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Abstract
Over the past years the progress in the development of a bioartificial liver (BAL) as an
extracorporeal device or as a tissue engineered transplantable organ has been immense.
However, many important BAL characteristics that are necessary to meet clinical demands,
have not been sufficiently addressed. This review describes the existing challenges in the
development of a BAL for clinical applications, highlighting multicellularity and sinusoidal
microarchitecture as crucial BAL characteristics to fulfill various liver functions. We define
currently available sources of non-parenchymal liver cells, such as endothelial cells,
cholangiocytes and macrophages, used in BAL development. Also, we discuss the recent
studies on the reconstruction of the complex liver sinusoid microarchitecture using various
liver cell types. Moreover, we highlight some other aspects of a BAL, such as liver zonation
and formation of a vascular as well as biliary network for an adequate delivery,
biotransformation and removal of substrates and waste products. Finally, the benefits of a
multicellular BAL for the pharmaceutical industry are briefly described as well.
Keywords: hepatocytes, non-parenchymal liver cells, bioreactor, coculture, bile.
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1. Introduction
Acute liver failure (ALF) and acute-on-chronic liver failure (ACLF) are severe
clinical syndromes with a very high mortality rate. To date, liver transplantation is the only
effective treatment for patients with end-stage liver disease. However, orthotopic
transplantation is limited by the shortage of liver donors, and many patients die while on the
including the use of an artificial liver. However, even though artificial liver support systems
were effective in eliminating at least some of the toxic metabolites from the blood of the
patients, they do not fulfill the vital liver functions such as metabolism and synthesis (Yang et
al., 2013). An alternative approach to these artificial liver support systems or even as
replacement for a whole liver transplantation could be a cell-based bioartificial liver (BAL).
Many studies have been published on the development of a BAL, but to date there is
no consensus about the features that a BAL should possess to sufficiently replace the liver
functions in a patient with ALF or ACLF. BALs were originally developed to support patients
with severe liver disease while waiting for liver transplantation or regeneration of their own
organ. However, over the past few years the focus of the research has extended to new in vitro
BAL applications, such as drug development and disease modelling, where some of the
clinically important BAL characteristics are less important (Messner et al., 2013, van Wenum
et al., 2014, Dash et al., 2009). Table 1 summarizes the liver functions and technical aspects
that are considered essential for a clinical BAL.
In this review, we address the original ideas of BAL development, as well as existing
challenges on the road to development of a BAL for liver replacement. Some previously
published reviews discussed the different sources of human hepatocytes for application in a
BAL (van Wenum et al., 2014, Nibourg et al., 2012, Allen et al., 2001). However, it is wellknown that the non-parenchymal cells (NPC) in the liver, such as the Kupffer cells (KC),
endothelial cells (EC), hepatic stellate cells (HSC), fibroblasts (FB) and bile duct epithelial
cell or cholangiocytes (BEC), also play important roles in liver function. Therefore, in this
review we aim to identify the sources of NPC currently available and the possible benefits of
coculture NPC with hepatocytes in a BAL. Moreover, we highlight some of the crucial
aspects of a BAL necessary for an adequate representation of the important liver functions,
such as mimicking a specific liver vascular and biliary network for adequate delivery and
removal of substrates and waste products. Finally, this review describes the milestones
achieved up to now in the development of a BAL.
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waiting list. Several approaches have been tried to support patients on the waiting list,
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Technical aspects

Functional aspects

Important for the delivery of nutrients and removal of waste products, as well
as for the engraftment of the transplant after transplantation.
Important for the hepatocyte metabolic functions
Important for the removal of xenobiotic metabolites and bile components
(often toxic)

Vascularization

Sufficient oxygen supply

Bile removal component

Immunological responses, elimination of particles and bacteria

Anti-inflammatory and other
defense mechanisms

Important for the preservation of liver cell phenotypes

Synthesis of protein such as albumin and clotting factors can be compensated
by their exogenous administration. Synthesis of lipoproteins cannot be
replaced so far.

Protein synthesis

Preservation of liver
microarchitecture and liver
zonation

Toxic xenobiotics can contribute to the disease severity if not metabolized.

Xenobiotic metabolism

Important for liver functions and preservation of liver cell phenotypes.

Bilirubin is a neurotoxin and should be eliminated with bile. Bile acids and
cholesterol can contribute do disease severity.

Elimination of bile components

Multicellularity

Ammonia is a neurotoxin, which should be detoxified by liver preferably via
urea cycle.

Ammonia detoxification

Table 1. The list of essential functional and technical aspects of BAL.
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2. Cell composition of a BAL: cocultures
It is well understood that hepatocyte monocultures fail to represent the physiological
microarchitecture of the liver. Moreover, the rapid loss of hepatocyte functions in
monocultures in vitro is associated not only with a loss of interaction between neighboring
hepatocytes, but also with insufficient or even lack of interaction between hepatocytes and the
including sinusoidal endothelial cells (SEC), KC, HSC, BEC and FB, comprise only ca. 15%
of the liver mass but represent ca. 40 % of the total cell number (Wong et al., 2011). Since all
these NPC play important roles in several liver functions, the recreation of the hepatic
complex structure and cell positioning in bioreactors is an important requirement for BAL
development. Thus, focus has been given to incorporation of multiple cell types into the liver
culture, a controlled environment and flow to perfuse the culture systems (Dash et al., 2009,
Vu et al., 2014).
Numerous studies have shown an improvement in functionality of hepatocytes when
cocultured with NPC, due to improved heterotypic cell-cell interactions as well as paracrine
effects (Cohen et al., 2015). In addition, every hepatic cell type plays an important role in the
realization of the liver functions, including metabolism, synthesis, detoxification and immune
responses. Table 2 summarizes the most recent reports in the literature on human hepatocyte
cocultures with various types of NPC for BAL application, indicating the type of cells and the
functional tests used, the microarchitecture and flow conditions applied, and the in vivo model
tested with the engineered transplantable organ if applicable.
The mesenchymal liver cells (HSC, FB) account for a large part of the NPC and play a
vital role in liver physiology and regeneration, taking part in ECM synthesis and fibrosis
development as a reaction to hepatocyte injury. They influence the proliferation,
differentiation and morphogenesis of other liver cell types, including hepatocytes (Malik et
al., 2002). In vitro, FB, HSC or mesenchymal stem cells (MSC) were shown to increase
albumin and urea secretion by hepatocytes as well as to stimulate cytochrome P450 activity
(Wong et al., 2011, Yamada et al., 2012, Fitzpatrick et al., 2015). Moreover, HSC play an
important role in the formation of tight cell-cell interactions and self-organization of
hepatocytes (Wong et al., 2011).
KC are the liver resident macrophages and are crucial for an adequate response to liver
damage and are involved in immune responses. Therefore, the presence of KC in hepatocyte
cultures appeared crucial for the induction of inflammatory responses (Messner et al., 2013,
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extracellular matrix (ECM) as well as other cell types (Salerno et al., 2011). The NPC,

3D liver models in tissue engineering
Sarkar et al., 2015, Esch et al., 2015). Moreover, they play an important role in vivo in the
clearance of bacteria and small particles such as liposomes and other nanoparticles.
The presence of SEC with their fenestrations is one of the main requirements for a
transplantable BAL. For a BAL to be transplanted in vivo, quick revascularization with blood
vessels is an essential factor for successful engraftment and survival of the transplanted cell
mass (Du et al., 2014). For in vitro BAL systems, the establishment of a channeled scaffold
helps to overcome mass exchange limitations and increases the survival of the cultured cells
(Pekor et al., 2015, No et al., 2014). Therefore, recent studies have been focused on
mimicking in vivo conditions by both incorporating EC to the hepatocyte culture and by
providing continuous flow of media (Table 2). Different types of EC, such as human
umbilical vein endothelial cells (HUVEC), immortalized human EC, induced pluripotent stem
cell (iPSC)-derived EC (iPSC-EC), embryonic stem cell (ESC)-derived EC or primary SEC
were successfully introduced into the liver culture systems. Self-formation of vascularized
tissue was observed when human primary hepatocytes (PH) were cultured with HUVEC.
HUVEC started sprouting inside the tissue already after two days of culture. Moreover,
coculturing of PH with EC not only maintained the phenotype and polarization of
hepatocytes, but also improved the production of albumin, urea synthesis and drug
biotransformation compared with PH in monoculture (Salerno et al., 2011, Enomoto et al.,
2014, Kim and Rajagopalan, 2010). EC in general are known to produce several growth
factors and ECM components, which are important for survival and proliferation of
hepatocytes. The cooperation of hepatocytes and HUVEC or bovine carotid artery EC in vitro
leads to an increase in secretion of ECM proteins by EC and their deposition between
hepatocyte layers and EC, mimicking a space of Disse in vivo (Salerno et al., 2011, Kim et
al., 2012). The study of Takebe et al, in which iPSC-derived hepatocytes were cocultured
with HUVEC and human mesenchymal cells, highlights the importance of heterotypic liver
cell cultures for the formation of a liver-like organ in vitro (Takebe et al., 2013). iPSC- EC
have been also shown to prolong the survival of hepatocytes and enhance their function (Du et
al., 2014). Furthermore, the presence of HUVEC or iPSC-EC in a tissue engineered
transplantable organ with human hepatocytes implanted into partly hepatectomized mice
facilitated the formation of anastomosis between the mouse and graft blood vessels in the host
tissue, which was demonstrated by the presence of human albumin in the mouse serum (Du et
al., 2014, Takebe et al., 2013).
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Human fetal
liver total cell
population
HUVEC

Mesenchymal
cells and
HUVEC
FB, HSC and
KC
KC and EC

BEC

Human
placental
mesenchymal
stem cells
(MSC)
HUVEC and
mesenchymal
cells

Human fetal
liver total cell
population
PH

PH

PH

PH

Hepatomaderived C3A
cells

iPSC-derived
human
hepatocytes

iPSC-derived
human hepatic
endoderm cells

EC

KC

PH

PH

NPC

Hepatocytes

3D: multicomponent
hydrogel fibers

3D spheroids for
transplantation

3D: woven capillary
membrane bioreactor
3D: microsphere

3D: macroporous
polymer scaffold
3D: spheroids

3D: synthetic and
biodegradable
membranes
3D structures

3D: Liver Chip platform
(CNBio Innovations,
UK)
3D: hollow fiber-based
bioreactor

Liver microarchitecture

- (in vitro)
+ (in vivo)

- (in vitro)
+ (in vivo)

+

+

-

+

-

-

+

+

Flow

Chapter II

Higher albumin production,
stimulation of liver regeneration
after transplantation, better
hepatic maturation of iPSC,
improved construct
vascularization after
transplantation
Higher albumin production,
improved construct
vascularization after
transplantation

Synthesis in vivo: albumin, AAT
Metabolism: CYP450 activity

Synthesis in vivo: albumin

Higher albumin production,
improved CYP1A2 activity

Higher albumin production

No comparison to monocultures

No comparison to monocultures

Higher albumin and urea
production, improved drug
biotransformation
Higher albumin production

No comparison to monocultures

Benefits of co-cultures for
hepatocyte function
No comparison to monocultures

Synthesis: albumin, urea
Metabolism: CYP450 activity

Synthesis: albumin, urea
Metabolism: CYP450 activity
Synthesis: albumin, glycogen
Metabolism: CYP450 activity
Synthesis: albumin

Synthesis: albumin

Synthesis: albumin
Metabolism: glucose
consumption, lactate production
Synthesis: albumin, urea
Metabolism: CYP450 activity

Synthesis: albumin, urea.
Metabolism: CYP3A activity

Functional tests

Table 2. Heterotypic human liver cell cultures developed for drug testing or clinical application.

Mouse
hepatectomy
model

Du et al.,
2014

Takebe et
al., 2013

Mouse model

-

-

-

Esch et al.,
2015
Messner et
al., 2013
Auth et al.,
1998
Yang et al.,
2013

Enomoto et
al., 2014

Salerno et
al., 2011

Pekor et al.,
2015

Sarkar et
al., 2015

Reference

-

-

-

-

-

Transplantation
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Cocultures of hepatocytes with BEC were shown to have a beneficial effect on both
cell types. BEC are epithelial cells that form the bile ducts and are responsible for intrahepatic
bile acid and water resorption from the primary bile in the liver (Kamiya and Chikada, 2015).
Hepatocytes and BEC have a common precursor, hepatoblasts, which can differentiate into
both cell types (Kamiya and Chikada, 2015, Dianat et al., 2014, De Assuncao et al., 2015).
Hepatocytes were shown to enhance the ability of BEC to form bile ducts (Auth et al., 2001),
whereas hepatocytes secreted more albumin when cocultured with BEC (Auth et al., 1998).
Soto-Gutierrez et al. showed that coculturing mouse hepatocytes with human immortalized
BEC, EC and HSC cell lines stimulated the formation of bile ducts and sinusoid-like
structures in liver organoids and improved hepatocyte metabolic function in comparison with
hepatocyte monocultures. Moreover, they demonstrated that implanted liver organoids
engrafted successfully into the liver of 50% hepatectomized mice (Soto-Gutierrez et al.,
2010).

3. Sources of non-parenchymal liver cells for BAL development
Generation of hepatocytes from various sources and their possible use in tissue
engineering has been extensively discussed in many reviews, whereas the origin of NPC has
received much less attention (van Wenum et al., 2014, Nibourg et al., 2012). In this section,
the available sources of NPC for liver engineering are reviewed. We do not cover the use of
adult primary human NPC due to their limited availability and viability in vitro. Up to date,
only one study showed good viability of human primary NPC up to 77 days in in vitro
coculture (Kostadinova et al., 2013). The use of human immortalized cell lines of EC, HSC
and BEC has been described in a mouse transplant model (Soto-Gutierrez et al., 2010).
However the application of virally transfected cells is considered as imposing too high a risk
for uncontrolled cell proliferation and carcinogenesis after BAL treatment or in vivo BAL
transplantation. Nevertheless, the incorporation of immortalized cells in a BAL for in vitro
research applications remains an interesting option.
Endothelial cells
In order to generate tissues for transplantation, vascularization of engineered
constructs should be successfully achieved. The failure of engrafts to connect to the central
vascular network after transplantation will ultimately lead to the death of the transplanted
cells.
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Although mature EC can be procured from patient blood vessels, poor proliferation in
vitro, rapid de-differentiation and limited availability limit their possible clinical use
considerably (Ordovás et al., 2013, Wong et al., 2012, Kane et al., 2011). Even though
HUVEC is still the most widely used type of EC in experimental liver engineering, the limited
availability of these cells will hamper the future application in BAL used for liver
replacement therapy. Therefore, more attention has recently been given to stem cell-derived
ESC and iPSC, bone marrow mesenchymal stem cells (BM-MSC) and adipose-derived stem
cells (ADSC).
ESC and iPSC-derived endothelial cells
Generation of EC that are similar to their in vivo counterparts is a key requirement for
a successful differentiation protocol. Table 3 summarizes the criteria used to characterize
ESC- or iPSC-derived EC, including assessment of morphological features of the generated
cells, their gene expression profile and the outcome of functional tests. Vascular regeneration
properties of ESC-EC and iPSC-EC have been demonstrated in several in vivo animal models
(Wong et al., 2012, Li et al., 2011, Jalil et al., 2011, Park et al., 2013). In addition to
contributing directly to the formation of a vascular network, ESC-EC and iPSC-EC display
paracrine effects via secretion of angiogenic cytokines and growth factors, which can promote
host angiogenesis after transplantation (Jalil et al., 2011). The gene expression variance
between the EC populations derived from ESC and iPSC appeared to be very similar (Li et
al., 2011,White et al., 2013). Notably, the expression of specific endothelial genes by ESCEC and iPSC-EC was similar to those of HUVEC and primary human microvascular
endothelial cells, with the exception of Nos3 and vWF genes (Li et al., 2011, White et al.,
2013).
The generation of autologous iPSC resolves the immunologic and ethical concerns
associated with ESC (Jalil et al., 2011). However, the risk of tumor development due to the
viral induction process in iPSC production raised some doubts as to their safe clinical
application (Wong et al., 2012, Li et al., 2011). Therefore, several non-viral methods of
pluripotency induction have recently been introduced, such as non-integrating episomal vector
systems, transposons or recombinant peptides, resulting in successful differentiation of EC
from ESC and iPSC (Kane et al., 2011).
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EC. To date, vascular cells have been successfully derived from different sources, including

3D liver models in tissue engineering
Table 3. Criteria used for characterization of differentiated endothelial cells (Wong et al., 2012, Li et al., 2011,
Jalil et al., 2011).

Criteria
1

Morphological features

2

Gene/protein expression
levels

3

Functional tests

Description
Elongated shape, tube structure, tight cell-cell
junctions, confluent cell monolayer with little or no
cellular overlap
VEGF, bFGF, SDF-1, CD31, CD31, eNOS, vWF,
VEGFC, VEGFA, VCAM-1, Flk1, PECAM-1,
VEGFR-2, F8, PDGF, ANG-1
LDL uptake, endothelial tube formation in in vitro
Matrigel test and in vivo Matrigel plug model,
endogenous NO production, EC activation by TNF-α

Mesenchymal stem cell (MSC)-derived endothelial-like cells
The ability of MSC to secrete a variety of angiogenic growth factors and cytokines,
and therefore promote vascularization, has been well studied (Matsuda et al., 2013, Nauta et
al., 2013). Moreover, it was shown that BM-MSC can differentiate into EC. However, due to
the limited availability of BM-MSC and the risk of donor-site morbidity, adipose tissue has
been considered as an alternative abundant source of MSC for EC generation (Culmes et al.,
2013).
ADSC were differentiated into EC following exposure to VEGF and FGF (Culmes et
al., 2013, Kim et al., 2003). Generated ADSC-EC were able not only to contribute to
neovascularization through paracrine pathways, but also to integrate into the host vessels
(Matsuda et al., 2013, Kim et al., 2003). Additionally, induction of epigenetic changes in
ADSC using non-viral methods resulted in improved endothelial differentiation (Nauta et al.,
2013, Culmes et al., 2013).
In summary, endothelial-like cells have been obtained from several human stem cell
sources such as ESC, iPSC, BM-MSC and ADSC. They express endothelial markers, perform
endothelial functions and are capable of forming vessels, nevertheless, they fail to reproduce
the fenestrated liver sinusoidal endothelium. Liver SEC are highly specialized, with numerous
fenestrae, which play an important role in the exchange of molecules between the lumen of
the sinusoids and the hepatocytes (Ordovás et al., 2013). It has been shown that the loss of
these fenestrae leads to disturbance in liver functions and triggers pathological processes
(Braet and Wisse, 2002, Fraser et al., 1995). In addition, the closed endothelium does not
allow the free penetration of proteins and the selective scavenging of proteins and other
molecules, which is one of the important characteristics of SEC. All studies described in the
first section of this review used the classical closed EC, with the exception of studies where
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primary rat SEC were used to reproduce the liver architecture in vitro. It still needs to be
investigated whether HUVEC or stem-cell derived EC can undergo fenestration during longterm culture with other liver cell types in vitro or after in vivo transplantation.
Cholangiocytes
Recently it became possible to generate cholangiocytes from stem cells, from the
immortalization (Dianat et al., 2014, De Assuncao et al., 2015, Soto-Gutierrez et al., 2010,
Liu et al., 2013).
It has been shown that the generated cholangiocytes express biliary markers, such as
CK19, CK7, CFTR, HNF6, SOX9, ASBT and AQP1, have developed calcium signaling
pathways and form primary cilia. Moreover, they form cyst and ductular-like structures with a
defined apical/basal polarity (Kamiya and Chikada, 2015, Dianat et al., 2014, De Assuncao et
al., 2015, Liu et al., 2013). Recently, it was demonstrated that iPSC-derived cholangiocytes
successfully engrafted into the host liver and formed new duct-like structures (De Assuncao et
al., 2015).
Macrophages
The use of primary blood-monocyte derived macrophages in tissue engineering is
limited due to the large amount of donor blood required for their production. Therefore,
several protocols have been recently proposed to generate macrophages (Mφ) from ESC and
iPSC. These generated macrophages expressed Mφ specific markers, such as CD14, CD68,
CD163 and LOX1, and were able to produce cytokines. Their morphological features
resemble those of primary Mφ (van Wilgenburg et al., 2013, Yeung et al., 2015). Moreover, it
was possible to reproduce host-pathogen interactions: stem cell-derived Mφ were able to
recognize and actively phagocytose bacterial particles and to stimulate immune responses
(Yeung et al., 2015).
None of the studies however tried to generate tissue-specific macrophages, such as
liver KC, but it was hypothesized that coculture of stem-cell derived Mφ with hepatocytes
might stimulate their differentiation towards KC (van Wilgenburg et al., 2013), as was shown
before with bone marrow cells cocultured with hepatocytes (Takezawa et al., 1995). KC are
distinctively different from other resident macrophages, exhibiting nonspecific endocytic
activity and high peroxidase activity, which are crucial to fulfill the function as a barrier for
toxicants and pathogens (Movita et al., 2012).
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HepaRG hepatoma cell line, from fetal or adult liver stem/progenitor cells and by
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In summary, NPC have been generated from various sources. iPSC, however, open a
great possibility to generate both parenchymal as well as non-parenchymal cells from the
same donor and even from ALF patients themselves, representing therefore the most
promising cell source for BAL development.

4. Reconstruction of the liver microarchitecture in vitro for application in a
BAL
The liver has a complex architecture and performs numerous functions. It consists of
numerous lobules or acini, which form the smallest functional unit of the liver, each of which
contains numerous cord-like structures of hepatocytes between the terminal portal veins and
central veins. These cords are separated from each other by the liver sinusoids (Yamada et al.,
2012). Liver sinusoids possess a highly organized anatomy, where hepatocytes are separated
from the SEC by the so-called space of Disse, filled with ECM, where the HSC are located.
The KC are located in the lumen of the blood vessels and penetrate through the endothelial
layer into the space of Disse. The apical sides of the hepatocytes form the bile canaliculi,
which are essential for removal of bile from the hepatocytes into the bile ductules, and which
are separated from the space of Disse by tight junctions and desmosomes. Thus, the
polarization of hepatocytes in a liver construct is crucial for a proper hepatic function (Cast et
al., 2015).
Many challenges lay ahead when trying to develop a BAL with a proper
microarchitecture. In the first place the inclusion of the different cell types in the
physiological ratio and their positioning within the liver construct is crucial. For example,
many studies have shown that failure to reconstruct heterotypic cell interactions and the
complex liver architecture in vitro leads to the rapid de-differentiation of both hepatocytes and
NPC (Kim and Rajagopalan, 2010, Ordovás et al., 2013, Larkin et al., 2013). In the second
place, formation of the proper microstructure of the liver sinusoids in vitro has been proven to
be beneficial for the preservation of the phenotype and function of the cells (Kim and
Rajagopalan, 2010, Ordovás et al., 2013). Thirdly, to obtain a proper cell density for each of
the cell types in the bioreactor is a challenge for BAL development. This latter issue can be
overcome by controlled close cell positioning in vitro (Yamada et al., 2012, Kasuya and
Tanishita, 2012). In addition, the formation of a closed biliary tree, which allows the removal
of the excreted bile contents from the BAL, is an important hurdle that has not been solved up
to now. In all existing models of BAL the molecules that leave the hepatocytes via the
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canalicular side are excreted into the perfusion medium, thereby entering the general
bloodstream.
Moreover, the creation of a vascular network is a necessary requirement for an
engineered transplantable organ development (Du et al., 2014), which can be achieved either
in vitro or after tissue transplantation in vivo. Failure to create a proper vascular architecture
in the transplanted constructs has been shown to result in a poor transplant survival and
construction of vascularized tissue, including pre-vascularization-based techniques and
vasculogenesis and/or angiogenesis-based techniques (Hasan et al., 2014). Pre-vascularization
allows the immediate perfusion of the liver constructs, whereas the stimulation of
neovascularization is time consuming. The combination of the two methods is likely to be an
advantageous approach for fast and successful tissue vascularization in vitro or in vivo.
Self-organization of the seeded cells in vitro has been shown to be difficult to achieve
(Kasuya et al., 2012). For example, hepatocytes cultured in spheroids preserve their
polarization and form liver structures, such as bile canaliculi. However, the NPC were
distributed randomly in the spheroids or cluster together at the surface without any obvious
sinusoid structure (Lu et al., 2005). So far, the reconstruction of liver sinusoids in vitro
without any cell manipulation has only been achieved by using primary parenchymal cells and
NPC obtained from the same rat (No et al., 2014). Therefore, the development of methods
that allow easy and fast cell positioning in vitro has drawn recent attention of researches
around the world.
Table 4 summarizes recent studies on the reconstruction of the complex liver
microarchitecture in vitro, which used different cells types and fabrication methods (Table 4,
Figure 1). The assembly of packed hepatic cords has been achieved by using different
approaches, including microporous membranes, dielectrophoretic forces, hydrogel fibers or
the application of laminar flows in microfluidic devices. Generated hepatic cords allow
efficient oxygen and molecule exchange between the hepatocytes and the perfusion fluid due
to a short diffusion length, and these cords can be effectively employed in BAL devices
(Yamada et al., 2012). The reproduction of a more complex sinusoid structure is an important
criterion for BAL development. For instance, detoxification of various molecules by the liver
directly relies on the particle scavenging by SEC and KC, biotransformation by hepatocytes
and excretion of waste products and processed toxins to the bile ductules or back to the blood
circulation (Ordovás et al., 2013).
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function (Du et al., 2014-7, Cast et al., 2015). Several methods have been proposed for the
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Another method used in biomedical engineering to isolate the ECM and provide cells
with an excellent natural environment for the in vitro growth is decellularization. Recently, it
was shown for the first time that decellularization of human livers that are not suitable for
transplantation is possible (Mazza et al., 2015). Moreover, decellularized human matrix was
repopulated with different types of human liver cell lines, which showed good engraftment
and proliferation rates. Furthermore, each of the different liver cell types migrated in a
specific way, which resulted in a self-organization of the cells inside the scaffold. However,
simultaneous repopulation of the decellularized liver with various cell types has not been
tested yet.
One of the liver-specific characteristics is the different oxygen tension across the
lobule from the portal triad to the central vein. This oxygen gradient is known to influence the
so-called liver zonation and the gradient of hepatocyte metabolic activities along the hepatic
lobule (Ordovás et al., 2013, Cast et al., 2015). Metabolic zonation is important for both
optimal liver function and metabolic homeostasis (Gebhardt and Matz-Soja, 2014). Even
though this hepatic feature has not been fully introduced in any of the BAL development
processes, several attempts have been made to design a bioreactor with a continuous oxygen
gradient across the BAL (Allen et al., 2003, Sato et al., 2014). For example, Sato et al.
developed a microdevice that reproduces the hepatic lobule microenvironment by establishing
a controlled oxygen gradient within the device. Moreover, a recent modelling study by
Davidson et al. showed that it is possible to establish an equal distribution of the periportal
(zone 1), pericentral (zone 2) and perivenous (zone 3) zones within a BAL device, which
contains a clinically relevant amount of cells (10 billion), by balancing the flow rate of the
patient plasma, the number of cells in the bioreactor and the number of hepatocyte layers
around each hollow fiber (Davidson et al., 2012). The need of reproduction of the oxygen
gradient in a tissue engineered transplantable organ before transplantation, however, can be
disputed, since a proper connection of the transplanted tissue to the host vessels may already
result in liver zonation in vivo later on.
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Hepatocyte monolayers are stacked on top
of each other using a porous PLGA
membrane. Membrane is completely
degraded after 20 days of culture.

Hepatocytes

Hepatocytes,
EC

Assembly of liver
cords using
microporous
poly(d,l-lactideco-glycolide)
(PLGA)
membrane

Assembly of liver
cords using
hydrogel fibers

Hepatocytes and EC are encapsulated into
different fiber domains with EC inside the
construct surrounded by hepatocyte layers.

Hepatocytes are sandwiched by 3T3 in
microfluidic channels using laminar flow of
cell-containing sodium alginate solutions.
Hepatic cords can be easily recovered by
the enzymatic digestion of alginate matrix.
Continuously perfused.

Hepatocytes
3T3
(fibroblasts)

Microfabrication
of hepatic cords

Dielecrophoretic forces trap hepatocytes on
top of an ECM-covered platform. EC
assemble onto the adherent hepatocytes
forming a sinusoid-like structure.
Continuously perfused.

Principle

Hepatocytes,
EC

Type of cells

Assembly of liver
sinusoid by
electrophoresis

Table continues on the next page →

Hepatic
cord
structures
in vitro

Description

Table 4. Microdevice-based approaches to mimic the liver architecture in vitro.

Kasuya et al., 2012
Figure 1C

Formation of double-layered
hepatocyte cords using
degradable porous membrane as
a scaffold
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Du et al., 2014
Figure 1D

Yamada et al.,
2012
Figure 1B

The use of laminar flow for cell
seeding: no complicated cell
manipulations are necessary.

Successful implantation of liver
cords to mice.

Schütte et al., 2011
Figure 1A

References/
Figure

Use of dielectrophoretic force
for tissue self-assembly.
Self-controlled selection of
viable cells.
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Retained
3D liver
structure

Space of
Disse in
vitro

Reconstruction of
liver sinusoids
using transwell
tissue plates
Decellularization
of the human liver

Mimicking a
space of Disse by
using a
polyelectrolyte
multilayer
Simple sandwich
culture to recreate
space of Disse
Recreating space
of Disse by using
a polyelectrolyte
multilayer and
various liver cell
types
Microporous
membrane-based
structure to mimic
liver sinusoids

Description

Hepatocytes and EC are separated by
microporous PLGA membrane. After EC
seeding, HSC residing in micropores migrate
towards EC to organize a sinusoid-like
structure.
Hepatocytes and EC are seeded on the
opposite sides of a microporous membrane in a
6-transwell tissue culture plates

Hepatocytes,
EC, HSC

Hepatocytes
or HSC, or
EC

Hepatocyte-, HSC- or EC-human cell lines are
seeded on decellularized human liver.

Hepatocytes are separated from EC and KC by
a multilayer of chitosan and hyaluronic acid.

Hepatocytes,
SEC, KC

Hepatocytes,
SEC or EC

EC are cultured on top of a monolayer of
hepatocytes.

Hepatocytes and SEC monolayers are
separated by a multilayer of chitosan and
hyaluronic acid.

Principle

Hepatocytes,
EC

Type of
cells
Hepatocytes,
SEC

Table 4. Microdevice-based approaches to mimic the liver architecture in vitro.

Mazza et al.,
2015

Kang et al.,
2013
Figure 1H

A transwell membrane is used to
mimic space of Disse.
First study using human liver for
decellularization.

Kasuya and
Tanishita, 2012
Figure 1G

Larkin et al.,
2013
Figure 1F

Kim et al., 2012
Figure 1E

References/
Figure
Kim and
Rajagopalan,
2010

The establishment of an in vivolike cell physiological complex
that includes hepatocytes, EC and
HSC.

Self-formation of a space filled
with ECM between hepatocytes
and EC.
Precise positioning of different
cell types on microscale platform.
Improved liver microstructure in
comparison with earlier models
demonstrated by Kim et al.

One of the first studies showing
the maintenance of SEC
phenotype in vitro

Novelty
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Figure 1.. Schematic viiew of microd
device-based aapproaches to mimic the liv
ver architecturre in vitro.

5. Elim
mination of bile fro
om a BAL
L
T
The formattion of bilee and its eelimination from hepaatocytes aree strictly regulated
r
processees. Synthessized and amidated
a
biile acids ass well as th
hose taken up from th
he blood
stream aare excretedd via efflux
x pumps to the bile can
naliculi which merge iinto bile du
ucts. The
failure tto secret bille acids into
o the bile duucts or to reemove them
m from the bbile ducts, results
r
in
their rettention in hepatocytes
h
s, which ulttimately caan lead to cholestasis,
c
cell apoptosis and
necrosiss (Hofmannn, 1999). Moreover,
M
exxcretion of metabolitess of xenobiootics via th
he bile is
an impoortant detoxxification rou
ute (Kim annd Rajagopaalan, 2010, Li and Chiaang, 2014).
A
An importaant challengee that arisess during thee developmeent of a bilee drainage system in
a BAL iis the polarrization of hepatocytes
h
and their position
p
in the bioreacto
tor. In the liiver, bile
canalicuuli are form
med by meaans of tightt junctions between heepatocytes ((Kim et al.., 2012).
This strructure prevvents the blo
ood on one side of the hepatocytes to mix wiith bile on the
t other
side and vice verssa. The speecific apicaal and basaal localizatiion of the various traansporter
proteinss defines thee uptake and
d excretion of molecules.
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Not many of the recently designed bioreactors for clinical use included a bile removal
component. Bioreactors without a bile removing component showed their efficiency in
ammonia detoxification, albumin synthesis and xenobiotic metabolism when perfused with
patient plasma (Yu et al., 2014, Zhang et al., 2014). Nevertheless, insufficient bilirubin
removal from the perfused plasma has been reported in one of the studies (Yu et al., 2014).
Therefore, several (bio)artificial devices implemented one of the detoxifying units, such as
albumin dialysis (MELS, Germany; MARS, Sweden), choarcoal column (TECA-HALSS,
China; HBAL, China; HepatAssist, USA) or fractionated plasma separation (Promotheus,
Germany) in order to eliminate albumin-binding toxins (van de Kerkhove et al., 2004, Pless,
2007, Fuhrmann et al., 2011). But even though several artificial and bioartificial liver devices
demonstrated elimination of bilirubin and bile acids from patient plasma, the level of removal
amounted to only 15-37%, and the clearance efficiency of albumin-binding substances is still
considered to be relatively low (van de Kerkhove et al., 2004, Krisper et al., 2011). Moreover,
low protein-bound toxins that are eliminated via bile, such as bilirubin glucuronide or phase 2
metabolites of drugs will not be sufficiently removed from the patient body using albumin
dialysis. And it remains to be established to which extent the elimination of hydrophilic
conjugated metabolites can be taken over by urinary excretion.
The elimination of bile from a BAL itself remains one of the biggest challenges.
Without a proper bile removal system, toxic components of bile produced by the cells in the
bioreactor such as bile salts, bilirubin and cholesterol, as well as detoxified xenobiotic
metabolites will stay in the BAL system, and may potentially damage the liver cells, or they
will be mixed with patient plasma, which will lead to systemic exposure and toxicity. Current
BAL bioreactors with or without a prominent sinusoid structure do not allow for controlling
the release of bile and toxins to the perfusate circulation. Albumin dialysis of the patient
blood before entering the BAL partly helps to remove bile acids, bilirubin and other albumin
binding substances from the patient blood, and biliary compounds excreted by the cells in the
BAL could be partly removed by a second albumin column at the outflow of the BAL.

6. Effects of plasma of ALF or ACLF patients on BAL function
Another major challenge in the development of an extracorporeal or transplantable
BAL (detailed description of which is beyond the scope of this review) is the toxicity of the
plasma of the patient with ALF or ACLF on the biocomponents of the BAL. Increase in the
number of necrotic cells and elevated leakage of hepatic enzymes were apparent already after
50
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a few hours of exposure of a BAL to the patient plasma (Yu et al., 2014, Zhang et al., 2014).
No data are available on the effect of ACLF plasma on the cells in a BAL. Even though the
study with the HepaRG-AMC-BAL did not show a decrease in several liver functions of
HepaRG cells after 6 hour-exposure to plasma of a rat with ALF, it nevertheless revealed a
decrease in many hepatic transcript levels (Nibourg et al., 2013). This indicates that the liver
functions may still decrease after prolonged exposure to ALF plasma. However, the latest
induction increased the survival rate of pigs up to 87.5 % compared to 12.5% in the nontreated ALF group (Shi et al., 2016). This suggests that a short-time exposure of a BAL to
patient plasma might already be enough to support patients, while diminishing the risk of ALF
or ACLF plasma toxic effects on BAL biocomponents.

7. The use of a multicellular BAL for drug toxicity testing
The development of a heterocellular BAL can be beneficial not only for clinical use,
but also in drug development processes. Many in vitro models for liver toxicity testing include
only hepatocytes. However, various liver toxicity mechanisms require the presence of cell
types other than hepatocytes, and therefore cannot be properly predicted by monocultures.
In the liver, KC play an important role not only in the normal physiology and
pathological processes in the liver, but also in drug-induced liver injury (DILI) (Ganey and
Roth, 2001, Roberts et al., 2007). Inflammatory reactions can dramatically increase the
sensitivity to xenobiotic exposure (Messner et al., 2013, Roberts et al., 2007, Hadi et al.,
2012). Moreover, hepatocyte cocultures with KC have been successfully used to test and
investigate DILI-inducing compounds, anti-inflammatory compounds or compounds which
cause idiosyncratic DILI (Sarkar et al., 2015, Kostadinova et al., 2013) and they were shown
to reliably predict DILI in vivo (Tukov et al., 2006).
EC are in direct contact with the blood circulation in vivo and therefore they are often
a primary target for many toxins (McCuskey, 2008). For instance, SEC have been shown to
be an early target for acetaminophen toxicity prior to parenchymal cells. The degree of
microvasculature damage predicts the severity and progression of hepatocyte injury
(McCuskey, 2006). Moreover, SEC participate in drug metabolism and waste metabolite
elimination (Kim and Rajagopalan, 2010), and they play a protective role in liver injury by
inhibiting inflammation processes in the liver (Miller et al., 2010).
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study of Shi et al. on pigs showed that 3 hours of BAL treatment on the first day after the ALF
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Drug-induced cholestasis is one the most severe manifestations of DILI. Some models
have been developed to predict drug-induced cholestasis, based on hepatocyte sandwich
monocultures (Chatterjee et al., 2014). These models do not take into account that the
cholangiocytes, which express many transporters involved in biliary excretion, regulate the reuptake of bile acids, water and other components from the primary bile produced by the
hepatocytes (Kamiya and Chikada, 2015, Pauli-Magnus and Meier, 2006). Drug-induced
cholangiocyte toxicity can lead to the progression of cholestasis, chronic cholangiopathies and
primary biliary fibrosis and cirrhosis (Padda et al., 2011). Therefore, in vitro liver models that
do not include cholangiocytes fail to predict some types of drug-induced cholestasis.
Moreover, cholangiocytes can play a role both in drug toxicity and detoxification of drugs via
intrahepatic shunting (Dianat et al., 2014, Pauli-Magnus and Meier, 2006).
HSC and FB are known to play a role in liver injury and particularly in the
development of fibrosis. Therefore, models that include these cell types can be used to study
the effects of pro-fibrotic and anti-fibrotic compounds (Starokozhko et al., 2015, Westra et
al., 2014).

8. Summary
The use of a BAL is a promising approach to support patients with severe liver injury
who are waiting for transplantation or undergoing recovery. Current BAL systems differ in
their cell composition and bioreactor design. However, only a few of them incorporated liver
cells other than hepatocytes and even fewer managed to reconstitute a complex liver sinusoid
microarchitecture. In addition, none of the multicellular BALs have entered clinical trials.
Notable progress has been made in generating NPC from different sources, including
ESC, iPSC and MSC. As yet, however, many challenges still exist on the road to clinical
application of a BAL, such as proper tissue vascularization, bile removal and oxygen delivery
within the construct. Bile elimination from a BAL is one of the problems that has not been
solved so far and no satisfying solutions have been proposed or reported in the literature.
More efforts should be made to address the non-parenchymal component of BAL, the tissue
arrangement in a precise sinusoidal structure and the removal of bile. Such a multicellular
BAL will not only be beneficial for patients with fulminant liver failure, but may also be
beneficial for the pharmaceutical industry as improved model for toxicity prediction.
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