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Abstract

Drug induced liver injury (DILI) is one of the major reasons of drug withdrawal during the different
phases of drug development. The later in the drug development a drug is discovered to be toxic, the
higher the economical as well as the ethical impact will be. In vitro models for early detection of drug
liver toxicity are under constant development, however until today a superior model of the liver is still
lacking. Ideally, a highly reliable model should be established to maintain the different hepatic cell
functionalities to the greatest extent possible, during a period of time long enough to allow for tracking
of the toxicity of compounds. In the case of DILI, toxicity can appear even after months of exposure.
To obtain this goal, an in vitro model should be developed that mimics the in vivo liver environment,
function and response to external stimuli. The different approaches for the development of liver
models currently used in the field of tissue engineering will be described in this review. Combining
different technologies, leading to optimal materials, cells and 3D-constructs will ultimately lead to an
ideal superior model that fully recapitulates the liver.

Graphical abstract

Multi-compartment Selective membranes Microscale architecture Micropatterning Zonation

—
w Bioreactor ok

0:probe

e

Distinct cellular organisation Microscale in vivo structures
plate

Space of Disse |:

Sinusoid




1. Introduction

Drug-induced liver injury (DILI) is one of the major reasons for drug withdrawal during the different
phases of drug development.! Drug development is a very time- and cost-intensive process and goes
along with economical as well as ethical constraints. The average estimated cost of each drug
compound reaching the market is $ 2.6 billion and the current time-to-market takes on average 10
years.>3

There exists an enormous need for superior drug toxicity screening assays to guarantee a more
selective transition of novel drugs throughout the different phases encompassing the drug
development process. The time point at which drug toxicity is detected, is crucial and determines the
economic impact. To date, from the 1000 compounds released from industry, only 30 proceed towards
the clinical trials and in a final stage, only 1 drug reaches the market.*

With more efficient and reliable drug toxicity screening systems, the costs, time-to-market and the
amount of compounds tested on experimental animals could be significantly reduced.>®

DILI not only poses a huge problem for the pharmaceutical industry, but also for human health.
Depending on the specific drug compound and its metabolic pathways, DILI can encompass liver
disorders including steatosis, cholestasis, fibrosis, cirrhosis, liver cancer and acute liver failure.”®

To improve the efficiency of the toxicity screening procedure, in vitro models that recreates the liver
microenvironment and function to study toxicity of new drug compounds are in development and
some are already commercially available. The most relevant are summarized in Table 1. Although
research and validation studies are currently ongoing, a model of superior performance is still lacking.
The ultimate goal is to mimic the in vivo liver environment, or a specific part of it, to the greatest extent
possible.®

A plethora of 2D- and 3D-models have already been developed and have been described in literature,
all attempting, to some extent, to maintain functional hepatocytes for months to be able to perform
long-term toxicity screening, especially for drugs that elicit immune-mediated reactions that only may
manifest weeks after administering the drug.’® Cells used for the generation of such models are of
various origin. Primary human hepatocytes (PHH) are the gold standard?'*13, but even in 3D-culture
conditions they are very difficult to culture for longer than one month while maintaining their
functionality. Furthermore, their availability is rather limited. Primary rat hepatocytes on the other
hand, are much more abundant??, but have the disadvantage of interspecies differences leading to an
alternative xenobiotic biotransformation.'® A third resource is represented by human cell lines. These
are also largely available and since they usually are immortalized, they are easier to handle and to
maintain in culture.'® Different cell lines show distinct metabolic function, which can be similar or differ
significantly from primary human hepatocytes. For this reason, hepatocyte-like cell lines can be
selected dependently of the model to be established.!” Another cell source comprises stem cells, which
can be embryonic?®, adult®® or induced pluripotent®. After expansion, these cells are differentiated
into hepatocyte-like cells using different growth factors and media combinations. A summary of the
different cell types is provided in

Table 2.



Table 1: Overview of the major commercial in vitro liver models with associated properties

Model name Ci Model type Cell type Analyses/Analytes Specifications Reference
3D InSight™ Human Insphero Spheroid via hanging drop . Primary . Viability . Functional during 5 22
Liver Microtissue human . o-GST weeks
hepatocytes . HMGB1 . Multi-donor
(PHH) . miR-122 expression
. Kupffer cells
L3 LSEC
HepaRG spheroid model Cyprotex Spheroid via ultra-low . HepaRG . minimal effective . Functional during 14 days z
adhesion (ULA) plate or concentration (MEC) . Cost effective due to ULA
hanging drop . half-maximal activity plate
concentration (ACso)
. Spheroid count
. Spheroid size
. DNA structure
. Mitochondrial mass
. Mitochondrial
membrane potential
. Glutathione (GSH)
content
. Reactive oxygen species
(ROS)
. Adenosine triphosphate
(ATP)
HEPATOPAC model BiolVT Micropatterned — hepatocytes . PHH . ROS . Functional during 28 days 2
surrounded by stromal cells. . Stromal cells . Cell density . High-throughput
. Nuclear intensity screening format
. GSH
. Mitochondrial potential
. Albumin
. Urea
. ATP
TRANSPORTER BiolVT Sandwich culture . PHH . ATP . Functional during 5 days »
CERTIFIED™ . Phase Il activity . Cholestatic DILI model
. Biliary excretion
. QRT-PCR (FXR target
genes, FGF19, and OSTB)
. Lactate dehydrogenase
(LDH) production
Biomimesys® Biomimesys Crosslinked RGDS and . PHH/HepG2 . Viability . Functional during 21 days »
hydroscaffold galactosamine- functionalized . Immunostaining . Mimics in vivo stiffness
hyaluronic acid with bioactive . Growth
ECM compounds (collagen and . Gene expression
Fibronectin) combined with . Cytochrome P450 (CYP)
adipic acid dihydrazide activity
. Bile canaliculi formation
. Albumin
. Urea
Hurel® microliver HUREL® Self-assembling co-cultures of . PHH . Morphology (real-time . Functional during 4 2
corporation primary cryopreserved . Stromal cells cell analyzer) weeks
hepatocytes with stromal cells . Mitochondrial . Used for NAFLD,
competency (cell-titer steatosis, NASH, fibrosis
blue)
. Mitochondrial viability
(cell-titer glo)
. CYP activity
. Liquid chromatography—
mass spectrometry
(LcMS)
. Albumin
Human Liver-Chip Emulate Porous membrane coated with . PHH . Immunofluorescent . Functional during 14 days 2829
ECM compounds (rat tail . LSEC imaging (AdipoRed) . Flow conditions
collagen | and bovine . Kupffer cells . DAPI staining . Used for hepatocellular
Fibronectin). . Smooth muscle actin injury, Cholestasis,
At the opposite sides of the (SMA) Steatosis, Kupffer cell
membrane, hepatocytes . Morphology depletion
embedded in Matrigel and d Albumin
liver sinusoidal endothelial M Urea
cells (LSEC) are seeded. . Triglyceride (TG)
. alanine
aminotransferase (ALT)
. Gene expression
OrganoPlate® MIMETAS Organoids in matrix from . PHH/iPSC/He . Immunostaining . Functional during 15 days | *°
Matrigel and rat tail collagen | pG2 . Barrier integrity . High throughput
. Kupffer . Transport . Formation of bile
. Bile duct . Viability canaliculi
. LSEC . LCMS . Pump-free perfusion
. qPCR . Microfluidics
. Membrane free co-
culture
. Cells can interact and
migrate
SynTox SynVivo Multi-compartment . Hepatocytes . Optical and fluorescent . Drug diffusion 31,29
microfluidic chip . LSEC imaging . Drug toxicity
. Chemical assays . Real-time optical
. Toxicity assays monitoring
. Biomarker analysis . Multi-compartment

architecture
. Microfluidic




PhysioMimix™ Organ- CN-Bio

on-Chip

Microfluidic
Organ on chip
3D-scaffold

. PHH
. Kupffer cells

albumin
urea
ALT/AST

Functional up to 4 weeks
Acute and chronic
Immune cells available

LDH release
CYP3A4 activity
Viability

Multi-organ

Table 2: Overview of potential sources of hepatocytes for in vitro liver models and associated advantages/disadvantages.

Cell type Advantage Disadvantage References
Primary human hepatocytes e Gold standard®® e Dedifferentiation3* 36,37
e Representing population33 e Availability33
e Invasive
e Time-consuming
isolation
e Limited proliferation3?
HepG2 e Highly proliferative3 e Lack of important 41,42,43,44
e Easyto handle3® metabolizing enzymes?°
e  Cost effective® e Only1donor3
e Availability3®
e Stable phenotype®
HepaRG e Expression of important e Expensive® 49,50
enzymes comparable to e Only1donor®
PHH*>46 e Difficult to maintain in
e Stable phenotype®’ culture
e Availability*®
iPSC e Availability> e Time-consuming®? 55,56
e Personalized™ e Complex and expensive
e Representing population®? differentiation
e Proliferative® protocol*?
e  Maintain fetal features®?
e  Genetic aberrations®
Mouse/rat hepatocytes e  Availability®’ e Life ending®® 59,60,57
e  Cost effective®’ e Time-consuming
isolation®®
e Interspecies difference®®
Adult stem cells (ASC) e Bipotent® e Expensive 54,64
e Highly proliferative® differentiation
e Genetically stable>* protocol**
e Invasive®
e  Availability®
Embryonic stem cells e Highly proliferative®® e Availability® 68,69,70
e  FEthics®®
e  Genetic aberrations>*
e Time consuming®’
e Complex and expensive
differentiation
protocol®’

A more advanced approach involves the generation of co-cultures. The liver contains more than only
hepatocytes and during liver metabolism, more cell types are involved (see section 2. Liver anatomy).
Commonly used cells in co-cultures include hepatic stellate cells, liver sinusoidal endothelial cells and
Kupffer cells. Depending on the type of DILI to be studied, cells can be selected accordingly. For
example, if a type of DILI is investigated in which inflammation is important, the application of Kupffer




cells is essential’*. Whereas for a drug that induces fibrosis, co-cultures that include stellate cells should
be considered.”>73.7475.76

2D in vitro liver models mainly consist of one layer of hepatocytes, optionally in co-culture with one of
the aforementioned cells (stellate cells, Kupffer cells and LSEC) seeded on the bottom of a well plate
which is sometimes coated with a bioactive layer. Frequently used are extracellular matrix components
such as Fibronectin and collagen.3¢””

Besides the simplicity of the 2D models, they do not meet the requirements with regards to
maintaining the functionality of hepatocytes. In this respect, 3D models are superior over 2D models.
In fact, hepatocytes are highly polarized cells that require their 3D environment to remain functional
throughout the time span of the toxicity assay.”®

The research area of 3D models is expanding at a rapid pace. 3D models usually consist of cells cultured
in 3D conditions, in the presence’ or absence® of a supporting material. An example of a 3D model
without supporting material is a spheroid. It consists of clustered hepatocytes with optionally other
cells in co-culture. The close cell-cell contact significantly improves the functionality of the cells
compared to a 2D-cell culture.?®8! The main disadvantage is the lack of shape and size control and the
occurrence of core necrosis due to insufficient diffusion of nutrients through the spheroids.?? Scaffolds
can be used in combination with spheroids as well, but this is rather to provide a spatial organization
and defined geometry than for cell attachment.®

Models with supporting material mainly consist of cells in combination with hydrogels. Hydrogels are
generally considered the most interesting material type in this regard.® They are water-soluble
biomolecules or synthetic polymers that are crosslinked to form a network. This network does not
dissolve in water, but can comprise large amounts of water within its network structure while
maintaining its supportive mechanical properties. This aqueous environment is ideal for cell growth.*

The hydrogel stiffness is also very important.®> On the one hand, the scaffolds need to provide
structural stability to maintain its shape, but on the other hand, they need to be soft enough for their
application in liver tissue engineering (being a soft tissue). From previous research, it is known that
hepatocytes are highly influenced by the stiffness of the matrix they are cultured on.®%”” Consequently,
to develop reliable in vitro models, the materials used should be characterized by a similar stiffness as
that of natural liver tissue (i.e. 1 — 5 kPa) &, or should be adaptable to mimic specific changes to the
liver stiffness typical of pathological states.

As an additional advantage, hydrogels can be selected that very closely resemble the extracellular
matrix (ECM) of the native liver. The liver ECM comprises core proteins, glycoproteins, proteoglycans
and glycosaminoglycans.®® Research revealed that models constituting such natural ECM compounds
are superior materials to cultivate hepatocytes. %

The most widely used protein in this regard is gelatin. Gelatin is derived from collagen, being the major
compound of the ECM throughout the whole body.?%*>% Additionally, gelatin is less immunogenic than
collagen®® and has superior processing capabilities due to its gelation properties and upper critical
solution temperature (UCST) behavior.*®

The preferred polysaccharides in order to mimic the native ECM are glycosaminoglycans (GAG),
because these are of great structural and functional importance in the native ECM and are present
incorporated in proteoglycans.’®”® The GAGs present in the liver are (in increasing order of
occurrence): hyaluronic acid, dermatan sulphate, chondroitin sulphate and heparan sulphate.®® In a
fibrotic liver, the GAG content is elevated with more than 5-fold.”’



Models which include supporting materials are the sandwich culture and the 3D-scaffold models. In
the sandwich culture model, hepatocytes are present between two layers of ECM-mimicking
material,®® which is usually collagen or Matrigel.*>*%° The 3D-scaffold model consists of hepatocytes
supported by a scaffold material processed into a 3D shape. This 3D-shape is created by a controlled
emulsification, lyophilization, solvent casting, salt leaching or gas foaming process.’® More advanced
methods include photolithography, different 3D-printing techniques and electrospinning.>%2

Since specific ECM compounds can be very expensive, there is an option to produce scaffolds from
more cost-efficient polymers and afterwards applying a bio-active coating to enhance cell adhesion
and spreading.l® Often used coating compounds in this regard include laminin, Fibronectin and
collagen.104105106 Alternative strategies described in literature include the application of decellularized
native ECM (dECM) compounds used as biomaterial ink for scaffold fabrication/printing or the
decellularization and subsequent recellularization of natural liver tissue matrix. Although these
strategies show significant improvement of hepatocyte function and generation of complex
multicellular models!®1%, they are not suitable to realize high throughput toxicity screening
models.%1%

All previously mentioned models lack sufficient resemblance with the in vivo liver microenvironment
(except for the dECM),® which leads to systems that are not able to maintain hepatocyte viability and
functionality for longer periods of time. Current models described in literature are able to maintain
hepatocytes functional up to one month!1080111112113 \yhich is not sufficient for long-term toxicity
screenings.'**

Increasing the in vivo - in vitro resemblance of hepatic models could render them superior over the
liver models currently reported in the state-of-the-art. In this review, we provide an in depth overview
of existing in vitro models, specifically focusing on the specific strategies and processing methods used
to mimic the native liver with its composition of the ECM, microenvironment compartments and
relevant cell types to the greatest extent possible in order to establish a model with long-term
functionality. For this reason, this review is not a simple list of existing in vitro models of DILI, but aims
to describe the most advanced and multidisciplinary approaches (encompassing materials science and
engineering approaches) to mimic the liver architecture in the rapidly progressing field of liver tissue
engineering, with the hope to inspire scientists working on the development of advanced in vitro
hepatic models.

2. Liver anatomy

When mimicking liver tissue in vitro, the liver morphology and cellular composition should be
considered. To generate an in vitro model, cell-cell and cell-ECM interactions should stimulate cellular
events and phenotypes similar to those occurring in vivo.'*® Ideally, depending on the disease that
needs to be modelled, different liver compartments and features should be mimicked.16:117.118119

Together with the main cell type (i.e. hepatocyte), the stellate cells (SC), LSEC, the Kupffer cells (KC),
Natural killer cells (NKC) and the cholangiocytes make up the liver tissue and function. The properties
of the different liver cells are summarized in Table 3.

Table 3: different cell types with related function and their location.

Cell type Function Location References
Hepatocytes . Metabolism Hepatic cords in the hepatic plate 120,121
. Detoxification
. Protein synthesis
Stellate cells . Role in liver physiology and In the space of Disse between the 122123 124
pathology hepatocytes and the LSEC
. Storage of fat and vitamin A




. Quiescent state in healthy
liver

. Activated upon injured liver
to produce excess ECM
Sinusoidal endothelial cells . Fenestrated enabling fluid Surrounding the liver sinusoid 125122
exchange
. Selective barrier between
sinusoid and hepatocytes
Kupffer cells . Macrophages In the sinusoid adhering to the LSEC | 1%
. Innate immune system
. First contact with blood from
portal vein
Metabolism
Natural killer/Pit cells Innate immune system In the liver sinusoid 127,128

Natural killer cells
Anti-tumor capacity
Recognizing target cells by
their surface receptors

Cholangiocytes . Modify the concentration Along the biliary tree 129
and composition of the bile
. Enabling continuous bile flow

The liver is organized into hexagonally shaped hepatic lobules, with the central vein in the center and
the portal triad at each corner (see Figure 1) *°, In the hepatic plate, blood flows from the hepatic
artery and the portal vein to the central vein through the sinusoids.’?® The hepatic artery provides
oxygen-rich blood and the portal vein provides deoxygenated and nutrient-rich blood originating from
the intestines.'?? Both blood flows are mixed and the composition of the blood changes continuously
in its concentration of, amongst other, oxygen3*132, ammonia, glucose and some hormones*3 such as
insulin and glucagon throughout its path through the hepatic lobule due to the metabolic activity of
the hepatocytes, leading to zonation. Hence, the specific function and phenotype of the hepatocytes
depends on the blood composition they are exposed to and by consequence to their specific location®**
(called zone) in the hepatic lobule.'® These zones are defined by the distance of the hepatocytes to
the center of the hepatic plate.!®® Hepatocytes in the different zones differ in several enzymes,
translocators, receptors and subcellular structures. These phenotypic variations lead to a difference in
functional capacity, but also to a variation of produced ECM compounds throughout the different
zones. At the periportal zone, the ECM mainly consists of the structural proteins collagen IV and V and
the adhesion protein laminin. At the perivenous zone, however, the structural proteins are mainly
collagen |, Ill and VI, while the adhesion protein is Fibronectin.!3"/138
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Figure 1: Liver anatomy and location of the different cell types present in the liver.



3. Advanced in vitro models

3.1 The workflow of developing in vitro models.

As stated earlier in the introduction, 3D-liver models often consist of liver cells in combination with a
supporting material, typically referred to as scaffolds. To develop an ideal model the most relevant cell
types in combination with superior scaffolds should be considered. Generally, the optimal strategy is
to tune the physico-chemical properties including the mechanical properties and the chemical
composition as well as the microscale architecture of these scaffolds in such a way that they resemble
the in vivo microenvironment of the liver to the greatest extent possible. This should ensure long-term
viability and functionality of the cultured liver cells in vitro, allowing for long-term studies. However,
to date, no models have been identified that can support primary hepatocytes for longer than one
month.llo,llz

To develop a superior model enabling longer hepatocyte cultivation, the in vitro culture systems should
be more sophisticated, by resembling the overall liver microenvironment to a greater extent beyond
mimicking the composition of the ECM.

In time, models are being optimized continuously based on materials used, selected cell types and the
construct architecture. The different aspects that should be taken into account when developing a
complex liver model are highlighted in this section by giving an historical overview of the models
available.

Most of the models and examples mentioned in the upcoming section are characterized by
physiologically relevant sizes. However, a lot of interest is currently also going towards miniaturized
tissues grown inside microfluidic chips, also known as organ-on-chip devices. In this respect, most of
the physiologically sized relevant models can also be integrated into microfluidic systems thereby
establishing livers-on-chip combining the advantages of tissue engineering and microfabrication,
including a higher control over the microenvironment and the possibility for direct observation of cell
and tissue behaviour. Additional examples of these organ-on-chip analogues are covered in different
sections.!® (i.e. section ‘3.2 Multi-compartment models’ at page 9, ‘3.3 Selective membranes’ at page
10, ‘3.5 Micropatterning’ at page 13 and ‘3.6 Zonation’ at page 16.)

3.2 Multi-compartment models

Hepatocytes and other hepatic cells (stellate, Kupffer and LSEC) fulfil a specific role and are important
to support the functionality and viability of each other. They have also various functions in drug
metabolism, making them considerably important in the overall mechanism of DILI.24%%4! Co-cultures
that were considered in the early 2D and 3D liver models included only hepatocytes with other non-
parenchymal cells randomly distributed and without compartmentalization. An example is the model
of Li et al.2* in which a suspension of primary human hepatocytes and human Kupffer cells were
developed and were able to detect the toxicity of 100 drug compounds with a known DILI status with
more sensitivity than a conventional monoculture layer. Another example includes the model of
Baze!®® et al consisting of a spheroid with PHH, human KC, LSEC and stellate cells in co-culture. The
latter spheroid contained cells with superior functionality in comparison with a 3D monoculture
spheroid of PHH, which remained functional during 14 days.

A superior approach involves cell seeding in multi-compartments rather than resulting in a random
distribution. In the native liver, cells are present in specific locations and are sometimes separated
from each other by ECM or other components'#. Having hepatic cells in distinct compartments in vitro
would resemble the liver architecture to a greater extent.



Nguyen et al.}* described scaffolds developed by Organovo in a two-compartment planar geometry
via continuous deposition microextrusion of encapsulated PHH, stellate and human umbilical
endothelial cells (HUVEC) in a Novogel® 2.0 hydrogel (see Figure 2A). The non-parenchymal cells were
printed at the border of each compartment and the PHHs were printed to fill the compartments, both
embedded in a gel. The cells remained functional for 28 days. The model was validated by exposure of
the model to the drug compounds trovafloxacin and levofloxacin. Trovafloxacin is known to induce
hepatotoxicity, but this toxicity could not be detected through the use of 2D-culture toxicity assays.
Levofloxacin is structurally similar to trovafloxacin, although this compound is non-toxic. The model
was treated during 7 days with the compounds. As anticipated, trovafloxacin induced significant
decreases in both albumin and ATP indicating hepatotoxicity of the compound. Levofloxacin however
did only show a decrease in albumin at the highest dose tested (100 uM), while the ATP levels remained
unaffected. Although both compounds are structurally similar, the 3D-model was appropriate to serve
as model to detect DILI and to make a distinction in toxicity between two structurally similar
compounds.

Multi-compartment
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Figure 2: (A) A representation of the application of a multi-compartment by the use of different bio-inks as developed by
Nguyen et al.*> and (B) the use of this approach in a liver-on-chip device by Bircsak et al.3°

Since stellate cells play a key role in the development of liver fibrosis, the above-described model can
be of special interest to test compounds that induce fibrogenesis. Norona et al.'** exploited the
Organovo model to predict the toxicity of methotrexate (MTX) and thioacetamide (TAA), both known
to induce fibrosis. Exposure of the model to these compounds enabled the detection of liver fibrosis
characterized by patterns of collagen deposition similar to those observed in clinical samples obtained
from patients with liver fibrosis.

Bircsak et al*® integrated this approach in a liver-on-chip system (see Figure 2B) using an OrganoPlate
2-lane. In one lane (i.e. the organ channel), a mixture of iPSC-induced human hepatocytes (iHep)
embedded in collagen | was injected, while in the other channel, endothelial-like and Kupffer-like cells
were seeded, being directly in contact with iHep/collagen (organ channel) without physical barrier4®
mimicking the liver sinusoid. The cells remained viable and functional (as reflected by albumin and
urea levels) during 15 days of culture. CYP3A4 activity increased pointing towards further maturation
of iHep. The automated set-up of the OrganoPlate renders it suitable towards high throughput
screening.

Using distinct compartments to separate different cell types however exhibits some limitations. It is
known that cells tend to migrate and interact with other cells leading to movement of cell types into
other compartments. This leads to poor control over the cellular distribution in the 3D-constructs.?47:148



As a result, the compartmentalization of the different cells in the model will gradually be lost. This
problem can be tackled through the application of a selective membrane separating the different cell
types, while nutrition, waste and signaling compounds can cross the membranes.

3.3 Selective membranes

Another strategy to separate different compartments within the same model is the application of
selective membranes. More specifically, one or more membranes can be used to seed the different
cell types and as such, act as separative cell layers and cellular compartments.

This approach is often used to separate hepatocytes and LSEC to recreate the structure of liver
sinusoids, where the membrane acts as the space of Disse, 142148150

Kang et al.1*® described a sinusoid model using primary rat hepatocytes and LSEC. Cells were seeded
onto opposite sides of a collagen-coated membrane in a transwell (see Figure 3A). The model
maintained cell viability, morphology and functionality (as reflected by urea synthesis and CYP activity)
during 39 days of culture, which is longer than most models described in literature. Later, they
converted this into a humanized model using PHH and bovine aortic endothelial cells. The model was
integrated in a chip to be used in combination with a flow set-up. The viability and morphology of the
cells was maintained during 26 days, while PHH seeded without endothelial cells lost their morphology
within a week.*>!

Selective membranes
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Figure 3: (A) Schematic representation of the model of Kang et al.1*8 to mimic the liver sinusoid. (B) Schematic overview of the
MOTIF biochip set-up and corresponding cell seeding approach by Rennert et al.152 (C) Schematic overview of the 3D-co-culture
model of De Maria et al.'>3 by stacking alternately seeded PLGA grids seeded with hepatocytes and fibroblasts. (D) The



developing process of the hollow fiber membranes developed by Ahmed et al.15* to establish a co-culture of SEC, SC and PHH.
(E) The liver-on-chip multi-compartment approach by Jang et al.'5> (F) The liver-on-chip device of llla et al.15®

Applying a flow system resembling the dynamic nutrient and oxygen uptake in the space of Disse has
been evidenced to contribute to in vivo mimicry. For example, Rennert et al.'>? utilized the Multiorgan
Tissue Flow (MOTIF) biochip in combination with a 3D-liver organoid. This biochip was comprised of
staggered seeded vascular and hepatic cell layers as shown in Figure 3B. For the vascular layer, HUVEC
cells were mixed with monocytes and seeded on top of a 12.2 um thick PET membrane with a pore
diameter of 8 um. The monocytes were then differentiated towards macrophages, resembling the
Kupffer cells. For the hepatic cell layer, a mixture of HepaRG and LX-2 (i.e. a hepatic stellate cell line)
cells were seeded on the opposite side of the membrane. Structural as well as functional preservation
of the hepatocytes was observed. In Figure 3B, the scanning electron microscopy (SEM) image clearly
shows that the HepaRG cells are structurally superior in the perfused culture compared to in a static
control culture. The cells exhibit a high plasticity with increased microvilli formation at the cell surface.
Furthermore detection of ASGPR-1, ZO-1 and MRP-2 confirmed bile secretion activity and observation
of urea and albumin proved the metabolic activity of the hepatocytes during the four days of culture.

Selective membranes can also be applied for 3D-stacking after seeding cells in separate layers. More
specifically, different cell types are seeded onto different membranes, which are subsequently stacked
onto each other to create a 3D-scaffold (see Figure 3C) in which the cells are distributed in a controlled
manner. In this regard, De Maria et al developed scaffolds by stacking poly(lactic-co-glycolic acid)
(PLGA) layers onto each other that were alternately seeded with hepatocytes and fibroblasts.*>?

Selective membranes are not always applied to separate cell layers. They can also facilitate the
selective mass transfer of molecules towards and away from the cell compartments without causing
shear stress. This can be useful in other systems, such as bioreactors, where the fluid stream can cause
these high shear stresses. An example of this application is the model described by Ahmed et al.*>* in
which a co-culture of LSEC, stellate cells and PHH was seeded onto Fibronectin-coated
polyethersulfone hollow fiber membranes. The cell layers were seeded on top of each other with an
interval of 24 hours at the outer surface of the membranes. Two layers of hollow fiber membranes
were cross-assembled into a bioreactor (see Figure 3D). The cells reorganized themselves into a
complex cytoarchitecture with the presence of tube-like structures formed by LSEC. This model was
able to give rise to the production of urea, albumin and diazepine biotransformation products during
28 days of culture.

Jang et al®>® developed a liver-on-chip device using the multi-compartment approach. Primary human
hepatocytes were seeded in a sandwich culture on top of a porous membrane that separates two
parallel microchannels. At the opposite side of the membrane, human LSEC, Kupffer and stellate cells
were seeded (see Figure 3E). Liver toxicity related to hepatocellular injury, steatosis, cholestasis and
fibrosis could be phenotypically detected when treated with tool compounds.

Another liver-on-chip model mimicking the liver sinusoid that makes use of a membrane to separate
cellular compounds was established by llla et al*®®. It consists of two transparent plates with a porous
polytetrafluoroethylene microporous membrane in between (see Figure 3F). The aim was to serve as
mimic for the liver sinusoid by seeding primary human umbilical vein endothelial cells on top of the
gelatin-coated membrane. On the other side of the membrane, activated stellate cells (LX-2) were
seeded. The flow is provided through channels above the membrane, hence over the endothelial cell
layer. In this way, the continuous shear stress of the blood flow on the endothelial cells is mimicked.
An improved morphology of the endothelial cells and an improved phenotype of the stellate cells was
reported. Ortega-Ribera’’ et al applied this set-up to seed hepatocytes and LSEC on the opposite side
of the membrane, again with continuous shear-stress over the LSEC layer. The PHH maintained



morphology and high urea, albumin and CYP3A4 activity, HNF4alfa and ATP-binding cassette (ABC)
transporters transporter after 7 days. This points towards a delayed hepatocyte dedifferentiation. The
model responded better to acute treatment of drugs (i.e. troglitazone, diclofenac and acetaminophen)
with known hepatotoxicity as compared to conventional static culture platforms.

When using these multi-compartment models, the overall tissue structure still does not fully
recapitulate the native liver lobule. However, the presence and organization of multiple cell types
within the compartmentalized structure of the 3D liver tissues likely play a significant role in preserving
liver-specific functions.'*

3.4 Models encompassing microscale architecture

Having distinct compartments for the different hepatic cell types is a valuable approach when
establishing a co-culture. However, this approach still faces the limitation of a non-reliable
architecture. More specifically, the cell organization does not exhibit the same architecture nor
compartmentalization as the cells exhibit in vivo. A model that respects the microscale architecture of
the liver ensures cell-cell and cell-matrix contacts similar to the in vivo situation and hence, is more
representative for native liver tissue.?%%1%°

Several models have been described in literature resembling the 3D-microscale architecture to a
greater extent. Seng et al.?*® described a model constituting 3D hexagonally arrayed lobular human
liver tissue resembling the hepatic plate architecture, developed by creating an inverse crystal colloid
(ICC) hydrogel scaffold. This was established by first creating a sacrificial construct of polystyrene beads
as schematically presented in Figure 4A. The inverse scaffold was created with a solution of
polyethylene glycol diacrylate (PEGDA) and acrylated polyethylene glycol-N-hydroxysuccinimide in the
presence of Irgacure 2959 to enable UV-induced crosslinking. The model exhibited advanced key
features of freshly isolated human fetal total liver cells that were preserved up to 5 months in culture,
being the longest period reported in literature so far.’®® In more recent work, Seng et al*® additionally
explored the application of iPSC-derived hepatocytes in this model. After seeding iPSC-derived hepatic
progenitor cells, they were differentiated towards hepatocyte-like cells. The resulting organoids were
matching better with adult tissue, as compared to 2D and 3D controls, with respect to morphology,
gene expression, protein secretion, drug metabolism and viral infection. A representative picture of
these organoids in the ICC scaffold is shown in Figure 4A.
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Figure 4: (A) Overview of the ICC development process of Seng et al.>® providing a long-term HepG2 culture. (B) Design of the
microtissue mimicking the liver lobule architecture developed by Zhao et al.15! with the corresponding cell imaging after
seeding of the co-culture. HepG2 cells and HAECs were respectively pre-stained in green and red with cell tracker dyes.

Zhao et al.*** developed a 3D liver lobule-like microtissue with biomimetic morphological architecture.
The model, shown in Figure 4B, resembles the sinusoidal-like structure and neighboring cells exhibited



a cord-like arrangement. The construct was designed by AutoCAD and fabricated with PDMS using
multilayer soft lithography. The device consisted of a radial micro-pattern of multiple pillar arrays and
a pneumatic microvalve system. The device was coated with collagen and seeded with HepG2 and a
human aortic endothelial cell line (HAEC). Although the culture was only performed during 4 days, the
morphology, activity of CYP-1A1/2 and UGT were highly preserved.

3.5 Micropatterning

Micropatterning is a technique to better control cell shape, position, spreading and multiphase
architecture of tissue at different scales and complexities.'®%1%3 Since the liver is a very complex organ,
this technique can ensure the replication of the native liver architecture at cellular as well as tissue
level. Different approaches are available depending on the application, but they all result in a surface
with areas of different adhesiveness towards certain cells.1®3

Micropatterning of cells can be achieved by modifying a substrate with biomaterials to create
micropatterns'®, by using deep elastomeric microchannels!®> or elastomeric PDMS stencils®®, by
applying a laser'®’, by plasma ablation or through direct cell printing at specific locations!®®. Some
examples will be discussed in the upcoming sections.

Applying a PDMS stencil is one method to realize micro-patterning. Yekaterina et al.'®® applied this
method visualized in Figure 5A to establish a co-culture between Kupffer cells and hepatocytes. A
negative photoresist pattern was applied onto a glass wafer using photolithography. Furthermore,
liguid PDMS was spincoated onto the wafer, baked and peeled-off. The stencils provided 2 mm
diameter islands of hepatocytes with 2 mm space in between for Kupffer cells (KC). For cell seeding,
the wells were coated with collagen and the stencil was placed in the wells. Hepatocytes were seeded
on top of the stencil. After removal of the stencil, KCs were seeded, which attached to the free space
in between the hepatocyte islands.
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Figure 5: (A) Resulting cell image of the PDMS-stencil based micropatterned model developed by Yekaterina et al.1%° A co-
culture of hepatocytes and Kupffer cells was established. (B) Schematic overview’° of the UV-based micropatterning process
using a mask of Bhatia et al.'’! Cell type A corresponds to primary rat hepatocytes, and cell type B to fibroblasts. (C) Schematic
representation of micropatterning using protein contact-printed microarrays. This method was used by Lee et al.1’2 and Revzin
et al.173 (D) Schematic overview of the plasma ablation technique using a physical mask by Lin et al.17* (E) DLP-based 3D-
bioprinting as micropatterning technique used by Ma et al.17> to establish a co-culture of hiPSC-derived hepatic cells, HUVEC
and mesenchymal cells.

A second method developed by Bhatia'’® et al exploiting borosilicate glass wafers was also used by

Yekaterina et al'’®. The wafers were first cleaned with Piranha solution, rinsed, dried with nitrogen and
baked. A positive photoresist was spincoated over the wafer, soft baked and exposed to UV light
through a mask. Subsequently, the wafers were baked hard. To ensure cell attachment, the wafers
were coated with glutaraldehyde-crosslinked rat tail collagen I. After removing all photoresist in an
ultrasonic machine, a patterned protein coating remained. The wafers were placed in a well plate and
hepatocytes were seeded on top. After 2 hours of incubation, unattached cells were washed away.
After 24 hours, KCs were seeded and attached onto the free space on the glass wafers. The different
steps of this method are shown in Figure 5B.

Interestingly, the outcome of both methods revealed that over time, the KCs migrated towards the
hepatocyte islands until an ideal heterotypic cell-cell contact was established. This significantly
improved the function of the hepatocytes as evidenced by an increased urea and albumin production.
Also the ability for clearing ammonia was maintained during the culture period of 10 days.

This second method (Figure 5B) was applied before by Bhatial’? et al to establish a co-culture of
primary rat hepatocytes and fibroblasts. They compared a random co-culture of hepatocytes and
fibroblasts with a co-culture established using micropatterning. They concluded that micropatterning
provided superior control over the homo- and heterotypic cell-cell contacts as compared to a random
co-culture resulting in a steady state urea production and an increasing albumin excretion over the



culture period of 11 days. The latter technique was also applied for a co-culture of primary human
hepatocytes with mouse embryonic fibroblasts and could sustain the hepatocytes for 4 — 6 weeks in
culture.r” Finally, Ware et al'’® extended this model to a triculture using primary hepatocytes, mouse
embryonic fibroblasts and LSEC. The hepatic and endothelial phenotype remained stable for 3 weeks.

Another method includes printing of protein microarrays onto a glass substrate!’2173, The glass slides
were cleaned with Piranha solution, rinsed and dried under nitrogen. Subsequently, the glass slides
were oxygen plasma-treated and placed into a solution of 3-(acryloxypropyl)-trichlorosilane in order
to perform silanization of the glass. Next, the slides were rinsed and dried and protein microarrays
were contact-printed using a microarray spotter. HepG2 cells were first seeded onto the microarrays
followed by a rinsing step. After incubation, the glass was exposed to a fibroblast suspension to create
a HepG2-fibroblast micropatterned co-culture. This process is explained in Figure 5C. Preservation of
cell functionality was evidenced by a preservation of albumin and urea synthesis over a course of two
weeks.

Lin et al'”* made use of the plasma ablation technique (see Figure 5D) to micropattern islands of PHH

surrounded by fibroblasts. Using this technique, a PDMS stamp is applied as a physical mask to
selectively ablate a protein (herein collagen) coated glass or polystyrene substrate. The PDMS stamp
is brought into contact with the protein coated substrate and an oxygen plasma is applied. Only the
protein coating that is in contact with the stamp remains after plasma treatment. Next, PHH were
seeded and attached onto the collagen islands. After a washing step, 3T3-J2 murine embryonic
fibroblasts were seeded. These cells adhered to the regions between the collagen islands, hence
surrounding the hepatocytes. Similar to the previously mentioned micropatterning methods, the co-
culture outperformed a hepatocyte monoculture and the cells remained viable and functional (based
on CYP450 activity) during 4 weeks of culture.

Ferrari et al'’® applied the micropatterning technique with microfluidics establishing a liver-on-chip
model in combination with colon cancer cells containing a connected liver chamber and a colon cancer
chamber in order to check to what extent the prodrug Tegafur (UFT) can kill colon cancer cells after
metabolization (into 5-fluorouracil (5FU)) by the liver. A collagen-coated glass slide was
micropatterned (i.e. separated collagen islands) using the plasma ablation technique. The glass slide
was bonded to a microfluidic layer in order to establish the microfluidic chip. HepG2 cells were seeded
onto the collagen islands and NIH-3T3 (murine embryonic fibroblasts) were surrounding them in the
liver chamber. A colon cancer cell line (HCT-116) was seeded in the cancer chamber. The cells in the
liver compartment showed excellent viability up to one week. The outcome of the experiment
confirmed the hypothesis. When 5FU was directly added to the colon cancer cells, a direct decrease in
cell viability was observed. However, when UFT was administered through the liver chamber before
the cancer chamber, a delayed decrease in colon cancer cell viability was observed. The latter indicated
that HepG2 successfully converted the prodrug UFT into the 5FU metabolite being toxic for the colon
cancer cells.

DLP-based 3D-bioprinting has been exploited as a micropatterning technique to resemble the pattern
and cell composition of the liver by Ma et al.'”> Two hydrogels were created encapsulating different
liver cell types, including a gelatin methacryloyl (GelMA) layer containing human induced pluripotent
stem cell (hiPSC)-derived hepatic cells and a glycidyl methacrylate-hyaluronic acid (GMHA) layer
containing HUVEC and mesenchymal cells. Complimentary hexagonally shaped patterns were
sequentially created in these hydrogel layers using Digital Light Processing (DLP) based 3D-printing.
This resulted in a 3D-model consisting of an array of liver lobule structures characterized by
physiological dimensions (see Figure 5E). Interestingly, the cells maintained intrinsic hexagonal
structures and reorganized themselves within the construct leading to expression of E-cadherin and



albumin evidencing a favorable cell-cell contact. Analysis of the markers albumin, Transthyretine (TTR),
hepatocyte nuclear factor 4alfa (HNF4a) and different CYP’s suggested a gradual maturation of the
cells into the haptic lineage. After day 7 post-printing, the hiPSC-HPC can be considered matured and
are able to respond positively to rifampicin in the same extent as reported before for primary
hepatocytes. Furthermore, the model shows both phenotypic and functional enhancements in the
hiPSC-HPCs over weeks of in vitro culture.

3.6 Zonation

In the liver models described so far, all hepatocytes are considered functionally identical. However, in
the native liver, all hepatocytes within the same hepatic plate are functionally slightly different
depending on the zone to which they belong to, as defined by the distance to the center of the hepatic
plate (i.e. zonation, see section 2. Liver Anatomy).

A perfused flat plate bioreactor, as schematically presented in Figure 6A, was described to create a
controlled oxygenated medium flow!®. The bioreactor was loaded with a collagen-coated plate (glass
or PDMS) seeded with a co-culture of primary hepatocytes (human or rat) and fibroblasts or stellate
cells. The medium was controlled and equilibrated with a mixture of O,, CO; and N; at the inlet and
the oxygen content was measured at the outlet. The system was stabilized during 5 days and drug
exposure was performed between day 5 and 7.

The outcome of the model*® showed heterogeneity in CYP2B and CYP3A enzymes along the different
zones of the hepatocytes and a similar acetaminophen (APAP) cell death pattern as in vivo. Indeed, the
medium that reaches the first zone of hepatocytes was still oxygen-rich, diminishing the CYP activity.
The more distant zones were gradually exposed to medium with a lower oxygen level, enhancing the
CYP activity and therefore, increasing the formation of the toxic APAP metabolite (N-acetyl-p-
benzoquinone imine) NAPQI. Various similar models described in literature reported on a zone-
dependent expression of the genes studied.'®!
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Figure 6: (A) Experimental bioreactor set-up to induce zonation in the hepatic model described by Allen et al.18° (B) The
approach of Weng et al.'82 to mimic the hexagonally shaped hepatic plate to investigate the occurrence of zonation.

Besides the gradual differences in functionality, morphological changes have been described as well.
A co-culture of primary rat hepatocytes and stellate cells was seeded via a micro-patterned
hexagonally shaped PDMS membrane. The medium flowed radially from 6 inlets, each at a corner of
the hexagon, into the chamber and was collected at the center of the hexagon resembling the flow
from the portal to the central vein in a hepatic plate. The flow removed the unhealthy cells and



connected clusters with space in between were formed, which closely resembled the sinusoids present
in the hepatic plates as visualized in Figure 6B.1®2 Albumin and urea were maintained during 14 days
and significantly higher than the control cultured in a Petri dish. The metabolic capability as well as the
metabolic dynamics were maintained during 14 days, which was evidenced by the response in cell
behavior after exposing the model to drugs. Rifampin and ketoconzazole are respectively a CYP inducer
and inhibitor. Indeed, 12 hours after drug administration, the metabolic activity increased in the
rifampin and decreased in the ketoconzazole group. When administering the hepatotoxicant APAP,
desensitization occurred in the 2D-control. However, in the perfused model, regional heterogeneity of
APAP-induced hepatotoxicity was observed. Interestingly, on day 7, more cell damage occurred in zone
2, as compared to in zone 1 - the latter being the first cells that come into contact with APAP. This can
be explained by the fact that the medium still contains a lot of oxygen when flowing through zone 1.
Oxygen reduces the CYP activity, leading to less production of the toxic NAPQI metabolite. When the
flow reaches zone 2, less oxygen is present to reduce CYP activity, hence leading to higher formation
of NAPQI and increased cell death.

Models that regulate the oxygen concentration have also been reported. The reactors typically consist
of multiple compartments resembling the different zones in the hepatic plate and are exposed to an
oxygen gradient resembling physiological conditions.8183

As mentioned before, the composition of the blood changes continuously when flowing through the
hepatic lobule. The models described so far only took into account the change in oxygen concentration
throughout the hepatic lobules. However, other compounds present in the blood change in
concentration as well. Examples of important molecules are various metabolic modulators such as
hormones and enzymatic inducers. A variation of the concentration of the latter compounds
throughout the hepatic lobule, results in a gradient in nitrogen and carbohydrate production, but also
in xenobiotic metabolism.*®? For example, a gradient in the insulin/glucagon balance (i.e. hormones)
results in a gradient in carbohydrate, glucose and urea production of the hepatocytes.’®*18> Another
example is when a gradient is induced in the CYP1A enzyme production using 3-methylcholanthrene
(3MC) (i.e. inducer), this gives rise to a gradient in cell viability after administration of APAP, 18187

Monitoring of the cell culture conditions in reactor-based models are challenging. Conventional tools
such as optical measurements, collecting supernatants or cellular samples are not always
straightforward and time-consuming to use, especially during an ongoing experiment. In- and output
of the reactors can easily be monitored?®®, but does not always provide accurate information on what
happens in the cell culture area. Examples of sensors integrated in the cell culture area without
disturbing functionality has also already been described.'®® Moya et al*® described for the first time
the integration of an inkjet printed amperometric oxygen sensor (consisting of a work and counter
electrode) in the thin and porous membrane of the ExolLiver (vide supra) liver-on-chip-system enabling
real-time dissolved oxygen monitoring being the most important parameter in terms of zonation. The
oxygen gradient along the hepatocyte culture could be monitored at each point where an electrode
was present. An oxygen gradient along the PHH of 32.5 % was measured.

3.7 Liver organoids

Liver organoids are discussed in this separate section since they can be considered an emerging
technology within liver tissue engineering, although they don’t require advanced processing
techniques in order to create an environment mimicking the native liver as they are self-organizing
into 3D hollow cyst-like structures.'*® Liver organoids are defined as 3D-structures derived from stem
cells, progenitor or differentiated cells that self-organize through cell-cell and cell-matrix interactions
recapitulating aspects of the native liver tissue, including hepatic cells’ functions. These structures are
considered mini-versions of the liver.?®! One of the main bioengineering questions in organoid research



is situated around the development of new matrix materials to support organoid culture and the
optimization of the culture conditions in order to obtain fully matured hepatocyte-like cells.®? The
matrix development can be subdivided into two main aspects, being the chemical composition and the
mechanical properties. It is known that the proliferation and differentiation of organoids towards
hepatocyte-like cells are highly subjected to mechanical cues.?® Also the chemical composition can
promote proliferation and differentiation of organoids via biological cues, although several studies
currently focus on the development of chemically defined materials®#!% to replace the standard used
murine originated tumor matrices derived from Engelbreth-Holm-Swarm (EHS) sarcoma, such as
Matrigel.?® The application of organoids in in vitro drug testing can take into account the population
diversity, or even personalized drug testing with a patient’s own cells.

Mun et al®® established a model consisting of mature human hepatic organoids derived from human
pluripotent stem cells to evaluate drugs that induce steatosis. The organoids exhibited toxic responses
to clinically relevant concentrations of APAP and two drugs that have been withdrawn from the market
(troglitazone, trovafloxacin) due to hepatotoxicity related to steatosis. A high-throughput model for
liver cholestasis (i.e. impairment of bile-flow) was established by Shinozawa et al**” who developed
human pluripotent stem cell-derived liver organoids from 10 different patients in a reproducible
manner with the formation of bile canaliculi-like structures. They were able to predict the toxicity of
238 marketed drugs with known cholestatic toxicity with a specificity of 88.9%. These organoid cultures
were also subjected to continuous perfusion with culture media via a microfluidic device!®. This
enhanced the liver-specific functions such as albumin secretion and urea synthesis and exhibited an
increased sensitivity towards hepatotoxicity. This could be further extended towards coupling with
other microfluidic devices containing different organoids towards multi-organ-on chip models. A
combination of heart and liver was described by Yin et al.’®®, in which the cardiac toxicity triggered by
the antidepressant drug clomipramine was assessed after being metabolized by the liver using a co-
culture of liver and heart organoids separated by a porous membrane. Albumin and urea were
maintained in the liver organoids, while the beating function of the heart organoids was preserved
before exposure to the compound. After the system was exposed to the drugs, the function of the
heart organoids was impaired showing the toxicity of the compound after being metabolized by the
liver.

Since organoids are currently being cultured using the ECM-dome method, there is only little control
on the microenvironment, distribution, reproducibility, as well as organoid size, density and mass. To
overcome these problems, Xu et al*® developed a PEG-based micropatterned cell-adhesion substrate
to culture individual liver organoids in a controlled way in order to promote the application of
organoids for high-throughput DILI testing resulting in an in vitro model representative for the fetal
liver. Jiang et al*®! developed another micropatterned organoid model using microfabricated
hexagonal closely packed cavity arrays, with a single organoid in each cavity. In both micropatterned
models, human hiPSC were differentiated towards liver organoids. Interestingly, in the resulting
organoids, hepatocytes as well as non-parenchymal markers were expressed. In these studies,
exposure to APAP induced liver toxicity, and in one case, fibrosis was also induced.?®! These systems
could be further improved by increasing complexity via the introduction of microfluidics enabling
dynamic culturing conditions. The application of a co-culture (cfr. Section 3.5: Micropatterning) could
further improve maturation and sensitivity towards the detection of DILI for drugs with different
toxicity pathways.

The feasibility to create complex and customizable architectures combined with human adult liver
organoids has also been investigated using biofabrication techniques such as extrusion-based 3D-
printing?®? and volumetric bioprinting.5* The extrusion-based constructs showed a comparable APAP



toxicity to non-printed controls. Volumetric bioprinting allows for developing perfusable complex
constructs enabling the integration into organoid-on-chip models.

4. Application potential of DILI models with increasing complexity

In the current review, an overview is provided regarding the different approaches to develop superior
hepatic models in order to serve detection and mechanistic insight in DILI. Hepatocytes are highly
influenced by the environment they are cultured in, including the chemical composition, the
surrounding cell types and the microscale architecture mimicking the in vivo cell-cell and cell-ECM
contacts.’ In this regard, it is clear that hepatocytes will exhibit a more in vivo-like phenotype, and thus
more reliably respond to drug compounds, when an in vivo-like complexity is recreated.?® This leads to
an improved toxicity assessment resulting from in vitro models according to the following order: 2D-
monoculture?®® — 2D-co-culture?® (e.g. KC, stellate cells, LSEC) — 3D-culture?®® — 3D-co-culture®®® with
an increasing sensitivity for drug compounds as evidenced for reference drug compounds, such as
APAP. Furthermore, the greater the native liver architecture is mimicked, the better the hepatotoxicity
is predicted.?’

A very important feature of in vitro DILI models involves their long-term cell viability and functionality,
which is only preserved during several hours in case of conventional 2D-cultures resulting in a limited
presence of phase | and Il metabolic enzymes.3” Within this short term, it is not possible to track the
toxicity of drug compounds that lead to enzyme induction, immune-mediated toxicity (i.e. idiosyncratic
DILI - iDILI) or compounds with a low clearance rate.'*%2%¢ Hence, the latter would not be evidenced in
2D-cultures, rendering them inadequate for hepatotoxicity prediction.

3D cultured cells exhibit an improved viability as well as functionality enabling longer-term toxicity
testing in experiments that with current technologies can last for up to one month. This makes the
basic 3D-models more suitable DILI predictors, although only for a limited number of compounds. A
study by Bell et al'® comparing a 2D- and 3D-culture of PHH as model to evaluate the toxicity of APAP,
bosentan, diclofenac, fialuridine, troglitazone and pioglitazone revealed that a 3D-culture was more
sensitive in the detection of DILI than 2D-cultures. However, pioglitazone was not identified as
hepatotoxicant in neither models, whereas this was detectable in a perfusable liver microtissue
constituted by PHH and KC co-cultures®®. This example evidences the need for more advanced 3D-
models in order to increase sensitivity towards hepatotoxicity in vitro. Small molecules with
straightforward metabolic pathways (e.g. direct cytotoxicity by the accumulation of reactive oxygen
species (ROS))*° can be assessed in basic 3D-models. More advanced models encompassing co-
cultures of hepatic cells are needed for compounds that elicit toxicity as evidenced from a complex
interplay between multiple cell types, for example molecular therapeutics such as gene therapy agents
(e.g. siRNA).%'! The application of non-parenchymal liver cells in co-culture encompasses both a
supporting function, to improve the phenotype of hepatocytes, but is also involved in eliciting DILI.
This was evidenced through research from Li et al**? during which drug compounds were tested in a
3D-model consisting of PHH which was compared to a 3D-co-culture of PHH with KC. More specifically,
an increased sensitivity was revealed for trovafloxacin, paroxetine, indomethacin and sulindac when
KC were included. Interestingly, tolcapone induced more cell death in the PHH in comparison to the
co-culture, suggesting the protective role of KC in the DILI mechanism of this compound. Also in a 3D-
co-culture of primary hepatocytes and stellate cells, the co-culture was more sensitive towards APAP
and isoniazid toxicity compared to the hepatocyte mono-culture.?!? The latter can be explained by
stellate cells’ activation upon treatment with a hepatotoxin leading to the production of excessive ECM
compounds.?3



Since these findings are relatable to clinical data observed in vivo, this evidences that increasing the
complexity of in vitro models towards superior mimicry with the liver in vivo does give rise to superior
models for DILI prediction.

Compounds that are only toxic after multiple doses or that only show toxicity after being metabolized
require better performing models encompassing cells that preserve a long-term stable phenotype. An
example of this is the integrated biomimetic array chip containing a collagen-based 3D primary
hepatocyte culture from Xiao et al**4. This model allowed for drug treatment at day 7 and day 14
resulting in an increased toxicity for 15 compounds tested after the second dose, evidencing delayed
toxicity. Furthermore, some compounds elicit toxicity dependent on the zone in the hepatic lobule,
therefore a model including hepatic zonation (see 3.6 Zonation), is required to detect the toxicity of
these compounds.

As evidenced in this paragraph, for every type of toxicity in assessing DILI, a different approach can be
applied (see different sections in ‘3. Advanced models’). However, for drugs in development, there is
no preliminary foundation to rely on, hence very little is known about the toxicity and the toxicity
assessment has to start from the very basics. A model that ‘fits all’ still needs to be developed, but
would have an enormous impact on the efficiency of drug induced liver injury assessment.

5. Conclusions and outlook

The ultimate goal when developing a superior in vitro liver model to test drug toxicity during the early
phases of drug development, is to engineer a 3D-construct consisting of all relevant cell types present
in the liver that can preserve its viability and functionality as long as possible. In this way a reliable
model can be deployed in the drug development process even before the compounds are tested on
animals. A fixed time frame for the cells to stay functional is difficult to estimate, since the
manifestation of drug toxicity is highly drug dependent. Especially for immune-mediated idiosyncratic
drugs, this toxicity is only revealed months after administering the drug.

Resembling the in vivo environment of the liver is clearly a key aspect in the development of a superior
in vitro model. Hepatocytes require their in vivo 3D environment to guarantee similar cell-cell and cell-
matrix interactions in order to maintain their functionality in vitro. This environment includes a similar
architecture as well as similar chemical composition as the in vivo liver ECM. Decellularized ECM
scaffolds represent the ideal microenvironment, but pose limitations when considered for high-
throughput screening. Nevertheless, ECM scaffolds are interesting for matrix characterization, creating
knowledge to be used as input for the development of engineered scaffolds, including information
regarding the stiffness, chemical composition, microscale architecture and the presence of bioactive
compounds.?’>?1® The enormous progress that has been made in the last decade in the field of 3D-
printing, micropatterning and hydrogel development really makes it possible to tune these properties
to the desired targets. Combining the knowledge in these different fields will be a crucial aspect in the
development of the future hepatic models.

Besides the cell-ECM interactions, cell-cell crosstalk is also a key aspect to preserve functionality of the
cells leading to reliable detection of the hepatotoxicity of drug compounds. Models currently
encompass limited variety of cell types. To fully recapitulate the liver function, all cell types present in
the liver should be represented in the model. Primary cells are the gold standard, since they show the
ultimate phenotype that needs to be reached in vitro, but their lack of availability remains a major
drawback in tissue engineering approaches to liver modeling. Stem cells have been described for many
years as very promising alternatives and are, depending on the source, more abundant. However,
methods to differentiate them into mature hepatocytes still need optimization. Stem cells have also



the advantage of fulfilling the personalized medicine principle, with the potential of developing
patient-specific models to study drug toxicity or efficacy.

Preservation of long-term viability in combination with functionality of hepatocytes still remains a
major challenge when developing an in vitro liver model. Especially some key metabolic enzymes are
crucial when developing a model for drug-induced liver injury.

Primary hepatocytes are the gold standard, but do not remain functional when placed in culture over
a long time period.?'” Cell lines however are immortalized and highly proliferative, but do not express
enzymes to the same extent as primary hepatocytes.?!® For example, the HepG2 cell line is very limited
in its expression of drug-metabolizing enzymes and transporters, especially those involved in phase |
metabolism such as the CYPs.*° Some initial research has already exploited gene modifications to
combine the immortality of cell lines with the overexpression of certain genes that encode for
important metabolizing enzymes in order to mimic the CYP540 metabolizing features.

The most abundant metabolizing CYPs are CYP2C9 and CYP3A4. Via a lentiviral expression vector,
CYP2C19%® and CYP3A4%° overexpressing HepG2 clones were generated. The function of these
enzymes was assessed in a metabolism-dependent cytotoxicity experiment using various xenobiotics.
The HepG2 clones exhibited a higher sensitivity to the xenobiotics compared to the parental HepG2
cells. Furthermore, some of the important metabolites were only detected in the clones. This approach
is very interesting to further investigate in combination with the more advanced in vitro models
discussed in this review.

Another very important and little explored aspect in in vitro liver models is the integration of the
immune system.??! When considering the bigger picture in vivo, immune cells should not be neglected.
Two types of immune cells can be distinguished, including the intrahepatic innate immune cells and
the adaptive immune system. The innate immune system consists of the Kupffer cells, the liver
sinusoidal endothelial cells, the dendritic cells, the natural killer (NK) cells and the natural killer T (NKT)
cells. It represents the initial fast immune response and has by consequence its main contribution
regulating liver injury, fibrosis, and regeneration.??? This immune response can either evade or increase
tissue damage under the influence of the pathways initiated by xenobiotics.??

The adaptive immune system, consisting mainly of T cells and natural killer T cells generally comes in
place with a latency and upon exposed to repeating dose of the xenobiotic. This can manifest between
1 — 8 weeks, but examples of 12 months are known as well.?>* Furthermore, the immune response is
person-dependent and complex, while the underlying mechanisms are mainly unclear rendering it very
difficult to predict. Due to the high vascularization of the liver, circulating leukocytes can also be
recruited upon activation of relevant signaling pathways.??! However, substantial research remains
needed since reliable models are still lacking.

An important next step is to first and better understand the interactions ongoing between immune
cells and other liver cells. Current models focus on studying immune mediated DILI (im-DILI) by treating
hepatocytes with im-DILI associated cytokines or conditioned media from immune cells instead of
directly adding immune cells to the culture.??

On the other hand, immune cells have already been treated by direct addition of hepatotoxic
compounds or through the addition of danger-associated molecular patterns (DAMP) released by
apoptotic or necrotic hepatocytes after drug injury. Nevertheless, little is known about the direct
interaction between immune cells and hepatocytes.?®

Kupffer cells represent the 80-90% of the macrophages in the human body and are the main immune
cells studied in more complex in vitro liver models to date.?? The expansion and the inclusion of other



immune cell types remain to be optimized and a new dimension in architectural design should be
included in order to be able to mimic the sequence of immune events. However, it is clear that much
more research is required to predict immune mediated DILI in a reliable way, which will be inevitable
in the future, when aiming to create superior in vitro models.??

Besides from the construct of the modelitself and the cell type, the environment is also very important.
In vivo, the liver is perfused by the blood stream, which is very poorly mimicked using static culture
conditions. A dynamic culture using a bioreactor represents this blood flow with much more reliability.
Especially the occurrence of zonation is mimicked more reliably in this way, which has turned-out to
have an impact on the metabolism of some drug compounds, and by consequence on their toxicity.??’

Developing superior liver models remains the ultimate goal, and the development and use of
appropriate analytical techniques are also inevitably a key aspect of this challenge. In static cultures,
this encompasses the detection and quantification of analytes at distinct time points*, while in
dynamic cultures, parameters such as the composition, pressure, temperature, and flow rates of fluids
at the inlet and outlet should be controlled and analyzed.'®> However, the analyses are mainly
performed off-line??® and at specific end points, meaning that gradual changes or intermediate or short
living analytes may not be detected.??® More advanced in situ, longitudinal and real-time monitoring
should elevate our understanding on what happens in the cell culture at a higher level. This
understanding will lead to superior and more specific treatments for DILI and associated diagnostics.?3°
Ideally, the sensors should be incorporated in the culture systems without disturbing the cells.'®® These
sensors should allow for the detection of diagnostic enzymes in serum such as alanine transaminase,
aspartate aminotransferase, bilirubin, glutathione S-transferase and other DILI indicators such as
reactive nitrogen, reactive oxygen or reactive sulfur species in a sensitive, simple and specific way.??
Also, multi-detectors are being researched to explore DILI mechanisms given the complexity of the
physical environment. Sensors exist that make use of fluorescence?®, circular dichroism?°, photo-
acoustics®? and optics®3? or a combination thereof.

The closer we get to mimicking the in vivo hepatic microenvironment, the better the phenotype and
viability of the hepatocytes is maintained and the more reliable the outcome of the in vitro experiment
will be. However, comparison of the different models described in literature is not straightforward. As
described in this review, a plethora of hepatocyte-based in vitro systems have been developed for
toxicity testing over the past years. The main problem is that a wide variety of parameters are being
exploited to assess the performance of the in vitro models. Some researchers only report on the
viability when evaluating their models, while others report on the functionality characterized by gene
expression, protein expression, morphology or toxicity.

There clearly exists a need for more transparency and a defined set of criteria for proper
benchmarking. Vinken et al.* have published a proposal for a possible validation method of in vitro
models based on several important parameters accompanied with suggested analysis to characterize
the performance of the developed model. This validation encompasses a combination of requirements
regarding cell viability, morphology, functionality and the ability to reproduce the human in vivo
intrinsic drug-induced liver injury.

Besides the need for a proper comparison between the different models, future research should lead
to innovative combinations of the different approaches in order to strive towards a model that fully
resembles the native liver in all aspects, hence paving the way towards more reliable in vitro liver
models.



6. References

10

11

12

13

14

15

16

17

V. M. Lauschke, Toxicogenomics of drug induced liver injury — from mechanistic
understanding to early prediction ., Drug Metab. Rev., 2021, 53, 245-252.

J. A. DiMasi, H. G. Grabowski and R. W. Hansen, Innovation in the pharmaceutical industry:
New estimates of R&D costs, J. Health Econ., 2016, 47, 20-33.

J. Badvie, Hepatocellular carcinoma, Codon Publications, Brisbane, 2019, vol. 76.

G. Khurana, Drug Development Process and Novel Drugs Approved by FDA for 2017-18, Appl.
Clin. Res. Clin. Trials Regul. Aff., 2018, 5, 80-98.

0. Gassmann, A. Schuhmacher, M. van Zedtwitz and G. Reepmeyer, Leading Pharmaceutical
Innovation, Springer, Switzerland, 2018.

V. K. Singh and T. M. Seed, How necessary are animal models for modern drug discovery ?,
Expert Opin. Drug Discov., 2021, 16, 1391-1398.

M. Trauner and C. D. Fuchs, Novel therapeutic targets for cholestatic and fatty liver disease,
2022, 194-2009.

E. S. Bjornsson, Drug-induced liver injury: an overview over the most critical compounds, Arch.
Toxicol., 2015, 89, 327-334.

S.Ye, J. W. B. Boeter, L. C. Penning, B. Spee and K. Schneeberger, Hydrogels for liver tissue
engineering, Bioengineering, 2019, 6, 1-30.

A. Gerussi, A. Natalini, F. Antonangeli, C. Mancuso, E. Agostinetto, D. Barisani, F. Di Rosa, R.
Andrade and P. Invernizzi, Immune-Mediated Drug-Induced Liver Injury : Immunogenetics and
Experimental Models, Int. J. Mol. Sci., 2021, 22, 22094557.

J. Eun, S. Qiangen, W. Matthew, B. Lijun, R. Qiang, S. Timothy, W. R. Nan, M. G. Manjanatha
and X. Guo, Performance of high - throughput CometChip assay using primary human
hepatocytes : a comparison of DNA damage responses with in vitro human hepatoma cell
lines, Arch. Toxicol., 2020, 94, 2207-2224.

H. Lee, J. Ahn, C.-R. Jung, Y.-J. Jeung, H.-S. Cho, M. J. Son and K.-S. Chung, Optimization of 3D
hydrogel microenvironment for enhanced hepatic functionality of primary human
hepatocytes, Biotechnol. Bioeng., 2020, 27328.

M. Vinken, ScienceDirect Toxicology Primary hepatocyte cultures for liver disease modeling,
Curr. Opin. Toxicol., 2021, 25, 1-5.

J. G. Hengstler, D. Utesch, P. Steinberg, K. L. Platt, B. Diener, M. Ringel, N. Swales, T. Fischer, K.
Biefang, M. Gerl, T. Bottger and F. Oesch, Cryopreserved primary hepatocytes as a constantly
available in vitro model for the evaluation of human and animal drug metabolism and enzyme
induction, Drug Metab. Rev., 2000, 32, 81-118.

K. Jemnitz, Z. Veres and K. Monostory, Interspecies differences in acetaminophen sensitivity
of human, rat, and mouse primary hepatocytes, Toxicol. Vitr., 2008, 22, 961-967.

R. Gupta, Y. Schrooders, D. Hauser, M. Van Herwijnen and W. Albrecht, Comparing in vitro
human liver models to in vivo human liver using RNA - Seq, Arch. Toxicol., 2021, 95, 573—-589.

J. V. Castell, R. Jover, C. P. Martinez-Jiménez and M. J. Gdmez-Lechén, Hepatocyte cell lines:
Their use, scope and limitations in drug metabolism studies, Expert Opin. Drug Metab.



18

19

20

21

22

23

24

25

26

27

28

29

30

31

Toxicol., 2006, 2, 183-212.

D. S. Varghese, T. T. Alawathugoda and S. A. Ansari, Fine Tuning of Hepatocyte Differentiation
from Human Embryonic Stem Cells : Growth Factor vs . Small Molecule- Based Approaches,
Stem Cells Int., 2019, 5968236.

J. De Kock, Toxicology in Vitro Characterization and hepatic differentiation of skin-derived
precursors from adult foreskin by sequential exposure to hepatogenic cytokines and growth
factors reflecting liver development, Toxicol. Vitr., 2009, 23, 1522—-1527.

M. W. Wong, C. S. Pridgeon, C. Schlott, B. K. Park and C. E. P. Goldring, Status and Use of
Induced Pluripotent Stem Cells ( iPSCs ) in Toxicity Testing, Springer, 2018.

S. Messner, |. Agarkova, W. Moritz and J. M. Kelm, Multi-cell type human liver microtissues for
hepatotoxicity testing, Arch. Toxicol., 2013, 87, 209-213.

W. R. Proctor, A. J. Foster, J. Vogt, C. Summers, B. Middleton, M. A. Pilling, D. Shienson, M.
Kijanska, S. Strobel, J. M. Kelm, P. Morgan, S. Messner and D. Williams, Utility of spherical
human liver microtissues for prediction of clinical drug - induced liver injury, Arch. Toxicol.,
2017, 91, 2849-2863.

X.Zhang, T. Jiang, D. Chen, Q. Wang and L. W. Zhang, Three-dimensional liver models : state
of the art and their application for hepatotoxicity evaluation, Crit. Rev. Toxicol., 2020,
1756219 REVIEW.

S. Smith, M. Lyman, B. Ma, D. Tweedie and K. Menzel, Reaction Phenotyping of Low-Turnover
Compounds in Long-term Hepatocyte Cultures Through Persistent Selective Inhibition of
Cytochromes P450, Drug Metab. Dispos., 2021, 000601.

J. P. Jackson, K. M. FreemJonathan P. Jackson, Kimberly M. Freeman, Robert L. St. Claire, I,
Chris B. Black, and Kenneth R. Brouweran, R. L. S. Claire, C. B. Black and K. R. Brouwer,
Cholestatic Drug Induced Liver Injury: A Function of Bile Salt Export Pump Inhibition and
Farnesoid X Receptor Antagonism, Appl. Vitr. Toxicol., 2018, 4, 265-279.

T. Messelmani, A. Le Goff, Z. Souguir, V. Maes, M. Roudaut, E. Vandenhaute, N. Maubon, C.
Legallais, E. Leclerc and R. Jellali, Development of Liver-on-Chip Integrating a Hydroscaffold
Mimicking the Liver’s Extracellular Matrix, Bioeng. Artic., 2022, 9, 9090443.

I. Hultman, C. Vedin, A. Abrahamsson, S. Winiwarter and M. Darnell, Use of HUREL® human
co-culture system for prediction of intrinsic clearance and metabolite formation for slowly
metabolized compounds, Mol. Pharm., 2016, 13, 2796—2807.

L. Ewart, A. Apostolou, S. A. Briggs, C. V Carman, J. T. Chaff, M. Kadam, M. Kanellias, V. J.
Kujala, G. Kulkarni, C. Y. Le, D. V Manatakis, K. K. Maniar, M. E. Quinn, J. S. Ravan, A. Cathe-, J.
F. K. Sauld, J. Sliz, W. Tien-street, D. R. Trinidad and J. Velez, Qualifying a human Liver-Chip for
predictive toxicology : Performance assessment and economic implications, bioRxiv, 2021, 12,
472674.

Q. Ramadan and M. Zourob, Organ-on-a-chip engineering : Toward bridging the gap between
lab and industry, Biomicrofluidics, 2020, 14, 041501.

K. M. Bircsak, R. Debiasio, M. Miedel, A. Alsebahi, R. Reddinger, A. Saleh, T. Shun, L. A.
Vernetti and A. Gough, A 3D microfluidic liver model for high throughput compound toxicity
screening in the OrganoPlate ®, Toxicology, 2021, 450, 152667.

S. C. Mccormick, F. H. Kriel, A. lvask, Z. Tong, E. Lombi, N. H. Voelcker and C. Priest, The Use of
Microfluidics in Cytotoxicity and Nanotoxicity Experiments, micromachines, 2017, 8, 1-18.



32

33

34

35

36

37

38

39

40

41

42

43

44

45

C. Ma, Y. Peng, H. Liand W. Chen, Trends in Pharmacological Sciences Organ-on-a-Chip : A
New Paradigm for Drug Development, Trends Pharmacol. Sci., 2020, 42, 119-133.

S. Kammerer and J. Kiipper, Human hepatocyte systems for in vitro toxicology analysis, J. Cell.
Biotechnol., 2018, 3, 85-93.

M. Seirup, S. Sengupta, S. Swanson, B. E. Mcintosh, M. Collins, L. Chu, Z. Cheng, D. U. Gorkin,
B. Duffin, J. M. Bolin, C. Argus, R. Stewart and J. A. Thomson, Genomics Rapid changes in
chromatin structure during dedifferentiation of primary hepatocyte s in vitro, Genomics,
2022, 114, 110330.

F. Wolfgang, R. Vondran, E. Katenz, R. Schwartlander, M. H. Morgul, N. Raschzok, X. Gong, X.
Cheng, D. Kehr and I. M. Sauer, Isolation of Primary Human Hepatocytes After Partial
Hepatectomy: Criteria for Identification of the Most Promising Liver Specimen, Artif. Organs,
2007, 32, 205-213.

F. Li, L. Cao, S. Parikh and R. Zuo, Three-Dimensional Spheroids With Primary Human Liver
Cells and Differential Roles of Kupffer Cells in Drug-Induced Liver Injury, J. Pharm. Sci., 2020,
109, 1912-1923.

M. Klaas, K. Moll, K. Mdaemets-Allas, M. Loog, M. Jarvekiilg and V. Jaks, Long-term
maintenance of functional primary human hepatocytes in 3D gelatin matrices produced by
solution blow spinning, Sci. Rep., 2021, 11, 1-13.

M. Vinken and V. Rogiers, Protocols in In Vitro Hepatocyte Research Edited, Springer New York
Heidelberg Dordrecht London, 2015, vol. 1250.

R. Negoro, M. Tasaka, S. Deguchi and K. Takayama, Generation of HepG2 Cells with High
Expression of Multiple Drug-Metabolizing Enzymes for Drug Discovery Research Using a PITCh
System, Cells, 2022, 11, 11101677.

X. Guo, J. Seo, D. Petibone, V. Tryndyak, U. Jung, T. Zhou, T. W. Robison and N. Mei,
Performance of HepaRG and HepG2 cells in the high-throughput micronucleus assay for in
vitro genotoxicity assessment ABSTRACT, J. Toxicol. Environ. Heal. Part A, 2020, 83, 702-717.

S. C. Ramaiahgari, M. W. Den Braver, B. Herpers, V. Terpstra, J. N. M. Commandeur, B. Van De
Water and L. S. Price, A 3D in vitro model of differentiated HepG2 cell spheroids with
improved liver-like properties for repeated dose high-throughput toxicity studies, Arch.
Toxicol., 2014, 88, 1083—1095.

H. Jeon, K. Kang, S. A. Park, W. D. Kim, S. S. Paik, S. Lee and J. Jeong, Generation of
Multilayered 3D Structures of HepG2 Cells Using a Bio-printing Technique, Gut Liver, 2017, 11,
121-128.

S. Hong and J. M. Song, A 3D cell printing-fabricated HepG2 liver spheroid model for high-
content in situ quantification of drug-induced liver toxicity, Biomater. Sci., 2021, 9, 5939—
5950.

T. Billiet, The 3D printing of gelatin methacrylamide cell-laden tissue-engineered constructs
with high cell viability, Biomaterials, 2014, 35, 49-62.

L. J. Nelson, K. Morgan, P. Treskes, K. Samuel, C. J. Henderson, C. Lebled, N. Homer, M. H.
Grant, P. C. Hayes and J. N. Plevris, Human Hepatic HepaRG Cells Maintain an Organotypic
Phenotype with High Intrinsic CYP450 Activity / Metabolism and Significantly Outperform
Standard HepG2 / C3A Cells for Pharmaceutical and Therapeutic Applications, Basic Clin.
Pharmacol. Toxicol., 2017, 120, 30-37.



46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

H. H. J. Gerets, Characterization of primary human hepatocytes, HepG2 cells , and HepaRG
cells at the mRNA level and CYP activity in response to inducers and their predictivity for the
detection of human hepatotoxins, Cell Biol Toxicol, 2012, 28, 69-87.

T. Lorincz, V. Deak, K. Makk-merczel and D. Varga, The Performance of HepG2 and HepaRG
Systems through the Glass of Acetaminophen-Induced Toxicity, Life, 2021, 11, 11080856.

Y. Ni and S. Urban, Hepatitis B Virus Infection of HepaRG Cells, HepaRG-hNTCP Cells, and
Primary Human Hepatocytes, 2017, vol. 1540.

S. Rose, M. Cuvellier, F. Ezan, J. Carteret, A. Bruyére, V. Legagneux, F. Nesslany, G. Baffet and
S. Langouét, DMSO-free highly differentiated HepaRG spheroids for chronic toxicity, liver
functions and genotoxicity studies, Arch. Toxicol., 2022, 96, 243—-258.

N. J. Martucci, K. Morgan, G. W. Anderson, P. C. Hayes, J. N. Plevris, L. J. Nelson and P. O.
Bagnaninchi, Nondestructive Optical Toxicity Assays of 3D Liver Spheroids with Optical
Coherence Tomography, Adv. Biosyst., 2018, 1700212.

R. Fiorotto, M. Amenduni, V. Mariotti, L. Fabris, C. Spirli and M. Strazzabosco, Liver diseases in
the dish : iPSC and organoids as a new approach to modeling liver diseases, BBA - Mol. Basis
Dis., 2019, 1865, 920-928.

C. Olgasi and A. Cucci, iPSC-Derived Liver Organoids : A Journey from Drug Screening, to
Disease Modeling , Arriving to Regenerative Medicine, Int. J. Mol. Sci., 2020, 21, 21176215.

T. Fukuda, K. Takayama, M. Hirata, Y. Liu and K. Yanagihara, Isolation and expansion of human
pluripotent stem cell-derived hepatic progenitor cells by growth factor defined serum-free
culture conditions, Exp. Cell Res., 2017, 352, 333—-345.

M. Huch, H. Gehart, R. Van Boxtel, K. Hamer, F. Blokzijl, M. M. A. Verstegen, E. Ellis, M. Van
Wenum, S. A. Fuchs, J. De Ligt, M. Van De Wetering, N. Sasaki, S. J. Boers, H. Kemperman, J.
De Jonge, J. N. M. ljzermans, E. E. S. Nieuwenhuis, R. Hoekstra, S. Strom, R. R. G. Vries, L. J. W.
Van Der Laan, E. Cuppen and H. Clevers, Long-term culture of genome-stable bipotent stem
cells from adult human liver, Cell, 2015, 160, 299-312.

C. ). Zhang, S. R. Meyer, M. J. O’Meara, S. Huang, M. M. Capeling, D. Ferrer-Torres, C. J. Childs,
J. R. Spencer, R. J. Fontana and J. Z. Sexton, A Human Liver Organoid Screening Platform for
DILI Risk Prediction, bioRxiv, 2022, 8, 457824.

S.S. Ng, K. Saeb-Parsy, S. J. I. Blackford, J. M. Segal, M. P. Serra, M. Horcas-Lopez, D. Y. No, S.
Mastoridis, W. Jassem, C. W. Frank, N. J. Cho, H. Nakauchi, J. S. Glenn and S. T. Rashid, Human
iPS derived progenitors bioengineered into liver organoids using an inverted colloidal crystal
poly (ethylene glycol) scaffold, Biomaterials, 2018, 182, 299-311.

R. N. Id, K. Renggli, A. Hierlemann, A. B. Roth and C. Bertinetti-lapatki, Characterization of a
long-term mouse primary liver 3D tissue model recapitulating innate-immune responses and
drug-induced liver toxicity, PLoS One, 2020, 15, 1-22.

M. Charni-natan and |. Goldstein, Protocol for Primary Mouse Hepatocyte Isolation Protocol
for Primary Mouse Hepatocyte Isolation, STAR Protoc., 2020, 1, 100086.

J. A. Kyffin, P. Sharma, J. Leedale, H. E. Colley, C. Murdoch, A. L. Harding, P. Mistry and S. D.
Webb, Characterisation of a functional rat hepatocyte spheroid model, Toxicol. Vitr., 2019, 55,
160-172.

M. Nautiyal, R. J. Qasem, J. K. Fallon, K. K. Wolf, J. Liu, D. Dixon, P. C. Smith, M. Mosedale, U.
N. C. Eshelman, N. Carolina, C. Hill and U. States, Toxicology in Vitro Characterization of



61

62

63

64

65

66

67

68

69

70

71

72

73

74

primary mouse hepatocyte spheroids as a model system to support investigations of drug-
induced liver injury, Toxicol. Vitr., 2021, 70, 105010.

A. Lo Nigro, A. Gallo, M. Bulati and G. Vitale, Amnion-Derived Mesenchymal Stromal / Stem
Cell Paracrine Signals Potentiate Human Liver Organoid Differentiation : Translational
Implications for Liver Regeneration, 2021, 8, 1-11.

P. M. Baptista and B. Spee, Large-Scale Production of LGR5-Positive Bipotential Human Liver
Stem Cells, 2020, 72, 257-270.

B. Gridelli, G. Vizzini, G. Pietrosi, A. Luca, M. Spada, S. Gruttadauria, D. Cintorino, G. Amico, C.
Chinnici, T. Miki, E. Schmelzer, P. G. Conaldi and F. Triolo, Efficient Human Fetal Liver Cell
Isolation Protocol Based on Vascular Perfusion for Liver Cell — Based Therapy and Case Report
on Cell Transplantation, Liver Transplant., 2012, 18, 226—-237.

P. N. Bernal, M. Bouwmeester, J. Madrid-Wolff, M. Falandt, S. Florczak, N. G. Rodriguez, Y. Li,
G. GroRbacher, R. A. Samsom, M. van Wolferen, L. J. W. van der Laan, P. Delrot, D. Loterie, J.
Malda, C. Moser, B. Spee and R. Levato, Volumetric Bioprinting of Organoids and Optically
Tuned Hydrogels to Build Liver-Like Metabolic Biofactories, Adv. Mater., 2022, 34, 2110054.

A. Messina, E. Luce, M. Hussein and A. Dubart-Kupperschmitt, Pluripotent-Stem-Cell-Derived
Hepatic Cells : and Regeneration, Cells, 2020, 9, 9020420.

P. Godoy, N. J. Heiwitt, U. Albrecht, M. E. Andersen, N. Ansari and S. Bhattacharya, Recent
advances in 2D and 3D in vitro systems using primary hepatocytes, alternative hepatocyte
sources and non-parenchymal liver cells and their use in investigating mechanisms of
hepatotoxicity, cell signaling and ADME, Arch. Toxicol., 2013, 87, 1315-1530.

E. Luce, A. Messina and J.-C. D.- Vallée, Advanced Techniques and Awaited Clinical
Applications for Human Pluripotent Stem Cell Differentiation into Hepatocytes, Hepatology,
2021, 74, 1101-1116.

D. Eon, M. Jang, Y. Ran, J. Lee, E. Byul, E. Kim, Y. Kim, M. Young, W. Jeong, S. Kim and Y. Han,
Prediction of drug-induced immune-mediated hepatotoxicity using hepatocyte-like cells
derived from human embryonic stem cells, Toxicology, 2017, 387, 1-9.

C. Jung, K. Chung and J. Son, Generation of expandable human pluripotent stem cell-derived
hepatocyte-like liver organoids, J. Hepatol., 2019, 71, 970-985.

D. Szkolnicka, S. L. Farnworth, B. Lucendo-Villarin, C. Storck, W. Zhou, J. P. Iredaele, O. Flint
and D. C. Hay, Accurate Prediction of Drug-Induced Liver Injury Using Stem Cell-Derived
Population, stem cells Int. Med., 2014, 3, 141-148.

H. Yang, T. Park, D. Park and M. Kang, Toxicology in Vitro Trovafloxacin drives inflammation-
associated drug-induced adverse hepatic reaction by changing macrophage polarization,
Toxicol. Vitr., 2022, 82, 105374.

A. Biswas, S. Santra, D. Bishnu, G. K. Dhali, A. Chowdhury and A. Santra, Isoniazid and
Rifampicin Produce Hepatic Fibrosis through an Oxidative Stress-Dependent Mechanism, Int.
J. Hepatol., 2020, 6987295.

X. Cai, J. Wang, J. Wang, Q. Zhou, B. Yang, Q. He and Q. Weng, Intercellular crosstalk of
hepatic stellate cells in liver fi brosis : New insights into therapy, Pharmacol. Res., 2020, 155,
104720.

X.Yang, X. Xu, Y. Zhang, W. Wen and X. Gao, 3D Microstructure Inhibits Mesenchymal Stem
Cells Homing to the Site of Liver Cancer Cells on a Microchip, Genes (Basel)., 2017, 8,



75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

8090218.

B. R. Ware and S. R. Khetani, Engineered Liver Platforms for Different Phases of Drug
Development, Trends Biotechnol., 2017, 35, 172-183.

E. Zahmatkesh, A. Othman, B. Braun, R. Aspera, M. RuoR and A. Piryaei, In vitro modeling of
liver fibrosis in 3D microtissues using scalable micropatterning system, Arch. Toxicol., 2022,
96, 1799-1813.

T. Xia, R. Zhao, F. Feng and L. Yang, The Effect of Matrix Stiffness on Human Hepatocyte
Migration and Function—An In Vitro Research, Polymers (Basel)., 2020, 12, 2—-15.

A. Panwar, P. Das and L. P. Tan, 3D Hepatic Organoid-Based Advancements in LIVER Tissue
Engineering, Bioengineering, 2021, 8, 8110185.

Y. Zhang, L. Liu, N. Li, Y. Wang and X. Yue, 3D scaffold fabricated with composite material for
cell culture and its derived platform for safety evaluation of drugs, Toxicology, 2022, 466,
153066.

S. C. Ramaiahgari, S. Waidyanatha, D. Dixon, M. J. DeVito, R. S. Paules and S. S. Ferguson,
Three-dimensional (3D) HepaRG spheroid model with physiologically relevant xenobiotic
metabolism competence and hepatocyte functionality for liver toxicity screening, Toxicol. Sci.,
2017, 159, 124-136.

A. Baze, C. Parmentier, D. F. G. Hendriks, T. Hurell, B. Heyd, P. Bachelier, C. Schuster, M.
Ingelman-Sundberg and L. Richter, Three-Dimensional Spheroid Primary Human Hepatocytes
in Monoculture and Coculture with Nonparenchymal Cells, Tissue Eng. - Part C, 2018, 24, 534—
545,

S. Lasli, H. Kim, K. Lee, C. E. Suurmond, M. Goudie, P. Bandaru, W. Sun, S. Zhang, N. Zhang, S.
Ahadian, M. R. Dokmeci, J. Lee and A. Khademhosseini, A Human Liver-on-a-Chip Platform for
Modeling Nonalcoholic Fatty Liver Disease, Adv. Biosyst., 2019, 1-12.

L. S. Baptista, G. S. Kronemberger, C. Isis, R. Akemi, M. Matsui and T. N. Palhares, Adult Stem
Cells Spheroids to Optimize Cell Colonization in Scaffolds for Cartilage and Bone Tissue
Engineering, Int. J. Mol. Sci., 2018, 19, 1-14.

T.-C. Tang, E. Yham, X. Liu, K. Yehl, A. J. Rovner, H. Yuk, C. De Fuente-nunez, F. J. Isaacs and X.
Zhao, Hydrogel-based biocontainment of bacteria for continuous sensing and computation,
Nat. Chem. Biol., 2021, 17, 724-731.

V. Natarajan, Y. Moeun and S. Kidambi, Exploring Interactions between Primary Hepatocytes
and Non-Parenchymal Cells on Physiological and Pathological Liver Stiffness, Biology (Basel).,
2021, 10, 10050408.

G. Zhao, J. Cui, Q. Qin, J. Zhang, L. Liu, S. Deng, C. Wu, M. Yang, S. Li and C. Wang, Mechanical
stiffness of liver tissues in relation to integrin B1 expression may influence the development
of hepatic cirrhosis and hepatocellular carcinoma, J. Surg. Oncol., 2010, 102, 482—-489.

A. Ravichandran, B. Murekatete and D. Moedder, Photocrosslinkable liver extracellular matrix
hydrogels for the generation of 3D liver microenvironment models, Sci. Rep., 2021, 11, 15566.

C. E. McQuitty, R. Williams, S. Chokshi and L. Urbani, Inmunomodulatory Role of the
Extracellular Matrix Within the Liver Disease Microenvironment, Front. Immunol., 2020, 11, 1-
33.

J. Zhu, Design properties of hydrogel tissue-engineering scaffolds, Expert Rev.Med.Devices,
2011, 8, 607-626.



90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

H. Lee, W. Han, H. Kim, D. H. Ha, J. Jang, B. S. Kim and D. W. Cho, Development of Liver
Decellularized Extracellular Matrix Bioink for Three-Dimensional Cell Printing-Based Liver
Tissue Engineering, Biomacromolecules, 2017, 18, 1229-1237.

M. Hoque, T. Nuge, T. Yeow, N. Nordin and R. Prasad, Gelatin Based Scaffolds for Tissue
Engineering-a Review, Polym. Res. J., 2015, 9, 15.

R. Curvello, D. Alves, H. E. Abud and G. Garnier, Materials Science & Engineering C A thermo-
responsive collagen-nanocellulose hydrogel for the growth of intestinal organoids, Mater. Sci.
Eng. C, 2021, 124, 112051.

M. Li, M. J. Mondrinos, X. Chen, M. R. Gandhi, F. K. Ko and P. I. Lelkes, Elastin Blends for Tissue
Engineering Scaffolds, J. Biomed. Mater. Res. Part A, 2006, 79, 963—73.

A. K. Lynn, I. V. Yannas and W. Bonfield, Antigenicity and immunogenicity of collagen, J.
Biomed. Mater. Res. - Part B Appl. Biomater., 2004, 71, 343—-354.

S. Chatterjee and P. C. Hui, Review of Applications and Future Prospects of Stimuli-Responsive
Hydrogel Based on Thermo-Responsive Biopolymers in Drug Delivery Systems, Polymers
(Basel)., 2021, 13, 13132086.

R. Raman, V. Sasisekharan and R. Sasisekharan, Structural Insights into biological roles of
protein-glycosaminoglycan interactions, Chem. Biol., 2005, 12, 267-277.

A. M. Gressner, N. Krull and M. G. Bachem, Regulation of Proteoglycan Expression in Fibrotic
Liver and Cultured Fat-Storing Cells, Pathol. Res. Pract., 1994, 190, 864—882.

Y. Du, R. Han, F. Wen, S. Ng San San, L. Xia, T. Wohland, H. L. Leo and H. Yu, Synthetic
sandwich culture of 3D hepatocyte monolayer, Biomaterials, 2008, 29, 290-301.

M. Orsini, S. Sperber, F. Noor, E. Hoffmann, S. N. Weber, R. A. Hall, F. Lammert and E. Heinzle,
Proteomic Characterization of Primary Mouse Hepatocytes in Collagen Monolayer and
Sandwich Culture, J. Cell. Biochem., 2018, 119, 447-454.

C. C. Bell, A. C. A. Dankers, V. M. Lauschke, R. Sison-Young, R. Jenkins, C. Rowe, C. E. Goldring,
K. Park, S. L. Regan, T. Walker, C. Schofield, A. Baze, A. J. Foster, D. P. Williams, A. W. M. van
de Ven, F. Jacobs, J. van Houdt, T. Lahteenmaki, J. Snoeys, S. Juhila, L. Richert and M.
Ingelman-Sundberg, Comparison of hepatic 2D sandwich cultures and 3d spheroids for long-
term toxicity applications: A multicenter study, Toxicol. Sci., 2018, 162, 655—666.

I. M. El-sherbiny and M. H. Yacoub, Review article Hydrogel scaffolds for tissue engineering :
Progress and challenges, Glob. Cardiol. Sci. Pract., 2013, 38, 317-342.

S. Pina, V. P. Ribeiro, C. F. Marques, F. R. Maia, T. H. Silva, R. L. Reis and J. M. Oliveira,
Regenerative Medicine Applications, Materials (Basel)., 2019, 12, 1824.

X. Niu, M. Lin and B. H. Lee, An Engineered Protein-Based Building Block ( Aloumin
Methacryloyl ) for Fabrication of a 3D In Vitro Cryogel Model, Gels, 2022, 8, 8070404.

A. Mohammadpour, S. Arjmand, A. Sahebghadam, H. Tavana and M. Kabir-salmani,
Biochemical and Biophysical Research Communications Promoting hepatogenic
differentiation of human mesenchymal stem cells using a novel laminin-containing gelatin
cryogel scaffold, Biochem. Biophys. Res. Commun., 2018, 507, 15-21.

M. Watanabe, K. Yano, K. Okawa, T. Yamashita, K. Tajima, K. Sawada, H. Yagi, Y. Kitagawa, K.
Tanishita and R. Sudo, Construction of sinusoid-scale microvessels in perfusion culture of a
decellularized liver, Acta Biomater., 2019, 95, 307-318.



106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

D. Meng, X. Lei, Y. Liand Y. Kong, Three dimensional polyvinyl alcohol scaffolds modified with
collagen for HepG2 cell culture, J. Biomater. Appl., 2020, 35, 459-470.

A. Collin de I'Hortet, K. Takeishi, J. Guzman-Lepe, K. Morita, A. Achreja, B. Popovic, Y. Wang, K.
Handa, A. Mittal, N. Meurs, Z. Zhu, F. Weinberg, M. Salomon, I. J. Fox, C. X. Deng, D. Nagrath
and A. Soto-Gutierrez, Generation of Human Fatty Livers Using Custom-Engineered Induced
Pluripotent Stem Cells with Modifiable SIRT1 Metabolism, Cell Metab., 2019, 30, 385-401.e9.

L. Sassi, O. Ajayi, S. Campinoti, D. Natarajan, C. McQuitty, R. R. Siena, S. Mantero, P. De Coppi,
A. F. Pellegata, S. Chokshi and L. Urbani, A perfusion bioreactor for longitudinal monitoring of
bioengineered liver constructs, Nanomaterials, 2021, 11, 1-18.

G. Mazza, K. Rombouts, A. Rennie Hall, L. Urbani, T. Vinh Luong, W. Al-Akkad, L. Longato, D.
Brown, P. Maghsoudlou, A. P. Dhillon, B. Fuller, B. Davidson, K. Moore, D. Dhar, P. De Coppi,
M. Malago and M. Pinzani, Decellularized human liver as a natural 3D-scaffold for liver
bioengineering and transplantation, Sci. Rep., 2015, 5, 1-15.

K. Mizoi, M. Hosono, H. Kojima and T. Ogihara, Drug Metabolism and Pharmacokinetics
Establishment of a primary human hepatocyte spheroid system for evaluating metabolic
toxicity using dacarbazine under conditions of CYP1A2 induction, Drug Metab.
Pharmacokinet., 2020, 35, 201-206.

H. Mohamed, M. Ahmed, S. Salerno, A. Piscioneri, S. Khakpour, L. Giorno and L. De Bartolo,
Colloids and Surfaces B : Biointerfaces Human liver microtissue spheroids in hollow fiber
membrane bioreactor, Colloids Surfaces B Biointerfaces, 2017, 160, 272-280.

L. Tolosa, N. Jiménez, M. Pelecha, J. V Castell, M. José, G. Lechdon and M. T. Donato, Long-term
and mechanistic evaluation of drug-induced liver injury in Upcyte human hepatocytes, Arch.
Toxicol., 2019, 93, 519-532.

D. Rajendran, A. Hussain, D. Yip, A. Parekh, A. Shrirao and C. H. Cho, Long-term liver-specific
functions of hepatocytes in electrospun chitosan nanofiber scaffolds coated with fibronectin,
J. Biomed. Mater. Res. - Part A, 2017, 105, 2119-2128.

P. H. Hayashi and E. S. Bjornsson, Long-Term Outcomes After Drug-Induced Liver Injury, Curr.
Hepatol. Reports, 2018, 17, 292-299.

M. Nikolic, T. Sustersic and N. Filipovic, In vitro models and on-chip systems: Biomaterial
interaction studies with tissues generated using lung epithelial and liver metabolic cell lines,
Front. Bioeng. Biotechnol., 2018, 6, 1-13.

J. Lee, B. Choi, D. Y. No, G. Lee, S. R. Lee, H. Oh and S. H. Lee, A 3D alcoholic liver disease
model on a chip, Integr. Biol. (United Kingdom), 2016, 8, 302—308.

L. Prodanov, R. Jindal, S. S. Bale, M. Hegde, W. J. Mccarty, |. Golberg, A. Bhushan, M. L.
Yarmush and O. B. Usta, Long-term maintenance of a microfluidic 3D human liver sinusoid,
Biotechnol. Bioeng., 2016, 113, 241-246.

L. A. van Grunsven, 3D in vitro models of liver fibrosis, Adv. Drug Deliv. Rev., 2017, 121, 133—
146.

D. W. Meyer, L. B. Bou, S. Shum, M. Jonas, M. E. Anderson, J. Z. Hamilton, J. H. Hunter, S. W.
Wo, A. O. Wong, N. M. Okeley and R. P. Lyon, An in Vitro Assay Using Cultured Kupffer Cells
Can Predict the Impact of Drug Conjugation on in Vivo Antibody Pharmacokinetics, Mol.
Pharm., 2020, 17, 802—-809.

V. Hosseini, N. F. Maroufi, S. Saghati, N. Asadi, M. Darabi, S. N. S. Ahmad, H. Hosseinkhani and



121

122

123

124

125

126

127

128

129

130

131

132

133
134

135

136

137

138

R. Rahbarghazi, Current progress in hepatic tissue regeneration by tissue engineering, J.
Transl. Med., 2019, 17, 1-24.

T. Agarwal, B. Subramanian and T. K. Maiti, Liver Tissue Engineering : Challenges and
Opportunities, Biomater. Sci. Eng., 2019, 5, 4167-4182.

E. L. Lecluyse, L. Health and U. States, Liver-Structure and Microanatomy, Ref. Modul. Biomed.
Sci., 2018, 1-18.

C. Kordes, H. H. Bock, D. Reichert, P. May and D. Haussinger, Hepatic stellate cells : current
state and open questions, 2021, 402, 1021-1032.

L. M. Norona, D. G. Nguyen, D. A. Gerber, S. C. Presnell, E. L. Lecluyse, C. Toxicology, N.
Carolina, C. Hill and N. Carolina, Modeling Compound-Induced Fibrogenesis In Vitro Using
Three-Dimensional Bioprinted Human Liver Tissues, 2016, 154, 354—367.

Y. Du, N. Li and M. Long, Liver sinusoid on a chip, Methods Cell Biol., 2018, 146, 105—-134.

A. T. Nguyen-Lefebvre and A. Horuzsko, Kupffer Cell Metabolism and Function, Physiol.
Behav., 2017, 176, 139-148.

K. Nakatani, K. Kaneda, S. Seki and Y. Nakajima, Pit cells as liver-associated natural killer cells:
Morphology and function, Med. Electron Microsc., 2004, 37, 29-36.

J. Mikulak, E. Bruni, F. Oriolo, C. Di Vito and D. Mavilio, Hepatic Natural Killer Cells : Organ-
Specific Sentinels of Liver Immune Homeostasis and Physiopathology, 2019, 10, 1-12.

N. Jalan-Sakrikar, T. Brevini, R. C. Huebert and F. Sampaziotis, Organoids and regenerative
hepatology, Hepatology, 2022, 1-18.

J. A. Burdick and R. L. Mauck, Biomaterial for tissue engineering applications, Springer, Wien,
2011.

R. Panday, C. P. Monckton and S. R. Khetani, The Role of Liver Zonation in Physiology ,
Regeneration , and Disease, Semin Liver Dis, 2022, 42, 1-16.

T. Kietzmann, Metabolic zonation of the liver : The oxygen gradient revisited, Redox Biol.,
2017, 11, 622-630.

S. Ko and S. P. Monga, Hepatic zonation now on hormones, Hepatology, 2020, 69, 1339-1342.

T. Katsuda, K. Hosaka, J. Matsuzaki, W. Usuba, M. Prieto-Vila, T. Yamaguchi, A. Tsuchiya, S.
Terai and T. Ochiya, Transcriptomic Dissection of Hepatocyte Heterogeneity: Linking Ploidy,
Zonation, and Stem/Progenitor Cell Characteristics, Cell. Mol. Gastroenterol. Hepatol., 2020,
9,161-183.

S. Ben-moshe and S. ltzkovitz, Spatial heterogeneity in the mammalian liver, Nat. Rev.
Gastroenterol. Hepatol., 2019, 16, 395—-410.

K. Meyer, O. Ostrenko, G. Bourantas, K. Meyer, O. Ostrenko, G. Bourantas, H. Morales-
navarrete and N. Porat-shliom, Article A Predictive 3D Multi-Scale Model of Biliary Fluid
Dynamics in the Liver Lobule Article A Predictive 3D Multi-Scale Model of Biliary Fluid
Dynamics in the Liver Lobule, Cell Syst., 2017, 4, 277-290.e9.

K. Jungermann and T. Kietzmann, Zonation of parenchymal and nonparenchymal metabolism
in liver, Annu. Rev. Nutr., 1996, 16, 179-203.

R. Gebhardt, Metabolic zonation of the liver: Regulation and implications for liver function,
1992, 53, 275-354.



139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

M. L. Shuler and C. Toh, A guide to the organ-on-a-chip, Nat Rev Methods Prim., 2022, 2, 1-
29.

C. Girish and S. Sanjay, Role of immune dysfunction in drug induced liver injury, World J.
Hepatol., 2021, 13, 1677-1687.

S.S. Bale, S. Geerts, R. Jindal and M. L. Yarmush, Isolation and co-culture of rat parenchymal
and non-parenchymal liver cells to evaluate cellular interactions and response, Sci. Rep., 2016,
6, 1-10.

F. Li, L. Cao, S. Parikh and R. Zuo, Three-Dimensional Spheroids With Primary Human Liver
Cells and Differential Roles of Kupffer Cells in Drug-Induced Liver Injury, J. Pharm. Sci., 2020,
109, 1912-1923.

A. Baze, D. F. G. Hendriks, T. Hurrell, B. Heyd, P. Bachellier, C. Schuster and M. Ingelman-
sundberg, 3D-spheroid primary human hepatocytes in mono- and co-culture with non-
parenchymal cells, 2020, 1-38.

N. Aizarani, A. Saviano, L. Mailly, S. Durand, S. Josip, P. Pessaux, T. F. Baumert and D. Griin,
Europe PMC Funders Group Europe PMC Funders Author Manuscripts A Human Liver Cell
Atlas reveals Heterogeneity and Epithelial Progenitors, 2020, 572, 199-204.

D. G. Nguyen, J. Funk, J. B. Robbins and C. Crogan-grundy, Bioprinted 3D Primary Liver Tissues
Allow Assessment of Organ-Level Response to Clinical Drug Induced Toxicity In Vitro, PLoS
One, 2016, 11, 1-17.

M. Jang, P. Neuzil, T. Volk and A. Manz, On-chip three-dimensional cell culture in phaseguides
improves hepatocyte functions in vitro, Biomicrofluidics, 2015, 9, 1-12.

Y. Nahmias, R. E. Schwartz, W. S. Hu, C. M. Verfaillie and D. J. Odde, Endothelium-mediated
hepatocyte recruitment in the establishment of liver-like tissue in vitro, Tissue Eng., 2006, 12,
1627-1638.

Y. B. A. Kang, S. Rawat, J. Cirillo, M. Bouchard and H. M. Noh, Layered long-term co-culture of
hepatocytes and endothelial cells on a transwell membrane : toward engineering the liver
sinusoid, Biofabrication, 2013, 5, 1-12.

Y. Lu, J. Ma and G. Lin, Development of a two-layer transwell co-culture model for the in vitro
investigation of pyrrolizidine alkaloid-induced hepatic sinusoidal damage, Food Chem.
Toxicol., 2019, 129, 391-398.

T. Tian, Y. Ho, C. Chen, H. Sun, J. Hui, P. Yang, Y. Ge, T. Liu, J. Yang and H. Mao, A 3D bio-
printed spheroids based perfusion in vitro liver on chip for drug toxicity assays, Chinese Chem.
Lett., 2022, 33,3167-3171.

Y. B. A. Kang, S. Rawat, N. Duchemin, M. Bouchard and M. Noh, Human Liver Sinusoid on a
Chip for Hepatitis B Virus Replication Study, micromachines Artic., 2017, 8, 1-13.

K. Rennert, S. Steinborn, M. Groger, B. Ungerbock, A. M. Jank, J. Ehgartner, S. Nietzsche, J.
Dinger, M. Kiehntopf, H. Funke, F. T. Peters, A. Lupp, C. Gartner, T. Mayr, M. Bauer, O. Huber
and A. S. Mosig, A microfluidically perfused three dimensional human liver model,
Biomaterials, 2015, 71, 119-131.

C. De Maria, G. M. Fortunato, |. Chiesa and G. Vozzi, Bioprinting Microfabricated and
multilayered PLGA structure for the development of co-cultured in vitro liver models,
Bioprinting, 2020, 18, 1-7.

H. Mohamed, M. Ahmed, S. Salerno, S. Morelli and L. Giorno, 3D liver membrane system by



155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

co-culturing human hepatocytes, sinusoidal endothelial and stellate cells, Biofabrication,
2017, 9, 1-10.

K. Jang, M. A. Otieno, J. Ronxhi, H. Lim, L. Ewart, K. R. Kodella, D. B. Petropolis, G. Kulkarni, J.
E. Rubins, D. Conegliano, J. Nawroth, D. Simic, W. Lam, M. Singer, E. Barale, B. Singh, M.
Sonee, A. J. Streeter, C. Manthey, B. Jones, A. Srivastava, L. C. Andersson, D. Williams, H. Park,
R. Barrile, J. Sliz, A. Herland, S. Haney, K. Karalis, D. E. Ingber and G. A. Hamilton, Reproducing
human and cross-species drug toxicities using a Liver-Chip, Sci. Transl. Med., 2019, 11, 1-12.

X. llla, S. Vila, J. Yeste, C. Peralta, J. Gracia-sancho and R. Villa, A Novel Modular Bioreactor to
In Vitro Study the Hepatic Sinusoid, PLoS One, 2014, 9, 1-5.

M. O. Ribera, J. Bosch, A. F. Iglesias, X. llla, A. Moya, R. M. Diaz, C. Fondevila, C. Peralta and J.
G. Sancho, Resemblance of the human liver sinusoid in a fluidic device with biomedical and
pharmaceutical applications, Biotechnol. Bioeng., 2018, 115, 2585-2594.

S. Woo, L. Da, J. Jung and G. Seok, Gaining New Biological and Therapeutic Applications into
the Liver with 3D In Vitro Liver Models, Tissue Eng. Regen. Med., 2020, 17, 731-745.

C. Kryou, V. Leva and M. Chatzipetrou, Bioprinting for Liver Transplantation, Bioengineering,
2019, 6, 6040095.

S.S. Ng, A. Xiong, K. Nguyen, M. Masek, D. Y. No, M. Elazar, E. Shteyer, M. A. Winters, A.
Voedisch, K. Shaw, S. T. Rashid, C. W. Frank, N. J. Cho and J. S. Glenn, Long-term culture of
human liver tissue with advanced hepatic functions, 2017, 2, 1-11.

L. Zhao, E. Zhou, J. Xu, S. Shen and J. Wang, On-Chip Construction of Liver Lobule-like
Microtissue and Its Application for Adverse Drug Reaction Assay, Anal. Chem., 2016, 88, 1719—
1727.

T. Hun, Y. Liu, Y. Guo, Y. Sun, Y. Fan and W. Wang, A micropore array-based solid lift-off
method for highly efficient and controllable cell alignment and spreading, Microsystems
Nanoeng., 2020, 6, 1-13.

E. D’Arcangelo and A. P. McGuigan, Micropatterning strategies to engineer controlled cell and
tissue architecture in vitro, Biotechniques, 2015, 58, 13-23.

J. L. Watson, S. Aich, A. A. Drabek, S. C. Blacklow, J. Chin and E. Derivery, High-efficacy
subcellular micropatterning of proteins using fibrinogen anchors, J. Cell Biol., 2021, 220,
202009063.

Y. Xia, G. Cedillo-Servin, R. D. Kamien and S. Yang, Guided Folding of Nematic Liquid Crystal
Elastomer Sheets into 3D via Patterned 1D Microchannels, Adv. Mater., 2016, 28, 9637-9643.

G. Liang, H. Yin, J. A. Id and F. D. Id, patterning achieves high effective-throughput of time-
lapse microscopy experiments, 2022, 1-14.

Y. Seo, S. Kim, H. Soo, J. Park, K. Lee, I. Jun, H. Seo, Y. Jin, Y. Yoo, B. Chan, H. Seok, Y. Kim, M.
0Ok, J. Choi and C. Joo, Acta Biomaterialia Femtosecond laser induced nano-textured
micropatterning to regulate cell functions on implanted biomaterials, Acta Biomater., 2020,
116, 138-148.

J. A. Park, S. Yoon, J. Kwon, H. Now, Y. K. Kim, W. J. Kim, J. Y. Yoo and S. Jung, Freeform
micropatterning of living cells into cell culture medium using direct inkjet printing, Sci. Rep.,
2017,7, 1-11.

Y. S. Zinchenko, R. N. Coger and N. Carolina, Technical Note Engineering micropatterned
surfaces for the coculture of hepatocytes and Kupffer cells, J Biomed Mater Res A, 2005, 75,



170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

242-248.

J. R. Morgan and M. L. Yarmush, Tissue Engineering Methods and Protocols., Humana Press,
Totowa, New Jersey, 1999, vol. 195.

S. N. Bhatia, U. J. Balis, M. L. Yarmush and M. Toner, Microfabrication of Hepatocyte /
Fibroblast Co-cultures : Role of Homotypic Cell Interactions, Biotechnol. Prog., 1998, 14, 378—
387.

J.Y. Lee, C. Jones, M. A. Zern and A. Revzin, Analysis of Local Tissue-Specific Gene Expression
in Cellular Micropatterns, Anal. Chem., 2006, 78, 9855—9862.

A. Revzin, P. Rajagopalan, A. W. Tilles, M. L. Yarmush and M. Toner, Designing a
Hepatocellular Microenvironment with Protein Microarraying and Poly ( ethylene glycol )
Photolithography, Langmuir, 2004, 20, 2999-3005.

C. Lin and S. R. Khetani, Micropatterned co-cultures of human hepatocytes and stromal cells
for the assessment of drug clearance and drug-drug interactions, Curr. Protoc. Toxicol., 2017,
72, 1-23.

X. Ma, X. Qu, W. Zhu, Y. Li, S. Yuan, H. Zhang, J. Liu and P. Wang, Deterministically patterned
biomimetic human iPSC- derived hepatic model via rapid 3D bioprinting, pnas, 2016, 113, 3-8.

Y. S. Zinchenko, D. Ph, L. W. Schrum, D. Ph, M. Clemens, D. Ph, R. N. Coger and D. Ph,
Hepatocyte and Kupffer Cells Co-cultured on Micropatterned Surfaces to Optimize
Hepatocyte Function, Tissue Eng., 2006, 12, 751-761.

S. March, V. Ramanan, K. Trehan, S. Ng, A. Galstian, N. Gural, M. A. Scull, A. Shlomai, M. M.
Mota, H. E. Fleming, S. R. Khetani, C. M. Rice and S. N. Bhatia, Micropatterned coculture of
primary human hepatocytes and supportive cells for the study of hepatotropic pathogens,
Nat. Protoc., 2015, 10, 2027-2053.

B. R. Ware, M. J. Durham, C. P. Monckton and S. R. Khetani, A Cell Culture Platform to
Maintain Long-term Phenotype, Cell. Mol. Gastroenterol. Hepatol., 2017, 5, 187-207.

E. Ferrari, G. S. Ugolini, C. Piutti, S. Marzorati and M. Rasponi, Plasma-enhanced protein
patterning in a microfluidic compartmentalized platform for multi- organs-on-chip : a liver-
tumor model Plasma-enhanced protein patterning in a microfluidic compartmentalized
platform for multi-organs-on-chip : a liver-tumor model, Biomed. Mater., 2021, 16, 045032.

J. W. Allen, S. R. Khetani and S. N. Bhatia, In Vitro Zonation and Toxicity in a Hepatocyte
Bioreactor, Toxicol. Sci., 2005, 84, 110-119.

F. Tonon, G. G. Giobbe, A. Zambon, C. Luni, O. Gagliano, A. Floreani, G. Grassi and N.
Elvassore, In vitro metabolic zonation through oxygen gradient on a chip, Sci. Rep., 2019, 9, 1-
10.

Y. Weng, S. Chang, M. Shih and S. Tseng, Scaffold-Free Liver-On-A-Chip with Multiscale
Organotypic Cultures, Adv. Mater., 2017, 29, 1701545.

L. Tomlinson, L. Hyndman, J. W. Firman, R. Bentley, J. A. Kyffin, S. D. Webb, S. Mcginty and P.
Sharma, In vitro Liver Zonation of Primary Rat Hepatocytes, Front. Bioeng. Biotechnol., 2019,
7, 1-8.

Y. Bok, A. Kang, J. Eo, S. Mert, M. L. Yarmush and O. B. Usta, Metabolic Patterning on a Chip :
Towards in vitro Liver Zonation of Primary Rat and Human Hepatocytes, Sci. Rep., 2018, 8, 1-
13.



185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

M. Ali and S. L. Payne, Biomaterial-based cell delivery strategies to promote liver
regeneration, Biomater. Res., 2021, 25, 1-21.

W. J. Mccarty, O. B. Usta and M. L. Yarmush, A Microfabricated Platform for Generating
Physiologically- Relevant Hepatocyte Zonation, Sci. Rep., 2016, 6, 1-10.

J. Ahn, J. Ahn, S. Yoon, Y. S. Nam, M. Son and J. Oh, Human three-dimensional in vitro model
of hepatic zonation to predict zonal hepatotoxicity, J. Biol. Eng., 2019, 13, 1-15.

S. Fuchs, A. @. Tjell, G. Werr, T. Mayr and M. Tenje, In-Line Analysis of Organ-on-Chip Systems
with Sensors : Integration , Fabrication , Challenges , and Potential, ACS Biomater. Sci. Eng.,
2021, 7, 2926-2948.

A. Moya, M. Ortega-Ribera, X. Guimera, E. Sowade, M. Zea, X. llla, E. Ramon, R. Villa, J. Gracia-
Sancho and G. Gabriel, Online oxygen monitoring using integrated inkjet-printed sensors in a
Liver-On- a-Chip system, Lab Chip, 2018, 18, 2023-2035.

K. Schneeberger, B. Spee, P. Costa, N. Sachs, H. Clevers and J. Malda, Converging
biofabrication and organoid technologies: The next frontier in hepatic and intestinal tissue
engineering?, Biofabrication, 2017, 9, 013001.

A. Marsee, F. J. M. Roos, M. M. A. Verstegen, H. P. B. O. Consortium, H. Gehart, E. De, S. J.
Forbes, W. C. Peng, M. Huch and T. Takebe, Building consensus on definition and
nomenclature of hepatic, pancreatic, and biliary organoids, Cell Stem Cell, 2021, 28, 816—
832.

S. P. Harrison, S. F. Baumgarten, R. Verma, O. Lunov, A. Dejneka and G. J. Sullivan, Liver
Organoids: Recent Developments, Limitations and Potential, Front. Med., 2021, 8, 1-18.

G. Sorrentino, S. Rezakhani, E. Yildiz, S. Nuciforo, M. H. Heim, M. P. Lutolf and K. Schoonjans,
Mechano-modulatory synthetic niches for liver organoid derivation, Nat. Commun., 2020, 11,
1-10.

M. Kriiger, L. A. Oosterhoff, M. E. van Wolferen, S. A. Schiele, A. Walther, N. Geijsen, L. De
Laporte, L. J. W. van der Laan, L. M. Kock and B. Spee, Cellulose Nanofibril Hydrogel Promotes
Hepatic Differentiation of Human Liver Organoids, Adv. Healthc. Mater., 2020, 9, 1901658.

S. Ye, J. W. B. Boeter, M. Mihajlovic, F. G. van Steenbeek, M. E. van Wolferen, L. A. Oosterhoff,
A. Marsee, M. Caiazzo, L. J. W. van der Laan, L. C. Penning, T. Vermonden, B. Spee and K.
Schneeberger, A Chemically Defined Hydrogel for Human Liver Organoid Culture, Adv. Funct.
Mater., 2020, 30, 2000893.

M. T. Kozlowski, C. J. Crook and H. T. Ku, Towards organoid culture without Matrigel,
Commun. Biol., 2021, 4, 1-15.

T. Shinozawa, M. Kimura, Y. Cai, N. Saiki, Y. Yoneyama, R. Ouchi, H. Koike, M. Maezawa, R.
Zhang, A. Dunn, A. Ferguson, K. Lewis, W. L. Thompson, A. Asai and T. Takebe, High-Fidelity
Drug-Induced Liver Injury Screen Using Human Pluripotent Stem Cell-Derived Organoids,
Gastroenterology, 2021, 160, 831-846.e10.

Y. Jin, J. Kim, J. S. Lee, S. Min, S. Kim, D. Ahn, Y. Kim and S. Cho, Vascularized Liver Organoids
Generated Using Induced Hepatic Tissue and Dynamic Liver-Specific Microenvironment as a
Drug Testing Platform, 2018, 1801954, 1-15.

T. Tao, W. Chen and J. Qin, Lab on a Chip for safety assessment of antidepressant drugs T,
2021, 571-581.

X. Xu, S. Jiang, L. Gu, B. Li, F. Xu, C. Li and P. Chen, High-throughput bioengineering of



201

202

203

204

205

206

207

208

209

210

211

212

213

214

homogenous and functional human-induced pluripotent stem cells-derived liver organoids via
micropatterning technique, 2022, 1-13.

S. Jiang, F. Xu, M. Jin, Z. Wang, X. Xu, Y. Zhou and J. Wang, Development of a high-throughput
micropatterned agarose scaffold for consistent and reproducible hPSC-derived liver
organoids, Biofabrication, 2023, 15, 015006.

M. C. Bouwmeester, P. N. Bernal, L. A. Oosterhoff, M. E. van Wolferen, V. Lehmann, M.
Vermaas, M. B. Buchholz, Q. C. Peiffer, J. Malda, L. J. W. van der Laan, N. I. Kramer, K.
Schneeberger, R. Levato and B. Spee, Bioprinting of Human Liver-Derived Epithelial Organoids
for Toxicity Studies, Macromol. Biosci., 2021, 21, 1-10.

D. Kwon, G. Choi, S. Park, S. Cho, S. Cho and S. Ko, Liver Acinus Dynamic Chip for Assessment
of Drug-Induced Zonal Hepatotoxicity, Biosensors, 2022, 12, 12070445.

T. Kaden, A. Noerenberg, J. Boldt, C. Sagawe, T. Johannssen, K. Rennert, M. Raasch and T.
Evenburg, Generation & characterization of expandable human liver sinusoidal endothelial
cells and their application to assess hepatotoxicity in an advanced in vitro liver model,
Toxicology, 2023, 483, 153374.

M. Gori, S. M. Giannitelli, M. Torre, P. Mozetic, F. Abbruzzese, M. Trombetta, E. Traversa, L.
Moroni and A. Rainer, Biofabrication of Hepatic Constructs by 3D Bioprinting of a Cell-Laden
Thermogel : An Effective Tool to Assess Drug-Induced Hepatotoxic Response, 2020, 2001163,
1-11.

C. C. Bell, B. Chouhan, L. C. Andersson, H. Andersson, J. W. Dear, D. P. Williams and M.
Soderberg, Functionality of primary hepatic non - parenchymal cells in a 3D spheroid model
and contribution to acetaminophen hepatotoxicity, Arch. Toxicol., 2020, 94, 1251-1263.

P. Jain, H. Kathuria and N. Dubey, Biomaterials Advances in 3D bioprinting of tissues / organs
for regenerative medicine and in-vitro models, Biomaterials, 2022, 287, 121639.

H. Wang, P. C. Brown, E. C. Y. Chow, L. Ewart, S. F. Suzanne, F. Benjamin, G. L. Guo, W.
Hedrich, S. Heyward, J. Hickman, N. Isoherranen, P. Li, Q. Liu, S. M. Mumenthaler, J. Polli, W.
R. Proctor, A. R. Jian-, Y. Wang, R. L. Wange and M. Huang, 3D cell culture models : Drug
pharmacokinetics , safety assessment , and regulatory consideration, 2021, 1659-1680.

0. Novacg, R. Silva, L. Young, K. Lachani, D. Hughes and T. Kostrzewski, Human Liver
Microphysiological System for Assessing Drug-Induced Liver Toxicity In Vitro, Vitr. J. Vis. Exp.,
2022, 179, 63389.

M. Villanueva-paz, L. Mor, L. Nuria and C. Freixo, Oxidative Stress in Drug-Induced Liver Injury
( DILI'): From Mechanisms to Biomarkers for Use in Clinical Practice, 2021, 1-34.

M. T. Donato and G. Gallego-ferrer, In Vitro Models for Studying Chronic Drug-Induced Liver
Injury, Int. J. Mol. Sci., 2022, 23, 11428.

Y. Y. Choi, J. Seok and D. Kim, Flow-Based Three-Dimensional Co-Culture Model for Long-Term
Hepatotoxicity Prediction, 2020, 1, 1-12.

I. Mannaerts, N. Eysackers, E. Anne, V. Os, S. Verhulst, T. Roosens, A. Smout, A. Hierlemann,
O. Frey, S. Batista and L. A. Van Grunsven, Biomaterials The fibrotic response of primary liver
spheroids recapitulates in vivo hepatic stellate cell activation, Biomaterials, 2020, 261,
120335.

R. Rong, X. Tian, L. Xia, T. Peiwen, H. Dong, P. Tu, X. Ai and T. Wang, An integrated biomimetic
array chip for establishment of collagen - based 3D primary human hepatocyte model for



215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

prediction of clinical drug - induced liver injury, Biotechnol. Bioeng., 2021, 4687—-4698.

G. E. Arteel and A. Naba, The liver matrisome — looking beyond collagens, J. Hepatol., 2020, 2,
100115.

G. Mattei, C. Magliaro, A. Pirone, A. Ahluwalia, G. Mattei and A. Pirone, Bioinspired liver
scaffold design criteria, Organogenesis, 2018, 14, 129-146.

R. J. Weaver, E. A. Blomme, A. E. Chadwick, I. M. Copple, H. H. J. Gerets, C. E. Goldring, A.
Guillouzo, P. G. Hewitt, M. Ingelman-Sundberg, K. G. Jensen, S. Juhila, U. Klingmdiller, G.
Labbe, M. J. Liguori, C. A. Lovatt, P. Morgan, D. J. Naisbitt, R. H. H. Pieters, J. Snoeys, B. van de
Water, D. P. Williams and B. K. Park, Managing the challenge of drug-induced liver injury: a
roadmap for the development and deployment of preclinical predictive models, Nat. Rev.
Drug Discov., 2020, 19, 131-148.

A. Poloznikov, I. Gazaryan, M. Shkurnikov, S. Nikulin, O. Drapkina, A. Baranova and A.
Tonevitsky, In vitro and in silico liver models: Current trends, challenges and opportunities,
ALTEX, 2018, 35, 397-412.

S. Steinbrecht, R. Kdnig, K. U. Schmidtke, N. Herzog, K. Scheibner, A. Kriiger-Genge, F. Jung, S.
Kammerer and J. H. Kiipper, Metabolic activity testing can underestimate acute drug
cytotoxicity as revealed by HepG2 cell clones overexpressing cytochrome P450 2C19 and 3A4,
Toxicology, 2019, 412, 37-47.

N. Herzog, N. Katzenberger, F. Martin and K. Schmidtke, Generation of cytochrome P450 3A4-
overexpressing HepG2 cell clones for standardization of hepatocellular testosterone, J. Cell.
Biotechnol. 1, 2015, 15-26.

F. Tasnim, X. Huang, C. Zhe and W. Lee, Recent Advances in Models of Liver Injury, Front.
Toxicol., 2021, 3, 1-14.

M. Zheng and Z. Tian, Liver-Mediated Adaptive Immune Tolerance, Front. Immunol., 2019, 10,
2525.

Z.Wu, M. Han, T. Chen, W. Yan and Q. Ning, Acute liver failure : mechanisms of immune-
mediated liver injury, liver Int., 2010, 782—794.

Z. Liu and N. Kaplowitz, Immune-mediated drug-induced liver disease, Clinics, 2002, 6, 755—
774.

R. F. Schwabe and T. Luedde, Apoptosis and necroptosis in the liver : a matter of life and
death, Nat. Rev. Gastroenterol. Hepatol., 2018, 15, 738-752.

A. Elchaninov, P. Vishnyakova, E. Menyailo and G. Sukhikh, An Eye on Kupffer Cells :
Development , Phenotype and the Macrophage Niche, Int. J. Mol. Sci., 2022, 23, 9868.

R. Panday, C. P. Monckton and S. R. Khetani, The Role of Liver Zonation in Physiology ,
Regeneration , and Disease, Semin Liver Dis, 2022, 42, 1-16.

M. A. Shouman, A. H. El-shazly, M. F. Elkady, M. Nabil, R. Kamogawa, K. Nonaka, M. Sasaki and
A. Kawahara, A hepatic sinusoids-based microtube reactor for ( Z) -5- ( 4- hydroxybenzylidene
) thiazolidine-2 , 4-dione intermediate drug synthesis, Chem. Eng. Sci., 2022, 247, 116940.

J. Chen, D. Huang, M. She, Z. Wang, X. Chen, P. Liu, S. Zhang and J. Li, Recent Progress in
Fluorescent Sensors for Drug-Induced Liver Injury Assessment, ACS sens., 2021, 6, 628—640.

S. Wang, L. Zhang, Y. Luo, Y. Bai, Y. Huang and S. Zhao, A Circular Dichroism and Photoacoustic
Dual-Mode Probe for Detection In Vitro and Imaging In Vivo of Hydroxyl Radicals, Anal. Chem.,



2022, 94, 2453-2464.

231 D.Sun, Z. Chen, J. Hu, H. Zeng, L. Qu and R. Yang, Recent advance of fluorescent probes for
detection of drug-induced liver injury markers, Chinese Chem. Lett., 2022, 33, 4478-4494.

232  A. Mishra and B. Starly, Real time in vitro measurement of oxygen uptake rates for HEPG2
liver cells encapsulated in alginate matrices, Microfluid Nanofluid, 2009, 6, 373—381.

233 M. Vinken and J. G. Hengstler, Characterization of hepatocyte-based in vitro systems for
reliable toxicity testing, Arch. Toxicol., 2018, 92, 2981-2986.



