts are a promising alternative, since they are 
composed of bioactive and tissue-specific ECM components. These ECM extracts were 
prepared from decellularized porcine and human livers in chapter 9. These extracts can be 
used to create hydrogels, which were assessed for their ability to support ICO 
proliferation. The organoids were successfully transferred to the liver ECM hydrogels and 
expression of cholangiocyte markers does not alter. However, proliferation rates decrease 
when compared to BME controls. Here, we also show that BME is not required for the 
initiation of ICO. It can be successfully replaced with the liver ECM extracts. The presence 
of liver tissue-specific ECM components did change the differentiation capacity of ICO 
towards hepatocyte-like cells. Liver ECM extracts were also applicable in a dynamic culture 
setup for expansion of ICO.  

Chapter 10 provides a general discussion and future outlook on decellularization and 
recellularization technology of human livers. Tissue engineering liver constructs is an 
attractive approach to develop improved disease models for studying hepatobiliary 
diseases or to create large functional and transplantable liver grafts for transplantation 
purposes.  

  



 

Summary | 313 
 

  



  

 

  



 

 

 
 

Chapter 12 
Nederlandse samenvatting 



  

316 | Chapter 12 
 

Nederlandse samenvatting 
Levertransplantatie is de enige behandelingsoptie voor patiënten met eindstadium 
leverfalen. Helaas is er een tekort aan donororganen en voor 20% van de patiënten komt 
er niet tijdig een geschikt donororgaan beschikbaar. Het kweken van functioneel weefsel 
in het laboratorium (tissue engineering) zou een alternatieve oplossing voor het tekort 
aan donororganen kunnen zijn. Dit gekweekte leverweefsel kan vervolgens gebruikt 
worden om hepatobiliaire ziektes te bestuderen of voor het transplantatiedoeleinden. Om 
leverweefsel in het laboratorium te kunnen kweken is er een structuur (scaffold) nodig die 
de levende cellen kan ondersteunen. Decellularizatie is een veelbelovende methode om 
weefselspecifieke acellulaire scaffolds te verkrijgen voor regeneratieve tissue engineering 
applicaties. The extracellulaire matrix (ECM) bestaat uit een complexe mix van eiwitten en 
proteoglycanen. Deze componenten zijn in een zeer weefselspecifieke manier terug te 
vinden in de lever en beïnvloeden het gedrag van de cellen. Het doel van decellularizatie is 
om alle cellen uit een weefsel te verwijderen en tegelijkertijd de ECM, inclusief de 
architectuur van het orgaan, te behouden.  

De ECM van de lever kan vervolgens gebruikt worden om lever weefsel te creëren door 
cellen te introduceren (recellularizatie) in de acellulaire matrix. Het merendeel van de 
functies van de lever wordt uitgevoerd door hepatocyten. Deze cellen metabolizeren 
verschillende substanties, maar produceren ook substanties als eiwitten, koolhydraten en 
gal. Het geproduceerde gal wordt afgevoerd via steeds groter wordende galwegen. Omdat 
het gal toxisch is, moet de lever beschermd worden tegen gal. Deze taak wordt vervuld 
door de cholangiocyten, die te vinden zijn in de galwegen. Andere benodigde cel types zijn 
endotheelcellen (bloedvaten), stellaat cellen en Kuppfer cellen.  

Deze cellen moeten worden geëxpandeerd in het laboratorium voordat ze kunnen worden 
gebruikt om de lege ECM te recellularizeren. Isolatie en expansie van hepatocyten en 
cholangiocyten is uitdagend en lange termijn kweek is nagenoeg onmogelijk als er gebruik 
wordt gemaakt van traditionele celkweek methodes. Cholangiocyte organoiden zijn een 
aantrekkelijke alternatieve bron van menselijk cholangiocyten. De organoiden kunnen 
worden geinitieerd vanuit relatief kleine biopten, maar kunnen door hun hoge en stabiele 
proliferatie capaciteit wel grote hoeveelheden cellen opleveren.  

Het doel van dit proefschrift was het uitzoeken of gedecellularizeerde lever ECM en 
cholangiocyte organoiden kunnen worden gebruikt om lever weefsel te kweken in het 
laboratorium. In dit proefschrift wordt beschreven hoe decellularizatie protocollen voor 
menselijke en varkens levers worden opgezet om scaffolds te verkrijgen van lever weefsel 
(deel 1). Vervolgens, wordt er ook onderzocht of cholangiocyte organoiden worden 
gebruikt om lever ECM (deel 1) en extrahepatische galweg ECM (deel 2) te 
recellularizeren. In deel 3 wordt gekeken of hydrogels afgeleid van lever ECM kunnen 
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worden gebruikt als weefselspecifieke en klinisch relevante kweek substraten voor de 
initiatie en expansie van organoiden.  

Hoofdstuk 1 geeft een korte uitleg over de concepten van tissue engineering, lever 
decellularizatie en cholangiocyte organoiden. Dit hoofdstuk legt ook uit waarom deze 
concepten van belang zijn voor dit proefschrift. Dezelfde concepten worden verder 
uitgediept en besproken in hoofdstuk 2.  

In hoofdstuk 3 wordt beschreven hoe een protocol gebaseerd op perfusie voor de 
decellularizatie van hele human levers wordt opgezet. In totaal werden er 11 levers 
volledig gedecellularizeerd. Dit werd bevestigd op basis van histologische kleuringen en 
kwantificatie van de hoeveelheid overgebleven RNA en DNA. De architectuur van levers 
werd behouden. Dit hoofdstuk laat ook de recellularizatie van de lever ECM zien met 
human mesenchymale stromale cellen en endotheelcellen uit de navelstreng. De 
resultaten laten zien dat herpopulatie van de bloedvaten met deze cellen mogelijk is. Het 
decellularizatie protocol is verder geoptimaliseerd in hoofdstuk 4 door te veranderen van 
een protocol met een vaste stroomsnelheid naar een protocol met druk gestuurd 
stroomsnelheden. Het druk gestuurde protocol reduceerde de tijd benodigd voor het 
complete decellularizeren van lever weefsel van 4 tot 6 dagen naar 20 uur voor humane 
levers. In dit hoofdstuk laten we ook zien dat het gebruik van Triton-X-100 als detergentia 
voor het decellularizeren van varkenslevers meer collageen en gesulfeerde 
glycosaminoglycanen behoudt dan wanneer een combinatie van Triton-X-100 en sodium 
dodecyl sulfate wordt gebruikt. Gedecellularizeerde lever segmenten kunnen worden 
herbevolkt met een cellijn afgeleid van een hepatocellulair carcinoom (HepG2). 

De recellularizatie efficiëntie van intrahepatische cholangiocyte organoiden (ICO) op kleine 
ECM-schijven (Ø8mm, dikte: 200µm) gemaakt van gedecellularizeerde levers werd getest 
in hoofdstuk 5. De ICO konden het oppervlakte van de lever ECM-schijven bedekken, maar 
de cellen groeiden niet de ECM in. De cellen hadden een cholangiocyte-achtig uiterlijk na 
21 dagen in kweek op de liver ECM-schijven. Ook brachten de cellen volwassen 
cholangiocyte markers tot expressie. De aanwezigheid van de lever ECM zorgde voor een 
verhoogde expressie van de hepatocyte marker CYP-3A4. Deze expressie was 546x hoger 
nadat de cellen richting hepatocyten werden gedifferentieerd dan bij cellen die in controle 
condities werden gedifferentieerd. Daarentegen was de expressie van andere hepatocyte 
markers niet significant verhoogd.  

De cholangiocyte organoiden worden doorgaans geinitieerd van cellen uit weefsel 
biopten, zoals lever biopten (ICO) of extrahepatisch galweg weefsel (extrahepatische 
cholangiocyte organoiden, ECO). Hiervoor moeten echter wel invasieve en mogelijk 
gevaarlijke biopten worden genomen. In gal monsters kunnen ook losse circulerende 
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cholangiocyten kunnen worden gevonden. In hoofdstuk 6 wordt de mogelijkheid om deze 
circulerende cholangiocyten te gebruiken om cholangiocyte organoiden (BCO) te initiëren 
verder onderzocht. Deze organoiden zijn vervolgens vergeleken met cholangiocyte 
organoiden van dezelfde donor welke zijn geinitieerd vanuit weefsel biopten. BCO 
brengen regio-specifieke genen tot expressie en het is aannemelijk dat de cellen van 
extrahepatische origine zijn. De cellen afkomstig van de BCO konden vervolgens gebruikt 
worden om humane extrahepatische gal weg scaffolds te herbevolken. In hoofdstuk 7 
wordt het succesvol verwijderen van cellen van de extrahepatische galwegen beschreven. 
Vervolgens wordt de herpopulatie efficiëntie van verschillende type cholangiocyte 
organoiden (ICO, ECO en BCO) onderzocht op deze extrahepatische gal weg scaffolds. 

De organoiden zijn veelbelovende bronnen van galweg cellen voor tissue engineering 
applicaties, maar de directe klinische toepassingen van deze cellen worden gelimiteerd 
door het gebruik van materialen die niet voldoen aan de richtlijnen van Good 
Manufacturing Practice (GMP). Deze materialen, basaalmembraan extracten (BME), 
worden gebruikt als kweek substraat voor de initiatie en expansie van organoiden. 
Hoofdstuk 8 gaat dieper in op de potentiele klinische toepassingen van de cholangiocyt 
organoiden. Hier wordt ook de noodzaak van andere klinisch relevante kweek substraten 
besproken. Weefselspecifieke ECM-extracten vormen een interessant alternatief, omdat 
deze bestaan uit bioactieve en weefselspecifieke ECM-componenten. Deze ECM-extracten 
worden bereid van gedecellularizeerde varkens en human levers. In hoofdstuk 9 worden 
deze extracten gebruikt om hydrogelen te maken en worden deze hydrogelen uitgetest 
om te bepalen of deze kunnen dienen als kweek substraat voor de expansie van 
organoiden. ICO zijn succesvol overgebracht naar deze lever ECM hydrogelen. Dit had 
geen significant effect op de expressie van cholangiocyte markers, maar de proliferatie 
was wel lager dan in BME-controles. In dit hoofdstuk laten we ook zien dat BME niet nodig 
is voor de initiatie van organoiden. BME kan succesvol worden vervangen door de lever 
ECM hydrogelen. De aanwezigheid van weefselspecifieke lever ECM-componenten was 
niet van invloed op de differentiatie capaciteit van ICO naar hepatocyte-achtige cellen. 
Lever ECM-extracten konden ook worden gebruikt in een dynamische kweek opstelling 
voor de expansie van ICO. 

Hoofdstuk 10 is een algemene discussie en er wordt ook naar de toekomst van 
decellularizatie en recellularizatie technieken van human levers gekeken. Het kweken van 
functioneel lever weefsel in het laboratorium is een aantrekkelijke aanpak om betere 
ziekte modellen te ontwikkelen voor het bestuderen van verschillende hepatobiliaire 
ziekten of om grote functionele en transplanteerbare stukken lever weefsel te creëren. 
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